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ABSTRACT 

This thesis introduces the Sustainable Efficiency Model (SEM). The SEM is a decision 

making tool which determines the sustainable performance of public infrastructure 

projects. The SEM includes economic, environmental, and social criteria as defined by 

the International Standards Organization 21929-2 framework (ISO 2015). The SEM is 

unique in that it integrates monetary and non-monetary methods into a single quantitative 

indicator. Two case studies are presented to demonstrate potential applications of the 

model. The first application is in prioritizing infrastructure projects of dissimilar 

typology, where a major city traffic intersection is compared against wastewater 

treatment plant. The second application is in evaluating design alternatives of a single 

project, where the modular and off-site construction of a hotel building is compared 

against a conventional on-site construction delivery method.  

Following these case studies, the SEM is evaluated for its usefulness, feasibility and 

usability from a group of decision makers at the City of Fredericton. It was found that the 

SEM is an understandable and appropriate model for evaluating the sustainable 

performance of public infrastructure projects. Recommendations for future study are 

made and lessons learned from the research are identified. 
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CHAPTER 1: INTRODUCTION 

The topic of sustainability and sustainable development has grown in awareness in for 

societies around the world. This trend is expected to continue for the foreseeable future. 

In 2015, the United Nations (UN) and its participating countries established a new 

sustainable development agenda, and a historic agreement on climate change and 

greenhouse gas emissions (United Nations 2015; Kutesa 2015). More relevant to the 

engineering community, the Canadian Society for Civil Engineering (CSCE) has 

strengthened its position on sustainable development through its Vision 2020 strategy. 

One of the three strategic goals identified is to become a “leader is sustainable 

infrastructure”. To do so, the CSCE plans to “influence how public infrastructure in 

Canada is planned, designed, constructed and maintained” (CSCE 2015). More recently, 

the CSCE has begun a formal process to facilitate the adoption of a Canadian 

infrastructure sustainability rating system. These recent UN and CSCE publications 

highlight the growing emphasis societies have placed on building a sustainable future. 

The CSCE strategic goals signal that the Canadian engineering community is in a willing 

position to be a leading advocate for sustainable infrastructure.  

The most common definition cited for sustainable development comes from a 1987 UN 

report titled Our Common Future, more commonly known as the Brundtland Report. 

Sustainable development is defined as “development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs” 

(Brundtland 1987). A significant emphasis of this definition is placed on 

intergenerational equity but does not speak to the economic, environmental, and social 
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dimensions which is associated with the term today. Specific goals of sustainable 

development have been generalized as economic development, social development, and 

environmental protection (United Nations 2005). These are commonly known as the three 

pillars or dimensions of sustainability. Criticisms of this three-pillared approach highlight 

the inter-dependence and integration of the three dimensions. Sustainability is not a set of 

independent objectives which can be measured exclusively. It is important to consider the 

linkages and dynamics between social, environmental and economic criteria, and to take 

a more systems approach when thinking about making sustainable decisions (Kemp, 

Parto, and Gibson 2005). Sustainable development, or sustainable performance, has also 

been popularised as the triple-bottom line (TBL) approach. This terminology was first 

introduced by John Elkington in the mid-1990s with a new accounting framework for 

businesses (Elkington 1994). For this thesis, the triple-bottom line and sustainable 

performance are recognised as synonymous terms. 

Sustainable development is a trend which has emerged at all levels of government. At the 

municipal level, the Federation of Canadian Municipalities (FCM) has supported the 

sustainable development of infrastructure through its Green Municipal Fund (GMF) and 

Leadership in Asset Management Program (LAMP), where sustainability goals are being 

integrated into asset management plans (FCM 2016). Provincially, British Columbia, 

Alberta, and Quebec now have some form of a carbon tax, with Clean Energy Canada 

(2014) recognising British Columbia’s as one of “North America’s leading climate 

policies”. In 2008, the Canadian government passed the Federal Sustainable 

Development Act (Government of Canada 2013) and in 2005, created the Office of 
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Greening Government Operations. More recently, the Liberal Trudeau government has 

proposed a mandatory carbon price plan that provinces must implement by 2018 (House 

of Commons 2016). Lastly, the federal government has established the Federal 

Sustainable Development Strategy, a document which outlines the Government of 

Canada’s sustainable development priorities, establishes goals and targets, and highlights 

government actions from 41 federal organizations (ECC Canada 2016a). These 

commitments and programs indicate that jurisdictions at all levels of government in 

Canada are focusing on economic, environmental, and social objectives. 

One of the most significant barriers to realising sustainable development highlighted by 

the Canadian civil engineering community is the need to objectively measure the 

sustainable performance of public infrastructure projects. The CSCE has supported this 

position with a policy titled “Development of Sustainable Infrastructure” and the 

supporting section titled “The Need to Measure Sustainable Performance” quoted below 

(CSCE 2015):  

“To move the concepts of sustainable development from ideas to action, the 
engineering practice needs to be engaged across all phases of infrastructure 
development… The only way we will be able to get this to happen in an efficient 
manner is to have a two-sided approach to measure the sustainable performance of a 
project.” 
 

Herein lies the motivation of the proposed research. To ensure that the ideas of 

sustainable development are realized in society, an objective method is required to 

measure the sustainable performance of public infrastructure projects. 
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The goal of the research is to develop and evaluate a decision support system which can 

determine the sustainable performance of all types of public infrastructure projects. This 

model is intended to overcome the shortcomings identified in previous methods. To test 

the new model, three potential applications have been identified, two of which will be 

further explored: i) project prioritization, where projects of dissimilar typologies are 

compared to each other; ii) design alternative evaluation, where design/delivery 

alternatives of a single infrastructure project are compared to each other; and iii) network 

(or system) decision making, where sustainable criteria are included in the decision-

making process of municipal infrastructure management systems. The following research 

objectives have been identified to accomplish the research goal: 

1. Review existing methods to evaluate the sustainable performance of public 

infrastructure projects.  

2. Identify shortcomings and disadvantages of the reviewed methods.  

3. Identify characteristics of a complete and sophisticated sustainable performance 

evaluation methodology. 

4. Develop a model which addresses the shortcomings identified and fulfils the 

characteristics of a complete sustainable performance evaluation method. 

5. Test the developed model by applying it in two case studies. 

6. Evaluate the model as to its usefulness, usability, and feasibility. 

7. Recommend extensions and adjustments to the model for its application as a 

broader decision-making process. 
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CHAPTER 2: LITERATURE REVIEW 

The focus of this literature review will be to evaluate existing methods used to determine 

the sustainable performance of infrastructure. Additional details and extensions to these 

methods such as including uncertainty and the development of weighting factors are 

discussed.  

Current methods to evaluate the sustainable performance of infrastructure projects have 

been categorised by the author as: i) monetary; ii) non-monetary; and iii) hybrid. As is 

expected, monetary methods assign dollar values to each criterion, while non-monetary 

methods are typically dimensionless “points”-based values. Hybrid methods combine 

aspects of both monetary and non-monetary methodologies, attempting to draw on the 

advantages of both.  

2.1 Monetary 

The most common monetary method is the social cost-benefit analysis (CBA). Given an 

investment or policy decision, all known impacts over the life-cycle of this decision are 

identified, measured, and assigned dollar values based on economic valuation principles 

(e.g., willingness-to-pay, damage cost functions, etc.). For example, the social cost of 

carbon has been estimated to be 40.7 C$/ton (ECC Canada 2016b). If a project were to 

reduce carbon dioxide emissions by 100 tonnes, the project would generate $4,070 in 

current social value. These cash flows (costs or benefits) are then discounted back to their 

present value using time value of money principles. The results of a CBA are typically 
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expressed as a benefit-cost ratio (BCR), net present value (NPV), or the internal rate of 

return (IRR). The BCR is governed by Equation 1 below (Fraser et al. 2000).  

[1] 𝐵𝐵𝐵𝐵𝐵𝐵 =  
𝑃𝑃𝑃𝑃𝐵𝐵
𝑃𝑃𝑃𝑃𝐵𝐵

 

Where PVB is the present value of all benefits, and PVC is the present value of all 

costs. 

Alternatively, an evaluator could use the modified benefit-cost ratio (BCRM). This 

equation is referenced further below in the text and is governed by Equation 2 below 

(Fraser et al. 2000). 

[2] 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  
𝑃𝑃𝑃𝑃(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) − 𝑃𝑃𝑃𝑃(𝑜𝑜𝑜𝑜𝑏𝑏𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑏𝑏𝑜𝑜 𝑐𝑐𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒)

𝑃𝑃𝑃𝑃(𝑐𝑐𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑐𝑐 𝑐𝑐𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒)
 

Commonly used to assess policy initiatives, the CBA is employed by decision makers 

looking to determine the economic impact of various decisions. Alternatively, the CBA is 

used as a project evaluation tool. In general, a project is considered desirable if its BCR 

or BCRM is greater than one. Today, CBA guides are available to evaluate many 

different types of infrastructure investments and are created for specific jurisdictions. Use 

of the CBA in evaluating infrastructure investments first began in the transportation 

industry. However, they are now applied to a wide variety of infrastructure types (Hough 

1993). Examples of these guides are listed in Table 2.1. 
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Table 2.1 - Example Cost-Benefit Analysis Guides 
Author Title Infrastructure Type Area 
European 
Commission 
(2014) 

Guide to Cost-
Benefit Analysis of 
Investment Projects 

- Transportation 
- Water Supply and 
Sanitation 
- Waste Management 
- Environmental 
Remediation 
- Energy 

Europe 

Treasury Board 
Secretariat of 
Canada  (2007) 

Canadian Cost-
Benefit Analysis 
Guide 

- None (Intended for 
regulatory proposals). 

Canada 

Asian 
Development 
Bank (2013) 

Cost-Benefit 
Analysis for 
Development: A 
Practical Guide 

- Transportation 
- Water Supply and 
Sanitation 
- Energy 
- Urban Services 

Asia and Pacific 

United Nations 
(2013) 

Cost-Benefit 
Analysis for 
Regional 
Infrastructure in 
Water and Power 
Sectors in Southern 
Africa 

- Water Supply and 
Sanitation 
- Energy 

Southern Africa 

In their basic form, CBAs are performed using deterministic values which rely on 

previous economic valuation research, or by pre-subscribed values set by the governing 

authority. It is widely recognised that a more complete and objective analysis should 

include a level of uncertainty through the use of Monte Carlo simulations (Williams, 

2012, European Commission, 2015, Environmental Assessment Institute, 2006). 

Williams’ (2012) Sustainable Return on Investment (SROI) methodology is recognised as 

a sophisticated method to perform a CBA due to its transparency through structure and 

logic diagrams, and the inclusion of uncertainty through Monte Carlo simulations. The 

SROI method prescribes three values for every input (lower, upper, and most likely), 
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allowing for a three-point approximation techniques (typically the Program Evaluation 

and Review Technique (PERT)), and uses a Monte Carlo simulation to determine the 

range of possible outcomes for BCR and NPV. Figure 2.1 demonstrates how variables 

(such as the social cost of carbon) are included as a probability density function rather 

than a single deterministic value. 

Figure 2.1 - Range of Potential Social Costs of Carbon ($CAD)

 

The most significant limitation of a CBA is that a small quantity of the criteria included 

in sustainable development can be monetized and included in an analysis. Criteria such as 

greenhouse gas emissions, the risk of death or injury, and noise are well understood 

amongst economists and have become standard practice. Other criteria such as journey 

ambience, social inclusion, and cultural heritage (which constitute various elements of 

sustainable development) have either little or no valuation evidence (UKDofT 2009). A 

summary of potential sustainability criteria and their levels of evidence towards 

monetization are shown in Table 2.2. Excluding these criteria from an analysis can give 
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an incomplete evaluation when determining sustainable performance. The main 

advantage of the CBA is that it derives values for each criterion on a common scale in 

monetary units and is as objective as possible through its use of widely accepted 

economic valuation theories. 

Table 2.2 - Levels of Valuation Evidence for Various Sustainable Criteria 

Area Needs Development Some Valuation Evidence Widely Accepted 
Valuation Evidence 

Townscape Wider Economic Benefits Risk of Death or Injury 
Water Environment Landscape Noise 
Accessibility Reliability Carbon Emissions 
Social Inclusion Air Quality Physical Fitness 
Integration Journey Ambience Time Savings 
Biodiversity Regeneration Operating Costs 
Cultural Heritage  Private Sector Impacts 
  Cost to the Owner 

Summary: Monetary methods are objective methods which assign dollar values to a given 

impact. The most common monetary method used to evaluate the sustainable 

performance of infrastructure projects is the social cost-benefit analysis. These methods 

are well supported by economic valuation theories and are easily defendable. However, 

these methods are limited since many of the criteria included in a sustainability 

assessment cannot be monetized. 

2.2 Non-Monetary 

Opposite to a monetary approach, non-monetary assessments do not assign a social cost 

to economic, environmental, and social impacts. Instead, criteria are assigned “point”-

based values per a predetermined scoring scale. Common non-monetary methods include 

the multi-criteria analysis (MCA) and rating schemes. 
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2.2.1 Multi-Criteria Analysis 

The multi-criteria analysis (MCA) is the most popular non-monetary method for 

determining the sustainable performance of public infrastructure projects. This is directly 

attributed to its simplicity and ease of use. While there are many different types of MCA 

methods available (DofCLG 2009), this research will only include examples used to 

evaluate the sustainable performance of infrastructure projects. The author adopts three 

major steps in the MCA process, consistent with the UK’s Department for Communities 

and Local Government (DfCLG) manual (2009): i) indicator identification and 

development; ii) indicator evaluation and measurement; and iii) weighting and ranking. A 

key feature of the MCA is the emphasis placed on the evaluator(s) in estimating the 

relative weighting factors for the various criteria, and in evaluating indicators (if 

required). At its core, the MCA is governed by Equation 3 (Pohekar & Ramachandran, 

2004) which determines the design alternative which achieves the highest performance 

score. 

[3] 𝐴𝐴∗ = 𝐵𝐵𝑜𝑜𝑀𝑀�𝑜𝑜𝑖𝑖𝑖𝑖  𝑤𝑤𝑖𝑖

𝐼𝐼

𝑖𝑖=1

 

Where A* is the score of the best alternative, aij is the actual value of alternative i in 

terms of criterion j, and wj is the weighting factor of criterion j. 

One of the major disadvantages of a MCA in measuring the sustainable performance of 

infrastructure projects is the lack of consensus on what criteria compromises 

sustainability. Significant contributions to sustainable criteria and indicator identification 
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and development are made in Ugwu et al. (2006), whereby four distinct characteristics of 

indicators are described. These characteristics are that indicators should be: i) 

quantifiable and effective; ii) relevant; iii) understandable; and iv) usable by community 

stakeholders. ISO 21929-2 (2015) standard on sustainability indicator development for 

civil engineering works supports these characteristics. However, the ISO standard states 

that, in addition to quantitative, indicators can also be qualitative or descriptive. 

Additionally, both sources identify that indicators selected should be specific to a civil 

engineering project typology and will, therefore, vary between projects. While the author 

agrees with this statement, it is recognised that a standard set of criteria, from which 

unique indicators can be derived from, should be held constant for an assessment. This is 

done to provide a consistent analysis of projects of dissimilar typologies. The inability to 

evaluate various infrastructure typologies within a consistent framework is considered 

one of the major shortcomings of current methods of evaluation. Fortunately, ISO 21929-

2 has established a generic set of criteria from which indicators can be derived from. 

While adjustments can easily be made, the author supports this standard and believes it is 

a good foundation of sustainable criteria to build on. 

When evaluating or measuring indicators, project characteristics are typically scored 

along a normalized linear value scale. As an example, the indicator of noise levels can be 

evaluated on a 0 - 5 scale whereby the average noise levels on a construction site would 

indicate the value achieved (see Table 2.3).  

Table 2.3 - Example Linear Scale Evaluation 
Score 0 1 2 3 4 5 
Decibel Range > 80 70 – 80 60 – 70 50 – 60 40 – 50 < 40 
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Dasgupta & Tam (2005) employ a normalization technique for evaluating indicators for 

design alternatives. Maximum (or minimum) values for each indicator are defined, and 

the performance obtained by each design alternative is evaluated relative to these 

maximum or minimum values. Maximum or minimum performance values can be 

selected from either; i) national or provincial values, ii) values of a similar projects or iii) 

values under ‘pristine’ conditions. When evaluating a lot of design alternatives, the 

lowest and highest scoring alternatives of each criterion can also be used as the minimum 

and maximum bounds (Rosén et al. 2015). This method of normalization is shown in 

Equations 4 and 5: 

[4] N�vip� = vip−min (si)
T(vi)−min (si)

    when trying to minimize impacts 

[5] N�vip� = max (si)−vip
max (si)−T(vi)

    when trying to maximize impacts 

Where max(si) is the maximum possible value of indicator i, min(si) is the minimum 

possible value of indicator i, T(vi) is the target value of indicator i, and vip is the 

measured or predicted value of indicator i for alternative p (Dasgupta and Tam 2005). 

Consideration should be made to ensure that quantitative and actual data is used to 

evaluate indicators as objectively as possible. However, this cannot always be done when 

considering the full breadth of sustainable criteria. Certain criteria, such as “Aesthetic 

Value” are subjective in nature and require an opinion-based result. As is evident, this 

criterion would require some subjective input from an (or group of) evaluator(s). The UK 

Department for Communities and Local Government (2009) recommends using subject 

matter experts to estimate the performance on a relevant scale. Rosén et al. (2015) use a 
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similar method in their SCORE (Sustainable Choice Of REmediation) evaluation of 

contaminated land remediation, where expert judgments are sought to score the 

performance of qualitative criteria such as “Cultural Heritage” along predetermined -10 

to +10 scales.  

Additionally, the SCORE analysis allows for an expert to include their level of certainty 

(low, medium, high) in evaluating each criterion. Each level of certainty is associated 

with an appropriate standard deviation, and the results are assumed to be normally 

distributed. This aspect introduces probability distributions (like those mentioned in the 

CBA) and is recognized as a significant contribution to a sophisticated model of 

assessing qualitative criteria. For a more comprehensive understanding of MCA 

techniques, the UK Government for Communities and Local Governments has published 

a manual which provides further explanations (DofCLG 2009). 

The final step in a multi-criteria analysis is the use of weighting factors. The 

determination of weighting factors can be accomplished in a variety of ways. At its 

simplest level, a decision maker can subjectively determine weights based upon what 

they feel is appropriate. There are a variety of more formal, objective-based methods 

available to determine these weighting factors. Four potential methods for determining 

weighting factors are identified as: i) the Delphi Method; ii) the Rank-Order Centroid 

Method; iii) the Ratio Method; and iv) the Pairwise Comparison Method (Transportation 

Research Board 2009). The author stresses the need for an objective-based system, and to 

avoid the inherent subjectivity and bias which is likely to occur if a single individual 

were to determine weighting factors. 
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While the MCA can be easily implemented in practice, the most significant shortcoming 

identified is the lack uncertainty. However, Rosén et al. (2015) provide a unique method 

for including normal distributions to be assigned to a subjective indicator’s score. 

Combined with Monte Carlo simulations, the SCORE evaluation method is a great 

example of including uncertainty in a MCA.  

Summary: The multi-criteria analysis is a simple and user-friendly method to evaluate 

several economic, environmental, and social criteria. However, MCAs often lack clear 

guidelines in the evaluation of indicators and rarely account for the uncertainty of the 

underlying results. Secondly, there is often significant subjectivity allowed in both the 

development of indicators and weighting factors. 

2.2.2 Rating Schemes 

Another popular form of evaluating the sustainable performance of infrastructure is with 

rating schemes. Rating schemes are defined as frameworks where an infrastructure 

project is evaluated based on a pre-defined set of criteria and indicators as determined by 

a credentialing organization. The most recognizable sustainability rating scheme in North 

America is the Leadership in Energy and Environmental Design (LEED) certification, 

which typically certifies green buildings. The LEED rating scheme has been an important 

driver in the Canadian (and international) building market and, according to the Canadian 

Green Building Council (CaGBC), is recognized as the international mark of excellence 

for green or sustainable buildings (CaGBC 2015). In 2011, LEED certified buildings 

accounted for over 20 percent of annual new construction in the United States (Watson 

2011). It is evident that sustainability rating schemes can provide significant market 
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incentives to produce more green and sustainable products. Like a MCA, rating schemes 

typically provide a scoring system where projects earn points at predetermined levels. 

This discrete scoring system contrasts with a linear (or other) scale, where a project can 

earn any value in between two given limits. The variety of potential scoring scales for 

MCA criteria is shown graphically in Figure 2.2. Rating schemes offer less opportunity 

for uncertainty due to their discrete scoring system, where projects are awarded points for 

achieving pre-specified performance values. 

Figure 2.2 - Various Types of Criteria Rating Scales 

 

Specific to civil infrastructure projects, the Institute for Sustainable Infrastructure (ISI) 

(founded by the American Society of Civil Engineers, American Council of Engineering 
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Companies, and American Public Works Association), and the Zofnass Program for 

Sustainable Infrastructure at Harvard University have collaborated to develop the 

Envision rating system (ISI, 2015). This system contains 60 sustainability criteria divided 

into five categories: i) quality of life, ii) leadership, iii) resource allocation, iv) natural 

world, and v) climate and risk. The rating system has been fairly well received in North 

America, with the Canadian Society for Civil Engineering (CSCE) exploring the adoption 

of the scheme (CSCE 2015). 

Similarly, the CEEQUAL rating scheme has been developed in the UK and Ireland 

(CEEQUAL, 2015). CEEQUAL differs from Envision in that there are six different types 

of awards available for each project, however it still takes a broad view of civil 

engineering projects. The awards available differ depending on the group applying for a 

rating. For example, there is a “Whole Team Award” for the client, designer, and 

principal contractor, a “Design Award” for the designer only, or the “Construction 

Award” for the principal contractors only. The rating system has been largely successful, 

with over 360 projects being awarded as of February 2015. In addition to CEEQUAL, the 

Infrastructure Sustainability Council of Australia has developed the Infrastructure 

Sustainability (IS) rating system. 

Summary: Rating systems can provide unique market incentives for jurisdictions to 

pursue the sustainable development of infrastructure. The ability to generalize the 

sustainable performance to a broader audience is recognized as a benefit. However, the 

systems that are developed are often restrictive in their valuation of sustainable criteria. 

The weighting of criteria does not allow any flexibility for regional jurisdictions. These 
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weightings may not be consistent with a jurisdiction’s internal priorities. Lastly, rating 

schemes offer less opportunity for uncertainty due to their discrete scoring system. 

2.3 Hybrid 

Hybrid methods combine both monetary and non-monetary results in the sustainable 

performance evaluation. The first example of this is done by normalizing and embedding 

monetary results into a MCA. Rosén et al. (2015) provide an example of this for the 

SCORE assessment of soil remediation projects. The aggregation of results leads to a 

‘sustainability index’ or Hi and is governed by Equation 6. 

[6] Hi = 100 �WE
HE,i

Max�Max�HE,1…N�; �Min(HE,1…N)��
+ WS

HS,i

Max�Max�HS,1…N�; �Min(HS,1…N)��

+ WNPV
NPVi

Max[Max(NPV1…N); |Min(NPV1…N)|]� 

Where HE is the score in the environmental domain, HS is the score in the social 

domain, NPV is the net present value, and Wi is the weighting factor of domain i.  

Minimum and maximum values found in the denominators relate to the design 

alternatives which score the lowest and highest in each category respectively. The 

weighting factors assigned to each domain are determined through a simple relative 

importance equation where criteria in a domain (or sub-criteria in criteria) are given a 

numerical value per a 3-point scale (1 = Somewhat Important, 2 = Important, 3 = Very 

Important). Results are then normalized to derive three domain weights which sum 

together to equal 1. One significant limitation of this equation is that it can only provide a 
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relative ranking of alternatives and cannot determine the individual sustainability 

performance score of an individual project.  

A second aggregation technique identified is the COmpoSIte Model for Assessment 

(COSIMA) developed by Salling, Jensen, & Leleur (2005). The model was developed for 

assisting decision makers evaluating large-scale transportation projects. This method 

works opposite to the SCORE method, whereby non-monetary impacts are assigned unit 

prices through a value function (rather than assigning monetary results a point value). 

The COSIMA method is governed by Equation 7. 

[7] 𝑇𝑇𝐵𝐵𝐵𝐵(𝐴𝐴𝑘𝑘) =
1
𝐵𝐵𝑘𝑘
��𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶(𝑀𝑀𝑖𝑖𝑘𝑘) + 𝛼𝛼 ��𝑤𝑤(𝑗𝑗)

𝐽𝐽

𝑖𝑖=1

𝑃𝑃𝑀𝑀𝐶𝐶𝐶𝐶(𝑀𝑀𝑖𝑖𝑘𝑘)�
𝐼𝐼

𝑖𝑖=1

� 

Where TRR(Ak) is the total rate of return of project alternative k, Ck is the total cost of 

alternative k, VCBA(xik) is the value in monetary units for the CBA impact i for 

alternative k, VMCA(xjk) is a value function for the MCA criterion j for alternative k, 

w(j) is a weighting factor that expresses the importance of criterion j, and α is a 

calibration factor that expresses the model’s trade-off between the CBA and the MCA 

methodologies.  

The value function for determining the unit prices of the MCA criteria is determined by 

asking the decision makers what impact, as a percentage, the MCA criteria should have 

on the final result. With this percentage, the weighting factors for each criterion, and the 

benefit values calculated in the CBA, the unit prices of each criterion can be determined 
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(see Barford & Leleur (2014) for additional insight into the procedural steps for 

generating unit prices in COSIMA). 

Alternatively, combining monetary and non-monetary results can be done by representing 

monetary and non-monetary results separately, albeit in the same figure. This method is 

shown in Robichaud (2014) as a prioritization plot (see Figure 2.3). This plot arose from 

the development of a MCA decision matrix for the New Brunswick Department of 

Transportation and Infrastructure (NBDTI). One of the recommended steps included in 

the report is to explore the use of a prioritization plot which combines the results from the 

MCA developed with a CBA in a scatter plot and adjusting bubble size per total costs. 

While the plot is specific to transportation projects, it is believed that a similar method 

could be used to compare various infrastructure typologies using a universal list of 

criteria. The method stems from a San Francisco Bay Area strategic transportation plan 

from Dodd (2008). 
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Figure 2.3 - Example Prioritization Plot Combining a MCA with CBA Results  

 

Summary: Hybrid methods provide a unique framework whereby monetary and non-

monetary criteria are integrated into a single indicator. The COSIMA method contains 

significant subjectivity in its valuation of non-monetary criteria through the use of a 

calibration factor. Secondly, the SCORE method is reserved primarily for soil 

remediation projects and can only evaluate project design alternatives. A universal 

method will allow projects of dissimilar typology to be evaluated in a common 

framework. 

2.4 Characteristics of a Complete Sustainable Performance Evaluation 

Based on the review of existing methods identified above, the author has identified five 

(5) characteristics of a complete sustainable performance evaluation: 
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1. ‘Full’ Sustainability Analysis – Consideration must be made to ensure that all three 

dimensions of sustainability (economic, environmental, and social) are included and are 

in-depth (account for a variety of criteria). One of the most frequent shortcomings 

identified is the lack of social criteria included in an evaluation, with a tendency for 

evaluators to focus on environmental criteria for sustainability assessments.  

2. Life-Cycle Approach – One of the defining characteristics of sustainability is 

intergenerational equity (see Brundtland Report definition). Specific to infrastructure, this 

includes evaluating the full life-cycle of the project so that future generations are given 

equal priority. While life-cycle costing is increasingly being used in project evaluations, 

it is important to measure sustainability criteria in addition to costs. The life-cycle stages 

of a project are defined as: i) production, period from extraction of material to before 

products are transported to the site; ii) construction, transportation of products to the site 

to when the infrastructure project is ready to be used; iii) operations and maintenance; 

and iv) end-of-life or decommissioning (if applicable) (ISO 2015). 

3. Standardized Criteria – While the author believes there is no consistent set of 

indicators which can universally measure infrastructure projects, organizations should 

establish a consistent set of criteria to consistently evaluate infrastructure. Isolating 

criteria specific to a certain typology, or even to a specific project, limits the ability for 

decision-makers to prioritize projects across varying typologies. This set of criteria can 

vary between jurisdictions depending on regional priorities but must remain constant 

when evaluating projects. The author recommends the use of ISO 21929-2 to help 

determine a set of standardized criteria for public infrastructure projects. 
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4. Objective Weighting Factors – There is no widely-accepted method used for 

determining weighting factors. It is recognized that the ability for decision-makers to 

manipulate criteria weighting factors is important due to regional priorities. For example, 

one community may value their cultural heritage more than another, and it would be 

appropriate to allow for these criteria to have a greater weight on the analysis’ results. 

Many weighting methods exist for MCAs, the author recommends the Analytical 

Hierarchy Process (AHP) (Saaty 2008) as an objective method for determining weighting 

factors. 

5. Uncertainty and Risk Analysis – Quantifying risk and uncertainty allows decision 

makers to make more informed decisions. It was determined during the literature review 

that CBAs were more likely to include uncertainty and risk. Williams (2012) provides a 

great example of this in the SROI methodology where a Monte Carlo simulations are 

used. MCAs often lack the ability to include uncertainty, however, this can be overcome 

with the method found in Rosen et al.’s (2015) SCORE analysis, by allowing subject 

matter experts to include their level of certainty in their results of subjective criteria.  
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CHAPTER 3: THE SUSTAINABLE EFFICIENCY MODEL 

To overcome the shortcomings, and to satisfy the requirements established for a complete 

assessment methodology identified in Chapter 2, the author has developed the 

Sustainable Efficiency Model (SEM). The SEM is a probabilistic decision-making tool 

which integrates economic, environmental, and social criteria into a single quantitative 

indicator using multi-criteria and cost-benefit analysis methodologies. The model is 

unique in that it integrates the monetary and non-monetary results over the project life-

cycle using efficiency indicators. Additionally, consideration is given for a probabilistic 

analysis, whereby the results are given a range of possible and probable outcomes based 

on the uncertainty of the underlying data. The SEM is defined by Equation 8. 

[8]  𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎 = �𝑤𝑤𝑖𝑖 𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑎𝑎

𝐼𝐼

𝑖𝑖=1

+ �𝑤𝑤𝑖𝑖  𝑄𝑄𝑇𝑇𝑆𝑆𝑄𝑄𝑖𝑖𝑎𝑎

𝐽𝐽

𝑖𝑖=1

+ �𝑤𝑤𝑘𝑘 𝑄𝑄𝑄𝑄𝑆𝑆𝑄𝑄𝑘𝑘𝑎𝑎

𝐾𝐾

𝑘𝑘=1

 

Where SESa is the sustainable efficiency score of project a; wi, wj, and wk are the 

weighting factors for criteria i, j, and k respectively; mBCRia is the “modified” benefit-

cost ratio for monetary criteria i; QTEIja is the efficiency indicator for non-monetary 

quantitative criteria j; and QLEIka is the efficiency indicator for non-monetary 

qualitative criteria k. 

As shown in Equation 8, the SEM has categorized criteria into three distinct categories: i) 

monetary, ii) non-monetary quantitative, and iii) non-monetary qualitative. This 

categorization is further detailed in Section 3.2. 
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The following steps are required to complete a SEM analysis: 

1. Identify Sustainability Criteria 

2. Develop Efficiency Indicators 

3. Determine Weighting Factors 

4. Evaluate Efficiency Indicators 

5. Simulate Results 

3.1 Identify Sustainability Criteria 

The first step in completing a SEM analysis requires establishing a consistent and 

comprehensive set of sustainability criteria. The author recommends the use of the 

International Standards Organization’s (ISO) 219292-2 standard “Sustainability in 

building construction – Sustainability indicators – Part 2: Framework for the 

development of indicators for civil engineering works” (ISO 2015). The complete set of 

criteria included in the ISO standard is shown in Table 3.1. 

While a specific standard is recommended, the author acknowledges the idea that 

organizations have different priorities and will require a different set of criteria. For the 

SEM, an evaluator is free to select the most appropriate set of criteria based on the needs 

the organization. The author emphasizes that the set of criteria selected must remain 

constant when evaluating projects. This allows infrastructure projects of dissimilar 

typology to be evaluated within a consistent framework. 
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Table 3.1 - Sustainability Aspects and Impacts, and Interactions with the Issues of 
Concern 
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Use of energy resources x
Use of material resources x
Management of wastes x
Use of water x
Land use changes x
Emissions to local environment 
(soil, air and water)

x x

Noise and vibrations x
Ecosystem processes and 
services

x

Landscape changes x x
Global warming potential x
Ozone depletion potential x
Eutrophication potential x
Acidification potential x
Photochemical ozone creation 
potential

x

External costs x
Life cycle costs x
Access to nature x x
Population system x
Job creation x x
Cultural heritage elements x
Social inclusion and acceptability x
Risks and resilience x x x
Health and comfort x x

Issues of Concern
Environmental Economic Social

Aspects and Impacts
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This complete list of criteria has been modified to generate a more consistent and user-

friendly version to serve better the case studies presented below. The modified list of 

sustainability criteria used in the case studies is shown in Table 3.2. 

Table 3.2 - Modified List of Sustainability Criteria 

Economic Environmental Social 
Life-Cycle Costs GHG Emissions Health and Safety 
Other External Costs Material Use Job Creation 
 Water Use Cultural Heritage 
 Energy Use Access to Nature 
 Waste Production Urban Sprawl 
 Eutrophication Potential Public Acceptability 
 Acidification Potential Aesthetic Value 
 Ozone Depletion Potential  
 Land Use Changes  

Two potential applications of the SEM have been explored in-depth. The first application 

demonstrates the model’s use as a project prioritization tool. For this use, it is 

recommended that the evaluator includes all the criteria listed above. Secondly, the SEM 

is used to compare design alternatives to a single infrastructure project. In this scenario, 

the evaluator is free to exclude any of the criteria where the project alternatives will have 

no difference in impact. 

3.2 Develop Efficiency Indicators 

From Table 3.2 it is apparent that not all the criteria listed will be evaluated using 

monetary or non-monetary methodologies exclusively. The author believes that criteria 

should be evaluated with the most objective analysis method available. For the SEM, 

three types of efficiency indicator categories have been established, in decreasing order 

of objectivity: i) monetary; ii) non-monetary quantitative; and iii) non-monetary 
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qualitative. Monetary criteria are well supported by existing economic valuation theories, 

and non-monetary quantitative criteria are naturally more objective than qualitative 

results due to their inherent subjectivity. The author has completed a preliminary 

screening of criteria listed in Table 3.2 and designated each to the appropriate efficiency 

indicator category. Table 3.3 shows the distribution of criteria to their respective 

efficiency indicator category. As more evidence is gathered to monetize criteria, decision 

makers can adjust the table as necessary. 

Table 3.3 - Distribution of Criteria by Efficiency Indicator Category 
Monetary Non-Monetary Quantitative Non-Monetary Qualitative 
Life-Cycle Costs Material Use Job Creation 
Other External Costs Water Use Cultural Heritage 
GHG Emissions Energy Use Access to Nature 
Health and Safety Waste Production Urban Sprawl 
 Eutrophication Potential Public Acceptability 
 Acidification Potential Aesthetic Value 
 Ozone Depletion Potential  
 Land Use Changes  

After the appropriate criteria and analysis method has been selected, the evaluator must 

now develop an efficiency indicator to score each criterion. The focus of this research is 

not in the development of indicators, but some guidance can be provided. An efficiency 

indicator’s purpose is to measure how effectively a project has satisfied the criterion’s 

intended goal. The philosophy behind the SEM is that to compare infrastructure projects 

of dissimilar typology and to appropriately and combine monetary and non-monetary 

criteria, the evaluator should assess how efficiently a project has met each objective. This 

is done to avoid trying to assign a dollar value to non-monetary criteria or vice-versa. 
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Additionally, by using efficiency indicators, projects of varying size can be compared on 

a common scale.  

When used as a project prioritization tool, an efficiency indicator is best suited to 

determine the benefit when compared to the project’s construction cost or by industry 

benchmarks. As such, the efficiency indicators developed for prioritizing projects of 

dissimilar typology will differ from the efficiency indicators developed when evaluating 

design alternatives. When evaluating design alternatives, indicators should reflect the 

marginal benefit when compared to a hypothetical comparator, commonly referred to as 

the “base case.”  

3.2.1 Monetary Efficiency Indicator 

3.2.1.1 Project Prioritization 

For monetary criteria, a modified benefit-cost-ratio (mBCR) is used as an efficiency 

indicator. The mBCR is similar to that found in (Fraser et al. 2000), however the present 

value of each criterion’s impacts are isolated individually in the numerator. The modified 

benefit-cost ratio (mBCR) differs from a traditional BCR in that the numerator is the 

present-value benefit or cost of the individual criterion in question, and the denominator 

is the initial construction or investment cost of the project. The modified benefit-cost 

ratio is shown in Equation 9. 

[9] mBCRi,a =
𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎

C𝑎𝑎
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Where mBCRi,a is the modified benefit-cost ratio for the criterion i, PVH&S is the 

present value of criterion I’s impacts due to the project and Ca is the initial cost of 

construction of the project. 

To include uncertainty in a monetary efficiency indicator, an evaluator will use 

probability distributions to define variable inputs. For example, the social cost of carbon 

has been estimated to be $40.7 per ton but can be as large as $167.0 per ton. Rather than 

including this value as $40.7 per ton exclusively, a three-point estimation technique can 

be used to capture the uncertainty that the social cost of carbon could range between 

$0.00 and $167.0 per ton.  

It is recommended to use the Program Evaluation and Review Technique (PERT) three-

point estimation technique. The PERT distribution, P(a,m,b), is a unique form of the beta 

distribution such that: i) the parameters a and b are the maximum and minimum bounds 

of the distribution; ii) the mode, m, is explicitly defined; and iii) the mean and variance 

obey strict definitions (Covert 2013).  

3.2.1.2 Design Alternative Evaluation 

When comparing design alternatives, the modified benefit-cost-ratio is adjusted to reflect 

the percentage difference in the individual criterion impacts from the design alternative to 

the base case. This adjusted efficiency indicator is shown in Equation 10 and 11 and will 

vary depending on if the goal of the criterion is to maximize or minimize the impact. 

[10] 𝐵𝐵𝑜𝑜𝑀𝑀𝑒𝑒𝑚𝑚𝑒𝑒𝑀𝑀𝑏𝑏 𝑄𝑄𝑚𝑚𝑜𝑜𝑜𝑜𝑐𝑐𝑒𝑒: 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎 − 𝑃𝑃𝑃𝑃𝑖𝑖,𝑧𝑧�

𝑃𝑃𝑃𝑃𝑖𝑖,𝑧𝑧
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[11] 𝐵𝐵𝑒𝑒𝑏𝑏𝑒𝑒𝑚𝑚𝑒𝑒𝑀𝑀𝑏𝑏 𝑄𝑄𝑚𝑚𝑜𝑜𝑜𝑜𝑐𝑐𝑒𝑒: 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝑃𝑃𝑃𝑃𝑖𝑖,𝑧𝑧 − 𝑃𝑃𝑃𝑃𝑖𝑖,𝑎𝑎�

𝑃𝑃𝑃𝑃𝑖𝑖,𝑧𝑧
 

Where SEIi,za is the sustainable efficiency indicator for criterion i when comparing 

design alternative a to the base case z, PVi,a is the present value impact of criterion i for 

design alternative a, and PVi,z is the present value impact of criterion i for the base case 

z. 

For example, a base case project is expected to have $100,000 in health and safety costs. 

Design alternative a is expected to have $70,000 in health and safety costs. The goal is to 

minimize health and safety impacts; therefore, the efficiency indicator is determined from 

Equation 10. 

𝑆𝑆𝑆𝑆𝑄𝑄𝐻𝐻&𝑆𝑆,𝑧𝑧𝑎𝑎 =
�𝑃𝑃𝑃𝑃𝐻𝐻&𝑆𝑆,𝑧𝑧 − 𝑃𝑃𝑃𝑃𝐻𝐻&𝑆𝑆,𝑎𝑎�

𝑃𝑃𝑃𝑃𝐻𝐻&𝑆𝑆,𝑧𝑧
=

($100,000 − $70,000)
$100,000

= 0.3 

3.2.2 Non-Monetary Quantitative Efficiency Indicator 

3.2.2.1 Project Prioritization 

Non-monetary efficiency indicators have been split into two distinct categories: i) 

quantitative and ii) qualitative. Quantitative indicators can rely on actual and estimated 

results from infrastructure projects. The efficiency indicators determined must reflect 

how efficiently a project has achieved a certain goal or objective, with a result of 1 

indicating 100% or full efficiency. These indicators can vary depending on the criterion 

in question, and as such, there is no standardized formula available. While no 

standardized formula is available, the author has developed two categories of efficiency 
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indicators used in the case studies: i) benchmarking; and ii) target values. These 

indicators are defined by Equations 12 and 13, respectively. Including uncertainty in a 

non-monetary quantitative indicator is done similar to a monetary efficiency indicator, 

using probability distributions. 

[12] 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑎𝑎 =
𝑄𝑄𝑎𝑎

𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑚𝑚𝑎𝑎𝑚𝑚𝑘𝑘
 

Where Qa is the result of project a and Qbenchmark is the benchmark value. 

For example, the job creation criterion can be evaluated by comparing the total number of 

direct worker hours per $1,000 generated by a project to the average number of direct 

worker hours per $1,000 generated by the construction industry. 

[13] 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑎𝑎 =
(𝑄𝑄𝑖𝑖 − 𝑄𝑄𝑎𝑎)
(𝑄𝑄𝑖𝑖 − 𝑄𝑄𝑇𝑇)

 

Where Qa is the result of project a, Qi is the result without project a and QT is a target 

value. 

For example, the Water Use criterion can be evaluated by comparing the difference in 

freshwater lost due to project a to the target volume of freshwater lost. 

3.2.2.2 Design Alternative Evaluation 

Consistent with the monetary efficiency indicators, the non-monetary quantitative 

efficiency indicators will reflect the percentage difference that the design alternative 
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realizes with respect to the base case. These adjusted efficiency indicators are shown in 

Equation 14 and 15. 

[14] 𝐵𝐵𝑜𝑜𝑀𝑀𝑒𝑒𝑚𝑚𝑒𝑒𝑀𝑀𝑏𝑏 𝑄𝑄𝑚𝑚𝑜𝑜𝑜𝑜𝑐𝑐𝑒𝑒: 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝑄𝑄𝑖𝑖,𝑎𝑎 − 𝑄𝑄𝑖𝑖,𝑧𝑧�

𝑄𝑄𝑖𝑖,𝑧𝑧
 

[15] 𝐵𝐵𝑒𝑒𝑏𝑏𝑒𝑒𝑚𝑚𝑒𝑒𝑀𝑀𝑏𝑏 𝑄𝑄𝑚𝑚𝑜𝑜𝑜𝑜𝑐𝑐𝑒𝑒: 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝑄𝑄𝑖𝑖,𝑧𝑧 − 𝑄𝑄𝑖𝑖,𝑎𝑎�

𝑄𝑄𝑖𝑖,𝑧𝑧
 

Where Qi,z is the quantity of impact i for the base case z, and Qi,a is the quantity of 

impact i for design alternative a. 

For example, a base case project is expected to realize 1,000 worker hours. Design 

alternative a is expected to realize 800 worker hours. The goal is to maximize job 

creation (and total worker hours), therefore, the efficiency indicator is determined as from 

Equation 14: 

𝑆𝑆𝑆𝑆𝑄𝑄𝐽𝐽𝐶𝐶,𝑧𝑧𝑎𝑎 =
�𝑄𝑄𝐽𝐽𝐶𝐶,𝑎𝑎 − 𝑄𝑄𝐽𝐽𝐶𝐶,𝑧𝑧�

𝑄𝑄𝐽𝐽𝐶𝐶,𝑧𝑧
=

(800 ℎ𝑜𝑜𝑒𝑒 − 1,000 ℎ𝑜𝑜𝑒𝑒) 
1,000 ℎ𝑜𝑜𝑒𝑒

= −0.2 

3.2.3 Non-Monetary Qualitative Efficiency Indicator 

3.2.3.1 Project Prioritization 

A non-monetary qualitative efficiency indicator cannot be determined with actual or 

estimated project results and will, therefore, rely on subject matter experts to evaluate the 

given criteria. As a subjective result, qualitative and descriptive terms are required. A 
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standardized subjective linear scale has been developed for non-monetary qualitative 

efficiency indicators shown in Table 3.4. 

Table 3.4 - Non-Monetary Qualitative Indicator Evaluation Scale 
Negative 

Neutral 
Positive 

Significant Major Moderate Minor Minor Moderate Major Significant 
-1.0 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 

Guidance was sought from Rosén et al.'s (2015) SCORE methodology to include 

uncertainty. In this method, subject matter experts are given an opportunity to indicate 

both an indicator result and an uncertainty category. A qualitative result is assumed to 

follow a normal distribution, and each uncertainty category would have an appropriate 

standard deviation assigned to it. The SCORE methodology prescribes the uncertainty 

categories and standard deviations shown in Table 3.5. 

Table 3.5 - Uncertainty Categories for Non-Monetary Qualitative Efficiency 
Indicators 

Uncertainty Category Range Standard Deviation 
Low -1.0 to +1.0 0.091 
 -1.0 to 0.0; 0.0 to +1.0 0.046 
Medium -1.0 to +1.0 0.137 
 -1.0 to 0.0; 0.0 to +1.0 0.068 
High -1.0 to +1.0 0.182 
 -1.0 to 0.0; 0.0 to +1.0 0.091 

3.2.3.2 Design Alternative Evaluation 

When comparing non-monetary qualitative efficiency indicators of design alternatives, 

the design alternative, and the base case should be evaluated with the same method used 

when prioritizing projects. To score this difference, the percentage difference between 

these two scores should be determined. The subjective scale in Table 3.5 has a total 
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spread of 2 units. Therefore the percentage difference between the base case and the 

design alternative evaluated is determined by Equation 15. 

[15] 𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝐵𝐵𝑖𝑖,𝑎𝑎 − 𝐵𝐵𝑖𝑖,𝑧𝑧�

2
 

Where Ri,z is the subjective rating of criterion i for the base case z, and Ri,a is the 

subjective rating of criterion i for design alternative a. 

For example, the base case project earns a rating of “Negative Minor” for the aesthetic 

value, and design alternative a earns a “Positive Major” rating. The efficiency indicator is 

then determined as: 

𝑆𝑆𝑆𝑆𝑄𝑄𝑖𝑖,𝑧𝑧𝑎𝑎 =
�𝐵𝐵𝑖𝑖,𝑎𝑎 − 𝐵𝐵𝑖𝑖,𝑧𝑧�

2
=

(0.75 − (−0.25))
2

= 0.5 

3.3 Determine Weighting Factors 

Saaty's (1980) Analytical Hierarchy Process (AHP) is used in this research to develop 

weighting factors. While the AHP is used in the research presented, the author 

acknowledges that there are many other capable methods to determine weighting factors. 

One significant advantage of the AHP is the ability to check the consistency of an 

individual’s response and a group of responses. For details on checking consistency, the 

author recommends consulting with Saaty’s original manual (Saaty 1980). 

The AHP is described as an “eigenvalue approach to pairwise comparison [which] 

provides a way for calibrating a numerical scale, particularly in new areas where 
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measurements and quantitative comparisons do not exist” (Saaty 1980). Steps of the AHP 

are summarized as: 

1. Identify the criteria that influence the behavior of the problem. 

2. Structure a hierarchy of the criteria and sub-criteria. 

3. Prioritize the primary criteria with their impact on the overall objective. 

4. Prioritize the sub-criteria with respect to their criteria. 

5. Enter pairwise comparison judgment and force their reciprocals. 

6. Calculate priorities by adding the elements of each column and dividing each 

entry by the total of the column. Average over the rows of the resulting matrix to 

yield the priority vector. 

Based on the advice found in the text, a hierarchy for the Sustainable Efficiency Model 

criteria is developed (see Figure 3.1). This hierarchy contains two “levels” of criteria. 

This was done to ensure that there was a maximum of 9 criteria being compared at a 

given time. Suggestions from the ISO 21929-2 standard on primary criteria categories 

were used to develop these groups (see Table 3.1). It is important to note that three of the 

criteria shown in the hierarchy are not criteria used in the assessment and act as “dummy” 

criteria. These include level 1 criteria “Protection of Natural Resources,” “Ecosystem 

Protection,” and “Community Satisfaction.” These criteria act as placeholders and are 

used to keep the number of criteria in level 1 under 10. The weighting factors obtained 

for these criteria are used to determine the global (relative) weighting factors of the level 

2 criteria located below. 
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Figure 3.1 - Hierarchy of Sustainable Efficiency Criteria 
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Additional directions on completing the pairwise comparison questionnaire can be found 

in Appendix A1.  

After the questionnaire results have been received, a weighting priority vector can be 

determined. This is achieved by normalizing the principal eigenvalue of the weighting 

factor matrix. Saaty (1980) outlines four potential methods (from crudest to most 

accurate) to solve the eigenvalue in the absence of “a large-scale computer.” The author 

has selected the most accurate method available. This is accomplished by multiplying the 

n elements in each row and take the nth root. Resulting numbers are then normalized. A 

short example is shown below to demonstrate it in action. 

AHP Example 

Four criteria are available: A, B, C, and D. Each criterion underwent a pairwise 

comparison with the following results: 

Criterion 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Criterion 
A             X     B 
A              X    C 
A               X   D 
B            X      C 
B              X    D 
C            X      D 

 

Using these results, the following matrix is developed to determine the fourth root of 

each row multiplied. Results are then normalized to determine the priority vector: 
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Criteria A B C D 4th Root 
Priority 

Vector 
A 1 5 6 7 3.81 61% 
B 1/5 1 4 6 1.48 24% 
C 1/6 1/4 1 4 0.64 10% 
D 1/7 1/6 1/4 1 0.28 4% 
     6.20  

Will yield the weighting factor results: 

A – 61% 

B – 24% 

C – 10% 

D – 4% 

One of the significant benefits identified for the AHP is the ability to check for 

consistency of individuals and the group. (Xu 2000) is used to determine this consistency 

measure. An individual’s response is considered consistent if the following condition is 

met. 

𝐵𝐵𝐵𝐵 ≤ 0.10   𝑤𝑤ℎ𝑏𝑏𝑜𝑜𝑏𝑏 

𝐵𝐵𝐵𝐵 =  
𝐵𝐵𝑄𝑄
𝐵𝐵𝑄𝑄

 

𝐵𝐵𝑄𝑄 =  
𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 − 1
𝑏𝑏 − 1

 

𝜆𝜆𝑚𝑚𝑎𝑎𝑚𝑚 =
∑ 𝑜𝑜𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑏𝑏
𝑖𝑖=1

𝑤𝑤𝑖𝑖
,      𝑒𝑒 = 1,2, … ,𝑏𝑏. 

Where CR is the consistency ratio, CI is the consistency index, RI is the mean 

consistency index of randomly generated matrices, λmax is the largest eigenvalue of 

the n x n judgement matrix A = (aij), and w is an underlying vector whose 
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components are perturbed (by inconsistent human judgement) to give the elements of 

judgement matrix A (Xu 2000). 

3.4 Evaluate Efficiency Indicators 

Evaluating efficiency indicators involves collecting the necessary data to determine the 

variables generated for each efficiency indicator. This step is recognized as the most 

significant portion of work in generating a Sustainable Efficiency Score due to the high 

volume of data required to determine results. There is little guidance which can be 

provided during this step, as it is at the evaluator’s discretion on how they feel it is best to 

generate results. Every project is expected to be unique and requires a significant quantity 

of data to obtain a result. For example, the SEM reports generated for the first case study 

exceeds 50 pages. See Appendix A for additional details. 

3.5 Simulate Results 

After the efficiency indicators and weighting factors have been determined the final 

Sustainable Efficiency Score (SES) for a project can be calculated. Like a MCA, the final 

score is obtained by multiplying the indicator score by the appropriate weighting factor. 

Summing the SESs for each individual criterion will result in the final SES for a given 

project. 

For each project evaluated, a summary scorecard is recommended. This scorecard will 

outline the results for each criterion and the weighting factors assigned. A simplified 3-

criteria example is shown in Table 3.6. Combining probabilistic inputs with a Monte 



 

40 

Carlo simulation will yield a distribution of expected results. An example of this final 

distribution is shown in Figure 3.2. 

Table 3.6 – Example Summary Results Table 

Criteria Efficiency Indicator Result Weight SESi x 
100 

Health and Safety 
𝑃𝑃𝑃𝑃𝐻𝐻&𝑆𝑆,𝑎𝑎

𝐵𝐵𝑖𝑖
 1.13 50% 57 

GHG Emissions 
𝑃𝑃𝑃𝑃𝐺𝐺𝐻𝐻𝐺𝐺,𝑎𝑎

𝐵𝐵𝑖𝑖
 0.67 30% 20 

Water Use 
(𝑊𝑊𝑄𝑄𝑖𝑖 −𝑊𝑊𝑄𝑄𝑎𝑎)
(𝑊𝑊𝑄𝑄𝑎𝑎 −𝑊𝑊𝑄𝑄𝑇𝑇)

 -0.23 20% -5 

   Total 72 

 

Figure 3.2 - Example Monte Carlo Simulation Result 
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CHAPTER 4: CASE STUDY I – PROJECT PRIORITIZATION 

4.1 Introduction 

The first case study showcased demonstrates the SEM’s application as a project 

prioritization tool. Under this scenario, a decision maker is tasked with prioritizing the 

most sustainable projects given a portfolio of potential public infrastructure projects. The 

City of Fredericton was approached to supply two infrastructure projects of dissimilar 

typology to demonstrate this application. After a brief consultation period the following 

two projects were selected: 

1. Regent and Prospect Street Intersection Upgrades (R&P) 

2. Additional Secondary Clarifier for a Wastewater Treatment Plant (WWTP) 

All 18 criteria from the ISO standard are included for both projects. Weighting factors 

were determined from a workshop with key decision-makers in the City of Fredericton’s 

Engineering and Operations department. This workshop used the AHP Pairwise 

Comparison Questionnaire (found in Appendix A) to determine the weighting factors 

found in Table 4.1. 
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Table 4.1 - City of Fredericton Results from AHP Questionnaire 
Rank Criteria Weight Rank Criteria Weight 

1 Health and Safety 37.1% 10 Eutrophication Potential 2.6% 

2 Life-Cycle Costs 10.9% 11 Urban Sprawl 2.4% 

3 Travel Time 6.8% 12 Material Use 2.4% 

4 GHG Emissions 6.0% 13 Ozone Depletion Potential 2.3% 

5 Cultural Heritage 4.5% 14 Access to Nature 2.1% 

6 Job Creation 4.2% 15 Acidification Potential 2.0% 

7 Waste Reductions 4.0% 16 Energy Use 1.9% 

8 Land Use Changes 3.6% 17 Public Acceptance 1.9% 

9 Water Use 3.5% 18 Aesthetic Value 1.8% 

The respondents’ judgments are checked for individual consistency. It is determined that 

none of the respondents’ judgments were consistent. Given this inconsistency, the 

pairwise comparison should be re-issued until consistency is achieved. For the purpose of 

this research, the questionnaire was not re-issued, and the initial weighting factor results 

are used in the analysis. This is done to reduce the administrative and logistical burden 

for the City of Fredericton, and it does not contribute additional value to the research 

presented. 

4.2 Regent and Prospect Street Intersection Upgrades 

The Regent and Prospect Street Intersection is located on the south side of Fredericton, 

N.B. The intersection currently functions under fully-actuated control, with two thru 

lanes and an exclusive left turn lane on each approach. The intersection is Fredericton’s 

busiest, with roughly 65,000 vehicles entering 2per day (Lewis 2014). The intersection is 

one of the most important pieces of infrastructure within the City and requires a 
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significant quantity of attention and resources to be maintained. The proposed 

intersection upgrades include the following scope of work: 

i) Implementation of protected left-turn phasing 

ii) Construction of new right-turn island design 

iii) Construction of dual left turn lanes on Regent Street and Vanier Highway 

iv) Reconstruction of an existing concrete roadway intersection 

v) Replacement of various underground services (sewer, storm, and water) 

vi) Increased lighting and visibility. 

Figure 4.1 - Aerial Image of the Regent and Prospect Street Intersection 

 

4.2.1 Results 

Based on the results of the SEM, the Regent and Prospect Street Intersection Upgrades 

obtained a Sustainable Efficiency Score of +31.2. A Monte Carlo simulation indicates 

that the Sustainable Efficiency Score has a 90% confidence interval between +26.4 and 
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+36.4. This confidence interval and the results of the Monte Carlo simulation are found in 

Figure 4.2. From this positive value, we can conclude that this project contributes to the 

sustainability goals as defined by the author and which the City of Fredericton has 

prioritized. A summary of individual criterion results can be found in Table 4.2. The 

detailed methodology for the evaluation of efficiency indicators can be found in 

Appendix B1A. 

Figure 4.2 - Sustainable Efficiency Score Simulation Results for the Regent and 
Prospect Street Intersection Upgrades 
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Table 4.2 – SEM Summary Results for the Regent and Prospect Street Intersection Upgrades 
Category Criteria Sustainable Efficiency Indicator Result Wi SESi x 100 
Economic 
(18.9%) 

Life-Cycle Costs = PVLCC/Ca 0.13 10.9% 1.45 
Travel Time = PVTT/Ca 0.15 6.8% 1.00 

Environmental 
(29%) 

GHG Emissions = PVGHG/Ca 0.00 6.0% 0.02 
Land Use Changes None 0.00 3.6% 0.00 
Material Use = RMi/RMmax 0.05 2.4% 0.12 
Energy Use = ∆EU/EUo 0.59 1.9% 1.12 
Water Use = ∆WU/WUo 0.91 3.5% 3.16 
Waste Reduction = WR/WG 0.00 4.0% 0.00 
Eutrophication Potential None 0.00 2.6% 0.00 
Acidification Potential None 0.00 2.0% 0.00 
Ozone Depletion Potential None 0.00 2.3% 0.00 

Social 
(53.1%) 

Health and Safety = PVH&S/Ca 0.55 37.1% 20.44 
Access to Nature Contribution to Nature Access 0.20 2.1% 0.43 
Urban Sprawl Contribution to Urban Sprawl -0.20 2.4% -0.49 
Public Acceptance Degree of Public Acceptance 0.40 1.9% 0.75 
Aesthetic Value Contribution to Aesthetic Value 0.40 1.8% 0.71 
Job Creation = LRi/LRI 0.57 4.5% 2.57 
Cultural Heritage None 0.00 4.2% 0.00 

   
 

Total 31.27 
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4.3 Additional Secondary Clarifier for a Wastewater Treatment Plant 

The Fredericton Area Pollution Control Commission (FAPCC) was formed as a private 

corporation in the late 1960s to provide wastewater treatment services to Fredericton and 

the surrounding municipalities (all of which have amalgamated as Fredericton). While the 

facility was upgraded in 1994, increasing flows have slowly reduced effluent quality, 

resulting in the facility being unable to meet effluent compliance, primarily with respect 

to total biochemical oxygen demand.  

In 2005, a lengthy review process began to identify deficiencies in the wastewater 

treatment plant and to begin planning for the expected future demands. Two significant 

studies were completed: 

1) Comprehensive Performance Evaluation (CPE) by Comprehensive Process 

Optimization Inc. in February 2005. The CPE reviewed the facility’s performance 

over a 12-month period and identified limiting factors in the areas of 

administration, operation, design, and maintenance. 

2) Preliminary Design Study by CBCL Limited in September 2007. This design 

study evaluated the status of the wastewater treatment plant and identified several 

options to expand the plant and increase the level of treatment. 

From these evaluations, several key potential upgrades were identified: 

1) Replace existing grinders with new larger units upstream. 
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2) Expansion of the aeration tankage utilizing the step-feed activated sludge 

treatment process. 

3) Retrofit the existing secondary clarifier. 

4) The addition of a second 36.6m diameter secondary clarifier. 

5) Solids handling upgrades. 

6) UV disinfection upgrades. 

Despite these upgrades identified, funding limitations require that the FAPCC split these 

upgrades into individual investments. For this case study, the addition of a second 36.6m 

diameter secondary clarifier is used. One of the main benefits of this secondary clarifier 

is to increase the hydraulic capacity of the facility from 45,000m3/day to 75,000m3/day. 

This will allow the facility to treat city sewer water during wet seasons better and to 

avoid the possibility of discharging untreated water into the local river network. 

4.3.1 Results 

From the SEM, the additional secondary clarifier project achieved a Sustainable 

Efficiency Score (SES) of +7.02. Additionally, there is a 90% confidence interval that the 

SES is between +4.16 and +9.86. From this positive value, we can conclude that this 

project contributes to the sustainability goals as defined by the author and which the City 

of Fredericton has prioritized. A summary of individual criterion results can be found in 

Table 4.3. The distribution of expected results from the Monte Carlo simulation can be 

found in Figure 4.3. The detailed methodology for the evaluation of efficiency indicators 

is found in Appendix B1B. 



 

48 

Figure 4.3 - Sustainable Efficiency Score Simulation Results for the FAPCC 
Additional Secondary Clarifier 
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Table 4.3 - SEM Summary Results for the FAPCC Additional Secondary Clarifier 
Category Criteria Sustainable Efficiency Indicator Result Wi SESi x 100 
Economic 
(18.9%) 

Life-Cycle Costs PVLCC/Ca -0.10 10.9% -1.12 
Other External Costs None 0.00 6.8% 0.00 

Environmental 
(29.0%) 

GHG Emissions None 0.00 6.0% 0.00 
Land Use Changes = ∆GS/GSO -0.04 3.6% -0.14 
Material Use None 0.00 2.4% 0.00 
Energy Use = ∆EU/EUO -0.02 1.9% -0.04 
Water Use = (UTWDi – UTWDa) / (UTWDa – UTWDT) 0.92 3.5% 3.22 
Waste Reduction None 0.00 4.0% 0.00 
Eutrophication Potential = (Ni – Na) / (Na – NT) 0.94 2.6% 2.49 
Acidification Potential None 0.00 2.0% 0.00 
Ozone Depletion Potential None 0.00 2.3% 0.00 

Social 
(53.1%) 

Health and Safety PVH&S/Ca 0.00 37.1% 0.05 
Access to Nature Contribution to Nature Access  0.00 2.1% 0.00 
Urban Sprawl Contribution to Urban Sprawl 0.20 2.4% 0.49 
Public Acceptance Degree of Public Acceptance 0.60 1.9% 1.12 
Aesthetic Value Contribution to Aesthetic Value 0.00 1.8% 0.00 
Job Creation = LRi/LRI 0.21 4.5% 0.96 
Cultural Heritage None 0.00 4.2% 0.00 

    
Total 7.02 
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4.4 Comparing Results 

With the SEM, both projects can now be compared along a common scale. The results of 

a Monte Carlo simulation for both project analyses are shown in Figure 4.4. 

Figure 4.4 - Results of Case Study I 

 

From this analysis, it is shown that the R&P project is expected to obtain a sustainable 

efficiency score greater than the WWTP project. Additionally, the R&P project has a 

wider range of outcomes, and we can conclude that there is more uncertainty with the 

sustainable efficiency score of the project. 
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CHAPTER 5: CASE STUDY II – DESIGN ALTERNATIVE 

EVALUATION 

5.1 Introduction 

The second case study presented is used to demonstrate the SEM’s application as a 

design alternative evaluation tool. Under this scenario, a decision maker is tasked with 

determining which design alternative best meets the goals and objectives of sustainability 

when compared to a base case. For this case study, an industry partner was consulted to 

evaluate the sustainable benefits of using the modular and off-site construction delivery 

method when compared to the conventional on-site construction delivery method for the 

construction of a 2-storey hotel in Atlantic Canada. 

It has been assumed for this analysis that each of the five criteria included contributes 

equally to the sustainable efficiency score. These weighting factors can be adjusted per 

the decision maker or owner’s preference. 

5.2 Project Description 

The hotel building is a 2-storey structure with a total floor area of approximately 31,000 

ft2 and features a total of 58 hotel rooms. The building was constructed at a modular 

building manufacturing facility in New Brunswick and was then transported to the project 

site. Thus, information regarding the modular case study is derived directly from the 

actual project results and is recognized as the design alternative under study. This 

modular case study is then compared against a hypothetical conventional and on-site 
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construction delivery method. Thus, many of the variables and costs associated with the 

conventional delivery method can vary across a range of possible outcomes due to the 

assumptions that are made. This conventional delivery method forms the “base case” and 

is what the modular delivery method is compared to. 

5.3 Results 

From the SEM, it was determined that a modular and off-site delivery method yielded a 

Sustainable Efficiency Score of +18.2 when compared to the conventional delivery 

method. Additionally, the results of the Monte Carlo simulation indicate a 90% 

confidence interval between +16.8 and +19.8. This uncertainty is shown in Figure 5.1. 

From this positive value, we can conclude that the modular and off-site delivery option 

more efficiently meets the goals and objectives of sustainability when compared to the 

conventional on-site delivery method.  

Notable benefits of the modular construction process include a decreased life-cycle cost, 

reduced greenhouse gas emissions, reduced health and safety social costs, and 

significantly less waste produced. The only significant disadvantage of the modular 

delivery method was the reduced quantity of labor hours required. This speaks to the 

efficiency and productivity of modular construction but as a social criterion is considered 

as a disadvantage due to its impact on the job market. 

A summary of relevant results is shown in Table 5.1. Table 5.2 details the criteria 

included in the SEM, their respective efficiency indicator, the efficiency indicator results, 
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criteria weighting factors, and final score. The detailed methodologies for determining 

these results have been included in Appendix B2. 

Table 5.1 - Results for the Indicators 
Item Modular Conventional Unit 
Life-Cycle Costs  5,220,297   5,858,536  $ 
GHG Emissions  130,982   149,028  kg 
GHG Emission Costs  5,331   6,065  $ 
Health and Safety Costs  213,621   422,654  $ 
Waste Produced  1,329,988   4,073,484  kg 
Labor Required  22,268   43,583  hours 

 

Table 5.2 Sustainable Efficiency Model Results for Case Study II 
Criteria  Indicator Result Weight Score 
Life-Cycle Costs = (PVLCC,z  - PVLCC,a) / PVLCC,z   0.11 20% 2.18 
GHG Emissions = (PVGHG,z  - PVGHG,a) / PVGHG,z   0.12 20% 2.42 
Health and Safety = (PVH&S,z  - PVH&S,a) / PVH&S,z   0.49 20% 9.89 
Waste Production = (WPC  - WPM) / WPC 0.67 20% 13.47 
Job Creation = (JCM  - JCC) / JCC -0.49 20% -9.78 
  Total 100% 18.18 
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Figure 5.1 - Range of Possible Sustainable Efficiency Scores for Case Study II 
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CHAPTER 6: MODEL EVALUATION 

6.1 Background 

It is important to evaluate the Sustainable Efficiency Model as a decision-making tool. 

The practical implications of using the SEM must be considered if it is to be a 

contribution towards realizing sustainable infrastructure. An evaluation of the SEM will 

identify limitations of the methodology, as well as identify areas for improvement and 

further refinement. A method similar to that used by Adesola and Baines (2005) is 

adopted to evaluate the SEM. In this study, business process improvement (BPI) 

methodologies are evaluated for three criteria: i) feasibility, ii) usability and iii) 

usefulness. The author recognizes these three criteria as important characteristics to 

ensuring that the SEM is a valuable model to evaluate the sustainable performance of 

public infrastructure. More specifically, these three criteria attempt to highlight the 

following traits of a methodology: 

1) Can the methodology be followed? 

2) Is the methodology workable? Are the steps, tools, and techniques easy to use and 

apply? 

3) Is the methodology worth following? Does the methodology produce results 

which the [organization] finds useful? 

With guidance from Zeb (2014), a questionnaire (Appendix A2) was developed and used 

to gain insight into these questions.  
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6.2 Evaluation Results 

Six key senior management personnel from the City of Fredericton were given the 

questionnaire. This group includes senior members of the City of Fredericton’s 

Engineering and Operations team, such as the Assistant Director of Engineering and 

Operations and the City Traffic Engineer. This group was specifically chosen as they 

have significant insight and responsibility in the decision-making process, and assist 

Council in developing the annual budget for infrastructure spending.  

In addition to the questionnaire, a short technical brief was given to respondents. 

Following the review of these documents, the author delivered a 15-minute presentation 

on the Sustainable Efficiency Model process and outlining the results obtained in Case 

Study I. A discussion period followed the presentation, and significant insight was drawn 

from this period. The questionnaire, presentation, and technical brief are found in 

Appendix A2. Questionnaire results are found in Table 6.1. 
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Table 6.1 - Results of the Model Evaluation Questionnaire 

Criteria Measure Question 
Average 

Score 
(out of 5) 

Feasibility 

Completeness 
Does the model incorporate all the 
necessary criteria to measure the 
sustainability of a public infrastructure? 

3.83 

Correctness Does the model deliver an accurate 
sustainability performance score? 3.33 

Reasonableness Are the steps of the model reasonable? 4.50 

Usability 

Understandability Is the model easy to understand? 4.00 

Applicability Do you think the model is appropriate 
for public infrastructure projects? 4.00 

Guidance Does the brief provide enough guidance 
on how to complete an analysis? 3.40 

Usefulness 

Effectiveness Do you feel that the model produces 
useful and effective results? 4.00 

Efficiency Does the model provide useful 
information at an efficient cost/effort? 3.40 

Reusability 
Would you be comfortable comparing 
results of various types of infrastructure 
projects? 

3.17 

Various conclusions about the Sustainable Efficiency Model can be drawn from these 

results. Conclusions and discussions are drawn from the relative scores as no statistical 

analysis is warranted and in recognition of an expected positive response bias. 



 

58 

6.2.1 Overall 

It was found that the SEM is an understandable and appropriate model for evaluating the 

sustainable performance of public infrastructure projects. Key measures such as 

Reasonableness, Applicability, Effectiveness, and Understandability all score in the upper 

quartile of 4.0 and above. These measures suggest, at a high level, the SEM is easy to 

understand and is an appropriate and effective tool to measure the sustainable 

performance of public infrastructure projects. Relative to these scores, Reusability, 

Correctness, Guidance, and Efficiency scored much lower (3.4 and below). These 

measures suggest that additional clarification and efficiency is required to use the SEM, 

particularly when evaluating projects of dissimilar typology. 

6.2.2 Feasibility 

Completeness – While this measure scored strongly (3.83), it does suggest that there is 

some room for improvement. The author believes from this result, and the discussion that 

followed, that infrastructure sustainability evaluation tools need to be flexible to include 

(or exclude) criteria. This strengthens the position that a universal model should 

incorporate the flexibility to allow key stakeholders to determine the set of criteria 

included.  

Correctness – With a score of 3.33 this is an expected result due to the ambiguity and 

open-ended nature of measuring sustainability. In the discussions following the model 

evaluation, it was recognized that this category was scored as it related to the weighting 

factors determined for Case Study I. The author believes that this measure would have 
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scored higher had the respondents been made aware of the fact that the weighting factors 

developed could have been (and should have been) adjusted to better reflect the City’s 

priorities. The weighting factors obtained using the Analytical Hierarchy Process were 

inconsistent and, therefore, the questionnaire should have been re-issued until consistency 

was achieved. In addition to re-issuing the Analytical Hierarchy Process as a potential 

weighting factor method, respondents are open to using any weighting factor system 

which they are comfortable with and believe to be appropriate. 

Reasonableness – This was the highest scoring measure in the questionnaire with a score 

of 4.5. This suggests that the Sustainable Efficiency Model is an appropriate and 

reasonable tool to measure the sustainable performance of public infrastructure projects. 

6.2.3 Usability 

Understandability – A score of 4.0 suggests that, at a high level, the Sustainable 

Efficiency Model is an understandable tool. This is somewhat contradicted by the 

Guidance measure (which scored a lower 3.4), however, this is attributed to only 

providing respondents with a brief presentation and overview document regarding its 

implementation. 

Applicability – Scoring 4.0, all of the respondents agreed that the Sustainable Efficiency 

Model is applicable to evaluating the sustainable performance of public infrastructure. 

This is an encouraging measure, as it further supports that the model is an appropriate 

tool to measure sustainable performance. 
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Guidance – With a score of 3.40, this response suggests to the author that additional 

guidance is required for an evaluator to understand and replicate a SEM evaluation. The 

author believes that an enhanced guiding document should be generated for practitioners 

to explain better and define the methodologies used in an analysis. 

6.2.4 Usefulness 

Effectiveness -  With a score of 4.0, this response further supports the notion that the 

Sustainable Efficiency Model is an appropriate and effective tool to measure the 

sustainable performance of public infrastructure project. 

Efficiency – With a score of 3.40, this response suggests to the author that Sustainable 

Efficiency Model can be made more efficient. It was suggested by the author to the group 

of respondents that to evaluate a project with the SEM would require 80 hours of labor. 

Additionally, it was suggested that the SEM would require significant input from a 

variety of individuals with knowledge of the various topics included. The author believes 

that with additional supporting documentation, the respondents may be more comfortable 

with the total effort required. Additionally, the author believes that if a model were to 

incorporate unique criteria, as defined by the respondents, then the group may recognize 

additional value in a SEM evaluation. 

Reusability – The lowest scoring criteria was reusability (3.17). The discussions 

following the questionnaire suggested that the model was not well suited for comparing 

infrastructure projects of dissimilar typology. This was an unexpected response, as one of 

the main goals of the SEM is to overcome this limitation. The author believes that this 
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score could be attributed to the fact that the Regent and Prospect Street Intersection 

Upgrades project had significantly more detail in the final analysis, whereas the 

Wastewater Treatment Plant Upgrades project had a limited analysis performed. This 

result could suggest hesitation from decision-makers in comparing infrastructure of 

dissimilar typology.  

CHAPTER 7: CONCLUSIONS 

7.1 Summary of Work 

In this thesis, several objectives have been outlined and completed. These objectives and 

their respective summaries highlight some of the major contributions of the work 

performed. 

7.1.1 Review Existing Methods to Evaluate the Sustainable Performance of Public 

Infrastructure Projects 

The author has categorized existing methods to evaluate the sustainable performance of 

public infrastructure projects as: i) monetary; ii) non-monetary; and iii) hybrid. Monetary 

methods such as the social cost-benefit analysis monetize criteria and impacts by using 

existing economic valuation theories. Non-monetary methods such as the multi-criteria 

analysis or rating schemes assign arbitrary “points” to projects which meet certain pre-

determined values. Hybrid methods such as the COSIMA-DSS and SCORE 

methodologies attempt to draw on the advantages of both methods and combine monetary 

and non-monetary criteria and impacts into a single quantitative indicator. 
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7.1.2 Identify Shortcomings and Disadvantages of the Reviewed Methods 

During the literature review, several shortcomings were identified for methodologies 

used to evaluate the sustainable performance of public infrastructure projects. Monetary 

methods are limited in their ability to evaluate the full breadth of criteria necessary for a 

holistic and complete sustainability assessment. While certain criteria such as greenhouse 

gas emissions, and health and safety are well supported by economic valuation principles, 

many of the remaining criteria such as cultural heritage and public acceptance are not. 

Non-monetary methods often ignore social and economic criteria and focus exclusively 

on environmental criteria. Additionally, non-monetary methods often rely on a subjective 

opinion from evaluators to determine project results and weighting factors. Hybrid 

methods have proved to be difficult due to the inability for evaluators to objectively 

assign dollar values to non-monetary “points” and vice-versa. 

7.1.3 Identify Characteristics of a Complete Sustainable Performance Evaluation 

Methodology 

Five characteristics have been identified for a complete sustainable performance 

evaluation methodology. These characteristics include: i) a full sustainability analysis, 

whereby economic, environmental, and social criteria are included; ii) a life-cycle 

approach, where all stages of the life-cycle are included in an analysis; iii) standardized 

criteria, where, regardless of the infrastructure type, a consistent and holistic set of 

criteria are evaluated; iv) objective weighting factors, to ensure that criteria are 

prioritized using formal methodologies and to avoid extreme biases when determined 
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subjectively; and v) uncertainty and risk, where project inputs are given a distribution of 

potential outcomes. This allows the generation of confidence intervals for the final 

project results using a Monte Carlo simulation. 

7.1.4 Develop a Model to Address the Shortcomings Identified and Fulfill the 

Characteristics of a Complete Analysis 

To overcome the shortcomings identified in monetary and non-monetary methods, the 

author has developed the Sustainable Efficiency Model (SEM) to measure the sustainable 

performance of public infrastructure projects. The SEM is defined as a probabilistic 

decision-making tool which integrates economic, environmental, and social criteria into a 

single quantitative indicator using multi-criteria and cost-benefit analysis methodologies. 

The model is unique in that it integrates monetary and non-monetary results using 

efficiency indicators. Additionally, consideration is given to a probabilistic analysis at all 

levels, to allow decision makers to make objective decisions given uncertain results and 

information. The model works similar to that of a MCA, whereby criteria and indicators 

are determined and then combined with relevant weighting factors to determine 

sustainable efficiency “points.” As is evident in Equation 8, the SEM has categorized 

criteria into three distinct categories: i) monetary, ii) non-monetary quantitative, and iii) 

non-monetary qualitative. 

[8] 𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎 = �𝑤𝑤𝑖𝑖 𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑎𝑎

𝐼𝐼

𝑖𝑖=1

+ �𝑤𝑤𝑖𝑖  𝑄𝑄𝑇𝑇𝑆𝑆𝑄𝑄𝑖𝑖𝑎𝑎

𝐽𝐽

𝑖𝑖=1

+ �𝑤𝑤𝑘𝑘 𝑄𝑄𝑄𝑄𝑆𝑆𝑄𝑄𝑘𝑘𝑎𝑎

𝐾𝐾

𝑘𝑘=1
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7.1.5 Test the Developed Model 

The model was tested under two use case scenarios: i) as a project prioritization tool, 

whereby projects of dissimilar typology are evaluated in a universal framework; and ii) as 

a design alternative evaluation tool, whereby multiple design alternatives are considered 

for a single project. The model was not tested as a network or systems decision-making 

tool and is recommended as a potential research topic moving forward. 

7.1.5.1 Project Prioritization Tool 

Two projects within the City of Fredericton are evaluated to demonstrate the SEM’s 

application as a project prioritization tool. These projects featured a major city 

intersection upgrade project compared against the installation of an additional secondary 

clarifier at a municipal wastewater treatment plant. Both projects had significant benefits 

for the City and were successfully evaluated using the SEM. The results of both projects 

are depicted in Figure 7.1. 
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Figure 7.1 - Results of the Sustainable Efficiency Model for Case Study I 

 

7.1.5.2 Design Alternative Evaluation Tool 

A modular and off-site construction delivery for a 2-storey hotel in Atlantic Canada is 

used as a case study to demonstrate the SEM’s application as a design alternative 

evaluation tool. From this case study, several sustainability benefits were identified from 

the use of a modular and off-site delivery method when compared to a conventional and 

on-site delivery method. Additionally, this case study provided validation that the SEM 

can be used as a design alternative evaluation tool. The results of this case study are 

shown in Figure 7.2. 
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Figure 7.2 - Results of the Sustainable Efficiency Model for Case Study II 

 

7.1.6 Evaluate the Model as to its Usefulness, Usability, and Feasibility 

From the questionnaire developed in Appendix A2, the SEM was evaluated for its 

usefulness, usability, and feasibility. This evaluation was completed by key stakeholders 

at the City of Fredericton. The questionnaire results and discussion period suggest that 

the SEM is an appropriate model to evaluate the sustainable performance of infrastructure 

projects. One of the most significant benefits identified was the ability to integrate a 

variety of environmental, economic, and social criteria in a reasonable and effective 

manner. However, there are still doubts as to the model’s efficiency, correctness, and 

reusability for projects of dissimilar typology. 
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7.2 Additional Insight 

In the development and application of the SEM, the author has identified and explored 

several limitations and characteristics of the model under study. These insights are not 

rooted in a formal assessment but serve to outline the more subjective lessons learned by 

the author in the development and application of a sustainable performance evaluation 

tool. 

7.2.1 Need for a Collaborative and Integrated Project Evaluation Team 

When evaluating the full breadth of economic, environmental, and social criteria included 

in the SEM, the need for a collaborative and integrated evaluation team became apparent. 

The variety of criteria required significant effort to develop an understanding of the areas 

of concern, as well as trying to develop methodologies to evaluate these highly dissimilar 

criteria. The author believes that an integrated evaluation team, which brings in various 

perspectives and resources, will be required to develop a truly sustainable solution and 

project evaluation. This idea is echoed in Vaillancourt (2015) and Envision (ISI and 

Zofnass Program 2015), where it is concluded that integrated decision-making can 

improve the sustainability performance of existing municipal infrastructure. This also 

highlights a potential organizational limitation to evaluating the sustainable performance 

of public infrastructure. It is likely that many of the rural and smaller municipalities will 

not have the required resources (both expertise and volume) to complete the variety of 

analyses required for the SEM and other sustainable performance evaluations. 
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7.2.2 Inclusion of Regulatory Requirement and/or Legal Commitments 

From case study I it was determined that the SEM lacked the ability to include regulatory 

requirements as a key objective. In consultations with the wastewater treatment plant 

manager, it was highlighted that one of the major motivations for pursuing the project 

was to meet current and future environmental regulations as set by the federal 

government. The need for including legislative and regulatory requirements has been 

previously expressed in Dasgupta and Tam (2005). In this study, a methodology for 

evaluating project design alternatives was developed, and regulatory indicators were used 

as an initial screening tool to filter design alternatives which would not have met the 

regulatory requirements. The author believes that regulatory and legislative requirements 

should be included in the broader project evaluation process, possibly as a separate 

criterion which has significant weighting. Alternatively, the author suggests 

implementing an initial assessment, similar to Dasgupta and Tam 2005, where projects 

which are required to meet regulatory requirements are evaluated within a separate 

framework, and the SEM is reserved for projects which are more discretionary for a 

public authority. 

7.2.3 Efficiency Indicator Critique 

In the development of efficiency indicators, the author has identified two potential 

critiques of the sustainable efficiency indicators developed for the three categories 

(monetary, non-monetary quantitative, and non-monetary qualitative). Primarily, it is 

noted that non-monetary criteria are capped or limited between a score of -1.0 and +1.0 
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whereas monetary criteria can achieve scores greater than or less than +1.0 and -1.0, 

respectively. In turn, this could skew the results as a certain sustainability objective 

cannot be scored as high as others. Additionally, the author questions the validity in the 

assumption that a monetary efficiency indicator, which uses a project’s initial 

construction costs as a denominator, can be equally compared against a non-monetary 

efficiency indicator which utilizes an industry benchmark or target value as a 

denominator. However, the research under study is not in the development of efficiency 

indicators. The author’s recommendation is to develop indicators which determine how 

effectively a project has met the specific sustainability goal or objective. 

7.3 Recommendations 

From the body of work completed, two sets of recommendations have been developed. 

The first set is for recommendations surrounding the continued development and 

refinement of the SEM while the second set outlines recommendations for sustainable 

performance evaluation tools more broadly. 

7.3.1 Sustainable Efficiency Model Recommendations 

The author has identified several recommendations to refine further and develop the 

Sustainable Efficiency Model. 
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7.3.1.1 Efficiency Indicator Development 

While the author has made some initial recommendations in the development of 

efficiency indicators, the author acknowledges that a more robust process should be 

performed to determine the appropriate efficiency indicators for sustainability criteria. 

Potential Solution 

The author recommends that a separate study be conducted to identify appropriate 

efficiency indicators for the various types of infrastructure projects.  

Priority 

This is a low priority recommendation because efficiency indicators will naturally 

develop as more projects are evaluated. 

Effort 

This a medium effort recommendation because there is a significant variety in criteria 

and infrastructures types which will require efficiency indicators to be developed. 

Incremental Improvement 

This recommendation is a small-medium incremental improvement on the existing 

research. Appropriate efficiency indicators will increase confidence in project evaluation 

scores. 

7.3.1.2 Include Regulatory and Legislative Requirements 

As evident from the wastewater treatment plant upgrades project, there is a necessary step 

to include potential regulatory requirements to which a project satisfies.  
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Potential Solution 

The author suggests two possible solutions to this, where the regulatory requirements are 

included as an efficiency indicator and given a significant weighting factor, or where a 

separate process is developed, and projects which are required to be completed to meet 

regulatory requirements are evaluated independently from projects which are more 

discretionary in nature. 

Priority 

This is a high priority recommendation because of the importance of considering 

regulatory and legislative requirements. In its current form, the SEM is unable to 

incorporate these requirements and will potentially generate a false prioritization result if 

these mandatory projects are evaluated (e.g. wastewater treatment plant upgrades). 

Effort 

This is a medium effort recommendation as the author believes some due diligence is 

required to determine what the most appropriate solution is before attempting to build a 

workflow which is appropriate. The author believes that there must be consultation with 

municipalities and other jurisdictions to determine the most effective and reasonable 

solution. 
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Incremental Improvement 

This recommendation is a large incremental improvement on the existing research. This 

is due the necessity and importance in considering these requirements in the decision-

making process. 

7.3.1.3 Network and System Decision-Making 

This research focused on using the SEM as a project prioritization and design alternative 

evaluation tool. However, it is suggested in the introduction that a network decision-

making tool which integrates economic, environmental, and social criteria would be 

beneficial. 

Potential Solution 

This recommendation would require a significant study, potentially as a Ph.D. or Masters 

thesis, to develop a model which incorporates sustainability criteria in a network or 

system decision-making tool. The author believes that the SEM is best suited to evaluate 

individual projects and would not be well suited as a network or systems decision-making 

tool in its current format. 

Priority 

Currently, this is a low priority recommendation because there is still no consensus 

within academia or in the industry on the most appropriate method to evaluate the 

sustainable performance of individual infrastructure projects. The author believes that a 
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network or system decision-making tool should be a natural by-product of the 

development of a tool to measure individual projects. 

Effort 

This is a large effort recommendation due to the significant amount of consultations and 

existing literature review required to develop new methodologies. 

Incremental Improvement 

A network or system decision-making tool to evaluate the sustainable performance of 

infrastructure projects would be a significant contribution to the body of knowledge. 

Enabling decision-makers to measure the impact of infrastructure projects on the system 

as a whole would be a key factor in realizing sustainable infrastructure. 

7.3.2 General Recommendations 

More broadly, the author has identified the following recommendations for future 

research as it concerns sustainability and sustainable performance evaluation tools for 

public infrastructure projects in general. 

7.3.2.1 Non-Aggregation of Monetary and Non-Monetary Criteria. 

While the author has explored the use of a methodology which aggregates monetary and 

non-monetary criteria into a single quantitative indicator, it is suggested that future work 

explores other possibilities of evaluating the full breadth of criteria while keeping 

monetary and non-monetary criteria separate.  
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Potential Solution 

The author suggests an in-depth review of existing methods which employ this strategy. 

Examples of these types of analyses are highlighted in Robichaud (2014) and UKDofT 

(2009), however, others are assumed to exist. Non-aggregation methods could highlight 

potential advantages and disadvantages of aggregation methods. 

Priority 

This is a medium priority recommendation as the author believes it would provide 

complimentary insight to the method used in the research presented. 

Effort 

This is a medium effort recommendation due to the quantity of literature review and 

investigation required to draw substantial conclusions. 

Incremental Improvement 

This recommendation will provide no incremental improvement to the existing model but 

would create a large improvement on the body of knowledge surrounding sustainability 

in public infrastructure. 

 

7.3.2.2 Criteria Identification and Development 

While the author has used ISO 21929-2 in the development of sustainability criteria, the 

author acknowledges that there are other sources of criteria available and a potentially 
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more comprehensive and effective set of criteria could be used. Additionally, the model 

evaluation concluded that jurisdictions should have the flexibility to determine a unique 

set of criteria to evaluate.  

Potential Solution 

The author recommends the development of a formal process to generate a set of holistic 

criteria for any jurisdiction. The author believes that this process should be flexible to 

allow individual jurisdictions to determine the criteria necessary for evaluation. 

Priority 

This is a high priority recommendation because ensuring the correct set of criteria are 

included in an evaluation will increase the effectiveness and value generated. 

Effort 

This is a medium effort recommendation due to the quantity of work required to 

determine the recommendations and guidelines necessary to ensuring that jurisdictions 

determine an appropriate set of sustainability criteria. 

Incremental Improvement 

This is a large improvement on the current research as it will directly benefit the 

Sustainable Efficiency Model and or research surrounding sustainability in public 

infrastructure. 

7.4 Contributions 

Several contributions have been identified from the research and are categorized as 

practical and academic. Practical contributions contribute to practitioners and real world 

scenarios while academic contributions advance the body of knowledge. 
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7.4.1 Academic 

The author has made several contributions to the body of knowledge in measuring the 

sustainable performance of infrastructure projects. These contributions are directly 

related to the gaps in the existing methods used to measure the sustainable performance 

of infrastructure. These contributions are summarized as:  

1. Critique of existing methods – The literature review identifies disadvantages and 

shortcomings of existing methods to evaluate the sustainable performance of 

infrastructure projects. These critiques are then used to build upon for the model 

developed. 

2. Integration of monetary and non-monetary methods – Existing methods which 

integrate monetary and non-monetary rely on highly subjective assumptions or cannot be 

used to evaluate projects of dissimilar typology. The SEM is unique as it allows an 

evaluator to weigh criteria individually using formal methods and can be used to evaluate 

infrastructure projects of dissimilar typology. The enabling factor in evaluating projects 

of dissimilar typology is the use of efficiency indicators. 

3. Uncertainty – While no new methods are developed, the SEM combines existing 

methods to include uncertainty in both quantitative and qualitative inputs. This is 

recognized as an incremental improvement of existing methods which only include 

uncertainty for quantitative or qualitative results individually. 
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7.4.2 Practical 

In addition to the contributions made to the academic body of knowledge, the author has 

made significant contributions to practitioners in the development and implementation of 

the Sustainable Efficiency Model and its surrounding research. 

1. Implementation of the SEM – The author has used real case studies to demonstrate 

how to implement and apply to the Sustainable Efficiency Model to various 

infrastructure types and evaluation scenarios. These case studies will provide 

practitioners additional insight if they pursue this method. 

2. Effort required – Through the implementation of the Sustainable Efficiency Model, 

the author has developed an estimation of the effort required to evaluate the 

Sustainable Efficiency Score of an infrastructure project. This contribution will 

provide practitioners with additional insight when deciding whether or not to pursue 

this method. 

3. Integration of monetary and non-monetary criteria – Highlighted as an academic 

contribution, the integration of monetary and non-monetary criteria is recognized as a 

practical contribution as well since the case studies demonstrate in detail how 

practitioners can execute this strategy. Understanding the limitations and benefits to 

this integration is critical to ensuring that objective methods to evaluating the 

sustainable performance of infrastructure projects are realized. 
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Research Introduction and Informed Consent 

This research is being conducted by the following members of the University of New 
Brunswick’s Department of Civil Engineering: 

Michael Benson, MScE Candidate (mike.benson@unb.ca) 
Dr. Jeff Rankin, Supervisor, Professor of Civil Engineering (rankin@unb.ca) 

As part of a Master of Science in Engineering degree with the University of New 
Brunswick’s Department of Civil Engineering, a model has been developed which 
evaluates the sustainable performance of public infrastructure projects. The model 
integrates the results of a cost-benefit and multi-criteria analysis to obtain a single value 
for the sustainable performance. The model incorporates the preferences and subjective 
input of municipalities’ staff and committee members. In order to capture these 
preferences, the Analytical Hierarchy Process is used to develop objective weighting 
factors. The questionnaire presented to you today will be used to determine the 
sustainability criteria weighting factors for the City of Fredericton. 

This is a formal invitation to participate in this research. The questionnaire is expected to 
take 30-45 minutes to complete and I ask that you respond to the questionnaire as if you 
were representing the City and its intended objectives. While personal biases are expected, 
it is assumed that these results will be smoothed out by having individuals from multiple 
stakeholders within the City complete the questionnaire. The results are expected to 
represent the City’s preference towards sustainable development. 

The questionnaire does not directly or indirectly collect any personal information about 
you individually and does not collect information that might allow you to be identified. If 
a participant has indicated that they would like to receive the results of the questionnaire, 
formal correspondence should be made to myself at the e-mail mike.benson@unb.ca. 
Identifying information provided in this manner will be collected separately and will not 
be attached to the questionnaire itself. Furthermore, any identifying information will only 
be known by myself and Dr. Rankin and completed questionnaires will be saved in 
protected folders under a provincial and department code.  

Participation is voluntary, and you are free to withdraw from the research, and to withdraw 
any data pertaining to yourself, at any time, without penalty. Should you have any questions 
regarding any ethical issues throughout the completion of the questionnaire, please feel 
free to contact the Chair of the Department, Dr. Bruce Wilson at (506) 453-5127 or 
wilsonbg@unb.ca.  This project has been reviewed by the Research Ethics Board of the 
University of New Brunswick and is on file as REB 2016-037.   

In the event of research-related harm, persons agreeing to participate in the research have 
not waived any rights to legal recourse. By signing this document, I am indicating that I 
have read the information provided and have agreed to participate in the research. 

Signature      Date 
 
 
 
_____________________________   __________________________ 
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How to Complete the Questionnaire 

Respondents are asked to first review the hierarchy of sustainable criteria on page 3. 
These criteria were developed in accordance with ISO 21929-2 and give respondents a 
better understanding of the “big picture” and how the criteria are categorized. Initially, 
Level 1 criteria are compared amongst each other to determine global weighting factors. 
Following this comparison, Level 2 criteria are compared amongst each other within the 
level 1 criteria they fall in.  

Secondly, respondents are asked to review the ‘AHP Fundamental Scale for Pairwise 
Comparisons’ on page 4. This scale demonstrates how respondents will define the 
intensity of their preference of one criteria over another. Additionally, descriptions for 
each criterion are found on pages 4-8 and have been provided to give the respondent a 
better understanding of what it is they are comparing.  

Completing the pairwise comparison table is shown through an example below: 

As a respondent, I feel as though reducing GHG Emissions is strongly more important 
than Natural Resource Protection. Therefore, an intensity of 5 is selected, and the table 
should be filled out by marking an X in the cell which falls under 5 on the Criteria A side. 
If, as a respondent, I feel as though preserving Cultural Heritage is moderately more 
important than Natural Resource Protection than an X should be marked under the cell 
which falls under 3 on the Criteria B side. In the event that I feel two criteria are of equal 
importance then the cell which falls under 1 should be selected, as shown with Job 
Creation and Reducing Life-Cycle Costs. 
 

# Criteria A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Criteria B 

1 Reduce GHG 
Emissions 

    X             Natural Resource 
Protection 

2 Natural Resource 
Protection                     X             

Preserve Cultural 
Heritage 

3 Reduce Life Cycle 
Costs                 X                 Job Creation 

 

If you have any questions on how to properly complete the questionnaire, please do not 
hesitate to reach me by phone (506) 470-8730 or e-mail mike.benson@unb.ca.

https://d.docs.live.net/03b036644a43913c/Grad/Research%20Project/mike.benson@unb.ca
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Supporting Information 

AHP Fundamental Scale for Pairwise Comparisons: 

Intensity of 
Importance 

Definition Explanation 

1 Equal importance Two criteria contribute 
equally 

2 
3 
4 

Moderate importance Experience and judgment 
slightly favour one criterion 

5 
6 Strong importance 

Experience and judgment 
strongly favour one 
criterion 

7 
8 Very strong importance 

A criterion is strongly 
favoured over another; its 
dominance demonstrated in 
practice 

9 Extreme importance 

The evidence favouring one 
criterion over another is of 
the highest possible order of 
affirmation 

 

Level 1 Criteria Descriptions: 

1. Greenhouse Gas (GHG) Emissions 
A greenhouse gas is any gaseous compound in the atmosphere that is capable of 
absorbing infrared radiation, thereby trapping and holding heat in the atmosphere. By 
increasing the heat in the atmosphere, greenhouse gases are responsible for the 
greenhouse effect, which ultimately leads to global warming. 
 

2. Life-Cycle Costs 
Life-cycle costs include the costs of construction, operation, maintenance, and 
disposal of infrastructure projects. Reducing these costs can add value for the owner 
over the entire life span of the infrastructure project. 
 

3. Health and Safety 
Measures the impact of infrastructure’s effect on users’ health and safety. Health and 
safety effects can come from a variety of sources such as: safety improvements, 
negative health impacts from air pollution, or any significant safety concerns in 
construction which are addressed. 
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4. External Costs 

External costs, or externalities, are a result of costs borne by members of society, but 
are not paid by the by the client or public authority. These costs are regularly not 
considered in a life-cycle costing analysis but can still have a significant impact. An 
example would include accounting for the increased amount of delays a vehicle user 
would experience due to congestion by valuing citizens cost of travel time. All 
external costs are determined using monetary values which are widely accepted by 
economics theory.  
 

5. Natural Resource Protection 
Natural resources include freshwater, potable water, material extracted from the 
earth, and energy consumed. Additional provisions are in place are in place to ensure 
that recycled materials are used where appropriate, and that renewable energy is used 
where possible. Waste management is also another key area to ensure that materials 
are reused and recycled after decommissioning and during construction. 
 

6. Ecosystem Protection 
An ecosystem includes all living things (plants, animals and organisms) in a given 
area, interacting with each other, and also with their non-living environments 
(weather, earth, sun, soil, climate, atmosphere). Significant impacts to the ecosystem 
include eutrophication, acidification, dust emissions, and ozone depletion. 
Additionally, ecosystems can be significantly disrupted due to various land use 
changes. 
 

7. Job Creation 
Infrastructure projects can often create significant economic growth and create many 
full-time equivalent jobs for citizens. This criterion is a direct measurement of 
additional jobs created due to the construction of infrastructure project as well as jobs 
created to operate and maintain the facility.  
 

8. Community Satisfaction 
Encompassed in Community Satisfaction is the ability for an infrastructure project to 
address the quality of life needs of a public and to ensure efficient growth of the 
community. Included in this criterion is the contribution a project may have on 
citizens’ access to nature, the participation of public and private stakeholders in the 
decision making process, and overall aesthetic value of the project. Additionally, the 
revaluation or depreciation of the land’s economic value can have consequences on 
the population living within the areas of influence of the project. 
 

9. Cultural Heritage 
Cultural heritage is a measure of the number of cultural heritage elements affected 
(or enhanced) due to the public infrastructure project. Cultural heritage elements are 
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defined as: i) monuments, which are of value from the view point of history, art, or 
science; ii) groups of buildings, which because of their architecture or homogeneity, 
are of value from the view point of history, art, or science; and iii) sites, 
archeological sites which or of value from the historical, aesthetic, ethnological, or 
anthropological point of view. 
 

Level 2 Criteria Descriptions 

Natural Resource Protection 

1. Material Use 
The Material Use, either raw or recycled, shall be described in a disaggregated way. 
While the use of recycled resources is one potential indicator, it is equally important 
to consider the extent to which materials in infrastructure projects can be reused, 
recycled, or recovered at end-of-life. 
 

2. Water Use 
The water used in infrastructure projects can be withdrawn from a large variety of 
sources such as: surface water, groundwater, rainwater, municipal water supplies or 
wastewater. The consumption of fresh water resources at any life cycle stage can 
have an impact on the scarcity of water resources. 
 

3. Energy Use 
The use of energy resources refers to the total energy required by the infrastructure 
project. This could be measured by indicators related to the use of energy, specifying 
direct and indirect sources of energy or renewable and non-renewable energy 
sources. Energy sources are classified into the following groups: i) non-renewable 
primary energy source, such as coal, natural gas, oil, propane, ethane, etc.; ii) 
renewable primary energy sources, such as biofuels, solar, and ethanol; iii) non-
renewable secondary energy sources, such as electricity, heating and cooling, steam, 
nuclear, etc.; iv) renewable secondary energy sources, such as solar, wind, 
geothermal, hydro. 
 

4. Waste Production 
To complement the other criteria in Natural Resource Protection, it is relevant to 
include a measure of the total production of hazardous and/or non-hazardous wastes 
because of using material resources. The generation of waste can come from the 
result of construction, use, and deconstruction of the infrastructure projects.  
 

Ecosystem Protection 

5. Eutrophication Potential 
Eutrophication is the enrichment of an ecosystem with chemical nutrients, typically 
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compounds containing nitrogen, phosphorus, or both. Eutrophication can be a natural 
process in lakes, occurring as they age through geological time. It can also happen 
due to human use, whereby an excessive use of fertilizers can encourage excessive 
algae growth. This algae growth can cause overcrowding of plants which compete for 
sunlight, space, and oxygen. 
 

6. Acidification Potential 
Acidification is commonly associated with atmospheric pollution arising from 
anthropogenically derived sulphur (S) and nitrogen (N) as NOx or ammonia. 
Anthropogenically derived pollutant deposition enhances the rates of acidification, 
which may then exceed the natural neutralising capacity of soils. The environmental 
impacts of acidification are one of the major contemporary environmental issues 
globally. When acids are emitted, the pH factor falls and acidity increases, which for 
example can involve widespread decline of coniferous forests and dead fishes in 
lakes. 
 

7. Land Use Changes 
Land use measures the amount of greenfield areas consumed and/or the amount of 
brownfield areas reused. Greenfield land consists of natural or semi-natural land 
which has never been developed for artificial use. This may include agricultural land, 
forests, and woodlands. Brownfield or derelict areas consists of previously developed 
land. This may include vacant buildings, remediated land, derelict lands and 
buildings, previously developed land currently in use. 
 

8. Ozone Depletion Potential 
Ozone depletion translates to the quantity of emission of gases relative to CFC-11 
(Freon) equivalent which breaks down the ozone layer. Measurement is typically 
done by assessing the material and energy flows during the entire life cycle and 
construction operations. Typical sources of Freon come with refrigerants in heating, 
ventilating, air conditioning, and refrigeration equipment. 
 

Community Satisfaction 

9. Access to Nature 
The indicators included in this aspect relate to the change of people’s opportunity to 
access a good quality natural environment due to the construction of project. Projects 
can improve or worsen the ease of access to natural green areas since it can have 
influence on the natural environments quality or size, and on the distance from 
population centres to nature. 
 

10. Urban Sprawl 
A project can either attract people to live in an area because of the associated 
improvements and value increase or make people leave their living areas to settle in 
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other regions. Some projects can unexpectedly increase the amount of urban sprawl 
experienced by a community due to the project. 
 

11. Social Acceptability 
This aspect could include indicators that reflect the participation of public or private 
persons and organizations in the decision-making process and their levels of 
satisfaction with the project. Social acceptance can include potential disruption of 
services, public acceptance, community acceptance, and stakeholder acceptance. 
 

12. Aesthetic Value 
These indicators represent the changes in aesthetic effects of landscape, town, or city 
due to the project. This criterion is often a very subjective indicator which requires 
consultation outside the main stakeholder group to determine the appropriate score. 
 

For your consideration: 

Were there any economic, environmental, or social criteria which you feel should have 
been included in the assessment, but were not? 

□ Yes  □ No 

If yes, what were they? 

________________________________ 

________________________________ 

________________________________ 

________________________________ 

________________________________ 
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Pairwise Comparisons 

Level 1 Criteria Comparisons:  

Place an X under one number per row using the scale: 
    1 = Equal 3 = Moderate 5 = Strong 7 = Very Strong 9 = Extreme   
# Criteria A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Criteria B 
1 Life-Cycle Costs                                   GHG Emissions 
2 Life-Cycle Costs                                   Health and Safety 
3 Life-Cycle Costs                                   External Costs 
4 Life-Cycle Costs                                   Natural Resource Protection 
5 Life-Cycle Costs                                   Ecosystem Protection 
6 Life-Cycle Costs                                   Job Creation 
7 Life-Cycle Costs                                   Community Satisfaction 
8 Life-Cycle Costs                                   Cultural Heritage 
9 GHG Emissions                                   Health and Safety 
10 GHG Emissions                                   External Costs 
11 GHG Emissions                                   Natural Resource Protection 
12 GHG Emissions                                   Ecosystem Protection 
13 GHG Emissions                                   Job Creation 
14 GHG Emissions                                   Community Satisfaction 
15 GHG Emissions                                   Cultural Heritage 
16 Health and Safety                                   External Costs 
17 Health and Safety                                   Natural Resource Protection 
18 Health and Safety                                   Ecosystem Protection 
19 Health and Safety                                   Job Creation 
20 Health and Safety                                   Community Satisfaction 
21 Health and Safety                                   Cultural Heritage 
22 External Costs                                   Natural Resource Protection 
23 External Costs                                   Ecosystem Protection 
24 External Costs                                   Job Creation 
25 External Costs                                   Community Satisfaction 
26 External Costs                                   Cultural Heritage 
27 Natural Resource Protection                                   Ecosystem Protection 
28 Natural Resource Protection                                   Job Creation 
29 Natural Resource Protection                                   Community Satisfaction 
30 Natural Resource Protection                                   Cultural Heritage 
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31 Ecosystem Protection                                   Job Creation 
32 Ecosystem Protection                                   Community Satisfaction 
33 Ecosystem Protection                                   Cultural Heritage 
34 Job Creation                                   Community Satisfaction 
35 Job Creation                                   Cultural Heritage 
36 Community Satisfaction                                   Cultural Heritage 

 

Level 2 Criteria Comparisons:  

Place an X under one number per row using the scale: 
    1 = Equal 3 = Moderate 5 = Strong 7 = Very Strong 9 = Extreme   
# Criteria A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Criteria B 

37 Use of Energy Resources                                   Material Use 
38 Use of Energy Resources                                   Waste Reduction 
39 Use of Energy Resources                                   Water Use 
40 Material Use                                   Waste Reduction 
41 Material Use                                   Water Use 
42 Waste Reduction                                   Water Use 
                                        

43 Land Use Changes                                   Ozone Depletion Potential 
44 Land Use Changes                                   Eutrophication Potential 
45 Land Use Changes                                   Acidification Potential 
46 Ozone Depletion Potential                                   Eutrophication Potential 
47 Ozone Depletion Potential                                   Acidification Potential 
48 Eutrophication Potential                                   Acidification Potential 
                                        

49 Aesthetic Value                                   Access to Nature 
50 Aesthetic Value                                   Urban Sprawl 
51 Aesthetic Value                                   Social Acceptability 
52 Access to Nature                                   Urban Sprawl 
53 Access to Nature                                   Social Acceptability 
54 Urban Sprawl                                   Social Acceptability 
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Research Introduction and Informed Consent 

This research is being conducted by the following members of the University of New 
Brunswick’s Department of Civil Engineering: 

Michael Benson, MScE Candidate (mike.benson@unb.ca) 
Dr. Jeff Rankin, Supervisor, Professor of Civil Engineering (rankin@unb.ca) 

As part of a Master of Science in Engineering degree with the University of New 
Brunswick’s Department of Civil Engineering, a model has been developed which 
evaluates the sustainable performance of public infrastructure projects. The model 
integrates the results of a cost-benefit and multi-criteria analysis to obtain a single value 
for sustainable performance. This questionnaire will be used to evaluate the model on three 
performance measures: i) feasibility; ii) usability; and iii) usefulness. 

The questionnaire does not directly or indirectly collect any personal information about 
you individually and does not collect information that might allow you to be identified. If 
a participant has indicated that they would like to receive the results of the questionnaire, 
formal correspondence should be made to myself at the e-mail mike.benson@unb.ca. 
Identifying information provided in this manner will be collected separately and will not 
be attached to the questionnaire itself. Furthermore, any identifying information will only 
be known by myself and Dr. Rankin and completed questionnaires will be saved in 
protected folders under a provincial and department code.  

Participation is voluntary, and you are free to withdraw from the research, and to withdraw 
any data pertaining to yourself, at any time, without penalty. Should you have any questions 
regarding any ethical issues throughout the completion of the questionnaire, please feel 
free to contact the Chair of the Department, Dr. Bruce Wilson at (506) 453-5127 or 
wilsonbg@unb.ca.  This project has been reviewed by the Research Ethics Board of the 
University of New Brunswick and is on file as REB 2016-037.   

In the event of research-related harm, persons agreeing to participate in the research have 
not waived any rights to legal recourse. By signing this document, I am indicating that I 
have read the information provided and have agreed to participate in the research. 

 

 

Signature      Date 
 
 
 
_____________________________   __________________________ 
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SUSTAINABLE EFFICIENCY MODEL EVALUATION 

After reviewing the Sustainable Efficiency brief report, and having developed a basic 
understanding of how the Sustainable Efficiency Model operates, respondents are asked 
to review and evaluate the model for its usability and usefulness. This is a simple 
questionnaire which will be used to develop further recommendations and modifications 
to the model. The questionnaire is completed by answering each of the following 
questions along a 0-5 continuum scale. The respondent is asked to fill one circle for each 
of the following questions as objectively as possible. 

Rating Scale: 

N/A – Not Applicable 
1 – Strongly Disagree 
2 – Disagree 
3 – Neither Agree nor Disagree 
4 – Agree 
5 – Strongly Agree 

Additional Information: 

Effort Required – 80 hours with an intermediate level of understanding 
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Category Measure Question N/A 1 2 3 4 5 

Feasibility 

Completeness 

Does the model incorporate 
all the necessary criteria to 
measure the sustainability of 
a public infrastructure? 
(page 4) 

○ ○ ○ ○ ○ ○ 

Correctness 
Does the model deliver an 
accurate sustainability 
performance score? 

○ ○ ○ ○ ○ ○ 

Reasonableness 
Are the steps of the model 
reasonable? 

○ ○ ○ ○ ○ ○ 

Usability 

Understandability 
Is the model easy to 
understand? 

○ ○ ○ ○ ○ ○ 

Applicability 
Do you think the model is 
appropriate for public 
infrastructure projects? 

○ ○ ○ ○ ○ ○ 

Guidance 
Does the brief provide 
enough guidance on how to 
complete an analysis? 

○ ○ ○ ○ ○ ○ 

Usefulness 

Effectiveness 
Do you feel that the model 
produces useful and 
effective results?o 

○ ○ ○ ○ ○ ○ 

Efficiency 
Does the model provide 
useful information at an 
efficient cost/effort? 

○ ○ ○ ○ ○ ○ 

Reusability 

Would you be comfortable 
comparing results of various 
types of infrastructure 
projects? 

○ ○ ○ ○ ○ ○ 
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Introduction 
As part of an ongoing research project at the University of New Brunswick, the City of 
Fredericton was approached for a construction project to be used as a case study 
project to apply the newly developed Sustainable Efficiency Model (SEM). The City of 
Fredericton supplied two projects for this study. This report is the first of two case 
studies completed, beginning with the Regent and Prospect Street Intersection 
Upgrades. This report contains the details of the SEM methodology, a brief project 
description, and a summary of results obtained. 

The Regent and Prospect Street Intersection underwent a major reconstruction and 
rehabilitation project during the 2016 construction season spanning from May to late 
September. With the use of the SEM, this project has been evaluated for its “sustainable 
efficiency”. Sustainable efficiency is defined as how efficiently an infrastructure project 
has met or exceeded the objectives of sustainability. In short, the SEM attempts to 
identify quality sustainable infrastructure projects. The SEM is a life-cycle analysis and 
combines the results of a cost-benefit and multi-criteria analysis into a single indicator. 

Included in the SEM are 18 sustainability criteria as defined by ISO 21929-2 “Framework 
for the development of sustainability indicators for civil engineering works”. Some of 
these criteria include: life-cycle costs, greenhouse gas emissions, health and safety 
impacts, job creation, cultural heritage, and waste production. 

Sustainable Efficiency Model 
The Sustainable Efficiency Model is a stochastic decision support system aimed at 
combining economic, environmental, and social objectives into a single quantitative 
indicator. This indicator can be used for a variety of purposes such as project evaluation, 
project portfolio prioritization, design alternative evaluation, and bid evaluations. For the 
City of Fredericton, the primary purpose is to demonstrate the SEM’s capability as a tool 
to prioritize infrastructure investments given a portfolio of potential infrastructure 
projects. 

To aggregate economic, environmental, and social criteria into a single qualitative 
indicator, the use of cost-benefit and multi-criteria analyses are used in combination with 
a Monte Carlo simulation to capture uncertainty and risk. These results are governed by 
the following equation: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 = �𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛,𝑘𝑘

𝑁𝑁

𝑛𝑛=1

= �𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑘𝑘𝑤𝑤𝑖𝑖

𝐼𝐼

𝑖𝑖=1

+ �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗𝑤𝑤𝑗𝑗

𝐽𝐽

𝑗𝑗

 

𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝑡𝑡ℎ𝑎𝑎𝑡𝑡 
𝑖𝑖 + 𝑗𝑗 = 𝑛𝑛 
𝑤𝑤𝑖𝑖 + 𝑤𝑤𝑗𝑗 = 1 

Where SESk is the sustainable efficiency score of project k, SEIn is the sustainable 
efficiency indicator score for criterion n, CBRi,k is the cost-benefit ratio for criterion i, SEIj 
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is the sustainable efficiency indicator result for criterion j, wi and wj are the weighting 
factors for criteria i and j respectively. Criteria denoted with i are subject to a cost-benefit 
analysis while criteria denoted with a j are subject to a quantitative or qualitative scale 
(typically found in a multi-criteria analysis). 

The detailed SEM methodology is as follows: 

1. Identify Criteria 
The primary purpose of this case study is to demonstrate the SEM’s capability as a 
prioritization tool for infrastructure investments. Since projects of dissimilar typology are 
being prioritized, all 18 criteria will need to be included in the analysis. These criteria 
have been determined with the use of the ISO standard 21929-2 “Framework for the 
development of sustainability indicators for civil engineering works”. These criteria 
include: 

Table 1 - Sustainability Criteria Included in the SEM 

Economic Environmental Social 
Life-Cycle Costs GHG Emissions Health and Safety 
External Costs Material Use Job Creation 

 Water Use Cultural Heritage 
 Energy Use Access to Nature 
 Waste Reduction Urban Sprawl 
 Eutrophication Potential Public Acceptability 
 Acidification Potential Aesthetic Value 
 Ozone Depletion Potential  
 Land Use Changes  

 

2. Determine Sustainable Efficiency Indicators 
For each criterion listed above a sustainable efficiency indicator (SEI) is determined. 
Where applicable, the social cost-benefit ratio (CBR) for an impact is used as a SEI. For 
example, the health and safety (H&S) criterion uses the following CBR as a SEI: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻&𝑆𝑆,𝑘𝑘 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻&𝑆𝑆,𝑘𝑘 =
𝐶𝐶𝐻𝐻&𝑆𝑆,𝑘𝑘

𝐶𝐶𝑘𝑘
 

Where BH&S is the present value of social benefits (or costs) of the health and safety 
impacts of project k, and Ck is the capital expenditure or initial construction cost of 
project k. 

Unfortunately, not all criteria listed in Table 1 can be monetized with a social cost or 
benefit. For these criteria, there are two potential solutions: 

1. Quantitative SEI without monetary values 

For example, the waste reduction criterion can be evaluated with the following SEI: 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊,𝑘𝑘 =
𝑊𝑊𝑊𝑊

𝑊𝑊𝑃𝑃
 

Where WR is the quantity (by weight) of major construction materials recycled and/or 
reused, and WP is the quantity (by weight) of major construction materials produced. 

2. Qualitative SEI with subject matter expert opinion 

For example, the aesthetic value criterion can be evaluated on a -1.0 to +1.0 subjective 
scale, where a subject matter can rate the project as any value in between these two 
limits: 

Objective: Impact on the aesthetic value of the project site. 

Decrease in Aesthetic Value 
Neutral 

Increase in Aesthetic Value 
Exceptional Significant Moderate Minor Minor Moderate Significant Exceptional 

-1.00 -0.75 -0.50 -0.25 0.00 +0.25 +0.50 +0.75 +1.00 

 

3. Develop Weighting Factors 
A weighting factor is a proportional representation of the importance or value of a given 
criterion when compared to others. The higher the weighting factor, the more important 
or more valuable a criterion is. Weighting factors are flexible allow various jurisdictions to 
prioritize regional values and objectives. For example, if a community is scarce on 
freshwater resources, then a higher weighting factor can be assigned to the water use 
criterion. 

The calculation of weighting factors can be determined in a variety of ways. Four 
potential methods for determining weighting factors are the: i) Delphi method, ii) Rank-
Order Centroid method, iii) Ratio method, and iv) Pairwise Comparison. For the SEM, a 
pairwise comparison method called the Analytical Hierarchy Process is used. 

A pairwise comparison was done with key decision makers at the City of Fredericton 
which yielded the following results: 

Table 2 - Weighting Factors for the City of Fredericton SEM 

Ran
k Criteria Weightin

g 
Ran

k Criteria Weightin
g 

1 Health and Safety 35% 10 Material Use 3% 
2 Life-Cycle Costs 11% 11 Urban Sprawl 3% 
3 Travel Time 7% 12 Eutrophication Potential 3% 

4 GHG Emissions 6% 13 Ozone Depletion 
Potential 2% 

5 Cultural Heritage 5% 14 Acidification Potential 2% 
6 Job Creation 5% 15 Access to Nature 2% 

7 Land Use 
Changes 4% 16 Aesthetic Value 2% 
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8 Water Use 4% 17 Public Acceptance 2% 
9 Waste Reduction 4% 18 Energy Use 2% 

 

4. Evaluate Sustainable Efficiency Indicators 
The criteria listed above were then evaluated per their assigned SEI. As an example, the 
health and safety criterion is summarised below to give an overview of the depth and 
detail of each criterion. For more information regarding the methodology used to 
calculate the remaining SEIs, see the Detailed Results document attached. 

The results of each criterion, their respective SEI, and weighting factor are shown below 
in Table 6. 
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3.0 Health and Safety 
3.1 Weighting Factor 
34.9% 

 

3.2 Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝐻𝐻&𝑆𝑆 =
𝑃𝑃𝑃𝑃(𝐶𝐶𝐻𝐻&𝑆𝑆)

𝐶𝐶𝑖𝑖
 

where PV(BH&S) is the present value of the health and safety benefits of the project 
over a 20-year period and Ci is the initial construction cost. 
 
3.3 Methodology 
Due to the significant traffic intersection upgrades and design changes, it is expected 
that the frequency of vehicle collision accidents occurring at the signalized intersection 
will be significantly reduced. Two significant upgrades which will contribute to these 
accident reductions determined are: 
 

1. Protected left turn phasing on all approaches 
2. New right turn island design 

 
Additionally, the use of dual left turning lanes for Regent Street and the Vanier 
Highway could reduce angle left turn collisions in the intersection, however, these 
benefits are excluded from the analysis due to the inability to differentiate between 
angle left turn collisions and the total quantity left turn collisions. 
 
Unfortunately, there is little research into what the crash reduction factors (CRF) could 
be for each of the upgrades mentioned. Additionally, every intersection is unique, with 
a wide range of factors impacting safety and performance. A more detailed traffic 
safety assessment is required to determine accurate results. However, for this study, 
several assumptions can be made based on results from other municipalities and 
other preliminary research. From consultations with Jon Lewis, traffic engineer at the 
City of Fredericton, a range of CRFs have been determined for each design upgrade. 
It is expected that the CRF for protected left turn phasing on all approached will range 
between 0.4 - 0.8, and the CRF for the new right turn island design will range between 
0.6 and 0.8. A CRF of 0.6 from the left turn phasing is supported by a study done by 
Chen, Chen, and Ewing (2012) and the City of Edmonton has shown significant 
benefits from the use of right turn island designs to warrant a CRF of at least 0.75. 
 
To monetize the health and safety benefits of the traffic intersection upgrades, a 
distinction must be made between a collision which yields a none injury, minor injury, 
major injury, or fatality. Unfortunately, available collision data at the signalized is 
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generalized and only indicates when a collision has occurred. To differentiate the 
severity of accidents at the Fredericton intersection, City of Edmonton (2014) collision 
data can be used to infer the expected frequency of injuries (by severity) due to a 
collision at the intersection. These results are summarized in Table 3. 
 

Table 3 - Collision Injury Frequency Factors 
Injury Type Frequency (per 1000 collisions) 
Minor Injury 133 
Major Injury 15.6 
Fatality 0.9 

 
Based on these assumptions, and the CRFs listed above, the reduction in total 
quantity of minor, major, and fatal injuries can be determined. These results are 
summarized in Table 4. 
 

Table 4 - Annual Injuries Expected With and Without the Intersection Upgrades 
Turn Direction Injury Type Without With Difference 

Left 

None 7.843 3.137 -4.706 
Minor 1.226 0.491 -0.736 
Major 0.144 0.058 -0.087 
Fatality 0.009 0.003 -0.005 

Right 

None 2.929 1.172 -1.758 
Minor 0.458 0.137 -0.321 
Major 0.054 0.016 -0.038 
Fatality 0.003 0.001 -0.002 

 
With these reductions in annual injuries expected, the total value of these benefits can 
be monetized. Guidance is sought from the U.S. Department of Transportation to 
determine the value of a statistical life, major injury, and minor injury (U.S. Department 
of Transportation 2015). It is assumed for this assessment that a “major” injury 
constitutes a moderate injury per the USDOT’s manual. The monetized results are 
summarized in Table 5. 
 

Table 5 - Annual Social Benefit of Injury Reductions 
Injury Expected Value Annual Reduction Annual Social Be  
Minor $27,900.00 0.626 $17,451.95 
Major $437,100.00 0.074 $32,141.78 
Fatality $9,300,000.00 0.004 $40,854.44 

 

3.4 Results 
Over a 20-year period, the reduction in expected traffic collisions and injuries will 
result in a total social benefit of $2.9 million. Additionally, there is a 90% chance this 
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figure falls within $2.3 and $3.5 million. Based on these results, the expected 
sustainable efficiency score for the health and safety criterion can be determined as: 

𝑆𝑆𝑆𝑆𝐻𝐻&𝑆𝑆 =
𝑃𝑃𝑃𝑃(𝐶𝐶𝐻𝐻&𝑆𝑆)

𝐶𝐶𝑖𝑖
=

$2,914,679
$4,200,000

= 0.694 

Based on an initial construction cost of $4.2 million, the sustainable efficiency for the 
travel time criterion was determined to be 0.694, with a 90% confidence interval 
between 0.550 and 0.849. The results of the Monte Carlo simulation can be found 
below in Figure 1. 
 

Figure 1 - Monte Carlo Simulation Results for the Health and Safety Sustainable Efficiency 
Indicator 
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Table 6 - Results of the SEM 

Category Criteria Sustainable Efficiency Indicator Result Weight Score x100 

Economic 

(18.9%) 

Life-Cycle Costs = PV(BLCC)/Ci 0.14 11% 1.47 

Travel Time = PV(BTT)/Ci 0.15 7% 1.05 

Environmental 

(29%) 

GHG Emissions = PV(BGHG)/Ci 0.00 6% 0.03 

Land Use Changes None 0.00 4% 0.00 

Material Use = RMi/RMmax 0.03 3% 0.07 

Energy Use = ∆EU/EUo 0.59 2% 1.01 

Water Use = ∆WU/WUo 0.91 4% 3.35 

Waste Reduction = WR/WG 0.00 4% 0.00 

Eutrophication Potential None 0.00 3% 0.00 

Acidification Potential None 0.00 2% 0.00 

Ozone Depletion Potential None 0.00 2% 0.00 

Social 

(53.1%) 

Health and Safety = PV(BH&S)/Ci 0.69 35% 24.22 

Access to Nature Contribution to Nature Access (out of 10)* 0.20 2% 0.42 

Urban Sprawl Contribution to Urban Sprawl (out of 10)* -0.20 3% -0.54 

Public Acceptance Degree of Public Acceptance (out of 10)* 0.40 2% 0.72 

Aesthetic Value Contribution to Aesthetic Value (out of 10)* 0.40 2% 0.84 

Job Creation = LRi/LRI -0.43 5% -1.98 

Cultural Heritage None 0.00 5% 0.00 
  * Indicates a subjective indicator. Total 100% 31 
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5. Determine Results 
Based on the results shown above in Table 6, the Regent and Prospect Intersection 
Upgrades project is expected to have a Sustainable Efficiency Score (SES) of +31. This 
result has been determined through a detailed analysis of 18 sustainable criteria. 
Additionally, the results of a Monte Carlo simulation indicate that there is a 90% 
confidence interval that the SES will be between +17.1 and +44.2. These results are 
summarised in Figure 2 below. 

Figure 2 – Summary of the Monte Carlo simulation results

 

17.1 44.2
5.0% 5.0%90.0%

0%

1%

2%

3%

4%

5%

6%

7%

8%

-1
0 0 10 20 30 40 50 60 70

Re
la

tiv
e 

Fr
eq

ue
nc

y

Sustainable Efficiency Score (SE)

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick

@RISK Course Version
University of New Brunswick



109 
 

 
  



110 
 

 
  



111 
 

 
  



112 
 

 
  



113 
 

 
  



114 
 

 
  



115 
 

 
  



116 
 

 
  



117 
 

 
  



118 
 

 
  



119 
 

 
 



 

120 

APPENDIX B: CASE STUDY RESULTS 
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1.  Introduction 
This report contains the detailed results of the Sustainable Efficiency Model (SEM) applied to the 
City of Fredericton’s “Regent and Prospect Street Intersection Upgrades” project. The SEM 
breaks down the sustainable performance of public infrastructure into 18 unique criteria in 
accordance with ISO 21929-2 “Sustainability indicators – Part 2: Framework for the development 
of indicators for civil engineering works”. These criteria include, but are not limited to, life-cycle 
costs, greenhouse gas emissions, job creation, health and safety, and waste reduction.  

This analysis was completed to fulfill the requirements of a Master of Science and Engineering 
program at the University of New Brunswick in Fredericton, NB, and is for academic purposes 
only. 

2.  Project Description 
The Regent and Prospect Street Intersection is located on the south side in Fredericton, NB. The 
intersection currently functions under fully-actuated control, with two thru lanes and an exclusive 
left turn lane on each approach. The intersection is Fredericton’s busiest, with roughly 65,000 
vehicles entering vehicles per day (Lewis 2014). The intersection is one of the most important 
pieces of infrastructure within the City and requires a significant quantity of attention and 
resources to be maintained. 

The proposed intersection upgrades include the following scope of work: 

i) Implementation of protected left-turn phasing. 

ii) Construction of new right-turn island design. 

iii) Construction of dual left turn lanes on Regent Street and Vanier Highway. 

iv) Reconstruction of the existing concrete roadway intersection to new asphalt 

pavement. 

v) Reconstruction and rehabilitation of asphalt pavement on Regent St, Prospect St, and 

the Vanier Highway. 

vi) Replacement of various underground services (sewer, storm, and water). 

vii) Increased lighting and visibility. 

An aerial image of the intersection is shown below in Figure 4.1.1. 
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Figure 4.1.1 - Aerial Image of the Prospect and Regent Street Intersection 
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3.  Results 
Based on the results of the SEM, the Regent and Prospect Street Intersection Upgrades obtained a 
Sustainable Efficiency Score of +31.2. A Monte Carlo simulation indicates that the Sustainable 
Efficiency Score has a 90% confidence interval between +26.4 and +36.4. Graphically, this 
uncertainty is represented in Figure 4.1.1. 

Table 3.1 includes a summary of the results for each criterion, the efficiency indicator used, and 
the weighting factor applied to the result. The methodology used to calculate each of the 
sustainable efficiency indicators, and criteria scores, is included in the 4. Criteria Results section 
below. 

Figure 4.1.1 - SES for the Regent and Prospect Street Intersection Upgrades Project 
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Table 3.1 - Summary of SEM Results 

Category Criteria Sustainable Efficiency Indicator Result Wi SESi x 100 

Economic 
(18.9%) 

Life-Cycle Costs = PVLCC/Ca 0.13 10.9% 1.45 
Travel Time = PVTT/Ca 0.15 6.8% 1.00 

Environmental 
(29%) 

GHG Emissions = PVGHG/Ca 0.00 6.0% 0.02 
Land Use Changes None 0.00 3.6% 0.00 
Material Use = RMi/RMmax 0.05 2.4% 0.12 
Energy Use = ∆EU/EUo 0.59 1.9% 1.12 
Water Use = ∆WU/WUo 0.91 3.5% 3.16 
Waste Reduction = WR/WG 0.00 4.0% 0.00 
Eutrophication Potential None 0.00 2.6% 0.00 
Acidification Potential None 0.00 2.0% 0.00 
Ozone Depletion Potential None 0.00 2.3% 0.00 

Social 
(53.1%) 

Health and Safety = PVH&S/Ca 0.55 37.1% 20.44 
Access to Nature Contribution to Nature Access 0.20 2.1% 0.43 
Urban Sprawl Contribution to Urban Sprawl -0.20 2.4% -0.49 
Public Acceptance Degree of Public Acceptance 0.40 1.9% 0.75 
Aesthetic Value Contribution to Aesthetic Value 0.40 1.8% 0.71 
Job Creation = LRi/LRI 0.57 4.5% 2.57 
Cultural Heritage None 0.00 4.2% 0.00 

   
 

Total 31.27 
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4.  Criteria Results 
4.1 Monetary 

All monetary evaluations assume a 3% discount rate. 

Life-Cycle Costs 

Weighting Factor 

10.9% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝑎𝑎

 

Where PVLCC is the present value of life-cycle costs and benefits of the project over a 20-year 
period and Ca is the initial construction cost. 

Methodology 

To determine the change in life-cycle costs, the project is divided into four infrastructure 
categories: i) pavement; ii) water main; iii) sanitary sewer; and iv) storm sewer. Each 
infrastructure category is evaluated in a with and without’ scenario, where the present value of 
life-cycle costs are compared. 

It was determined through discussions with City of Fredericton staff that the sanitary and storm 
sewer pipes should not experience a significant difference in life-cycle costs due to the nature of 
the assets, and are therefore ignored. Each infrastructure category is evaluated on 20-year period, 
where the appropriate cash flows were determined through consultation with the City of 
Fredericton and using external expertise and data. 

i) Pavement 

Existing pavement structures are divided into three categories based on material type and existing 
condition. The estimated area of each category is determined through the publicly available aerial 
imaging and measurement software GeoNB (Service New Brunswick 2017) and further 
calibrated with measurements obtained within the project specifications and drawings. The 
estimated total area of each pavement type is shown in Table 4.1. 
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Table 4.1 - Area of Pavement Categories 

Pavement Material Existing Condition Quantity (m2) 
Concrete Very Poor 4577 
Asphalt Poor 9608 
Asphalt Fair 7918 

 

A typical operations and maintenance program is developed for all asphalt pavements. This 
program was developed through consultation with City of Fredericton staff and recommendations 
made by the Ontario Hot Mix Producers Association for a conventional asphalt pavement 
(OHMPA 1998). This maintenance program is summarized in Figure 4.1.1. 

Figure 4.1.1 - Asphalt Pavement Maintenance & Rehabilitation Schedule 

Year 2 4 6 8 10 12 15 17 19 21 23 25 27 30 32 34 36 38 40 

Crack Seal                          

Patching                      

Resurfacing                     

Major Rehab                     

Reconstruction                     
 

Two scenarios are developed for the analysis, with and without the intersection upgrades being 
undertaken. Each scenario is based on assumptions about the expected maintenance program over 
20 years. These scenarios are the most significant assumption made in analysis. 

Scenario 1 assumes that the project is fulfilled, with the concrete intersection undergoing a full 
replacement to asphalt pavement, the poor asphalt section undergoing a major rehab, and the fair 
asphalt section undergoing a resurfacing treatment. All sections of pavement will then follow the 
maintenance program in Figure 4.1.1. 

Scenario 2 assumes that the project is not fulfilled, and a ‘business-as-usual’ case is undertaken. 
The maintenance program for this scenario assumes that the concrete section continues the 
existing patching program for 4 years and then undergoes a full reconstruction to asphalt and 
begins the maintenance program in Figure 4.1.1. The poor asphalt section is assumed to have an 
age of 20 and continues from that year on the maintenance program shown in Figure 4.1.1 and the 
fair asphalt section is assumed to have an age of 15 and continues from that year on the 
maintenance program shown in Figure 4.1.1.  

Both scenarios, and their timeline of treatments, are summarized in Table 4.2 below. 
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Table 4.2 - Summary of Treatments Prescribed for Each Scenario 

Scenario 1: Without 
 

Scenario 2: With 
Asset 
Category 

Treatment Year 
 

Asset 
Category 

Treatment Year 

Concrete: 
Very Poor 

Patching 1 
 

Concrete Reconstruction 0 
Patching 2 

 
Asphalt: Poor Rehabilitation 0 

Patching 3 
 

Asphalt: Fair Resurfacing 0 
Patching 4 

 

All 

Crack Seal 2 
Reconstruction 5 

 
Crack Seal 6 

Crack Seal 7 
 

Patching 10 
Crack Seal 11 

 
Resurfacing 15 

Patching 15 
 

Crack Seal 17 
Resurfacing 20 

    

Asphalt: 
Poor 

Crack Seal 2 
    

Crack Seal 6 
    

Patching 8 
    

Rehabilitation 12 
    

Crack Seal 14 
    

Crack Seal 18 
    

Asphalt: 
Fair 

Resurfacing 5 
    

Crack Seal 7 
    

Crack Seal 11 
    

Patching 13 
    

Rehabilitation 17 
    

Crack Seal 19 
    

 

ii) Water Mains 

Like the pavement infrastructure, water main infrastructure is evaluated in a with and without 
scenario. In general, there are four expected life-cycle costs for a water main pipe (Fuchs-
Hanusch et al. 2010): 

1. Installation and Rehabilitation 
2. Inspection and Maintenance 
3. Water Loss (Unavoidable Background Losses and Pipe Burst Water Losses) 
4. Pipe Burst  

As a pipe ages, inspection and maintenance costs, background water loss, and frequency of pipe 
bursts all tend to increase. The relationship of this increase can vary depending on pipe material, 
length, diameter, number of previous failures (NOPF), number of service connections, and 
average zone night pressure (AZNP) (Fuchs-Hanusch et al. 2010).  

Inspection & Maintenance 
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It is expected that initial inspection and maintenance costs for water main infrastructure ranges 
between $0.72 and $2.16 per m. As a pipe ages, it is expected that the inspection and maintenance 
costs will increase due to the needs of valves and hydrants, as well as a higher need for leak 
detection campaigns. For this analysis, it is assumed that the inspection and maintenance costs 
will grow at a rate between 0.5% and 3.0% annually (Fuchs-Hanusch et al. 2010). 

Water Loss 

The cost of water loss is directly tied to the quantity of water which does not reach the end 
customer, and is recognized as a loss of potential revenue. There are two main sources for water 
loss: unavoidable background leakage and pipe bursts. The quantity of unavoidable background 
leakages for a new pipe are made with the use of estimations from Lambert (2009): 

𝑈𝑈𝑈𝑈𝑈𝑈 (𝑈𝑈 ℎ𝑟𝑟� ) = �(20 𝑈𝑈𝑘𝑘𝑘𝑘 + 1.25 𝑁𝑁𝑆𝑆) �
𝐴𝐴𝐴𝐴𝑁𝑁𝑃𝑃

50
�
1.5
� (1 + 𝑔𝑔)𝑡𝑡 

Where UBL = Unavoidable Background Leakage (liters/hours), Lm is the water main length 
(km), Ns is the number of service connections (main to property line), and AZNP is the Average 
Zone Night Pressure (m). It was assumed that as a pipe ages, the expected UBL will increase at a 
rate between 0.5 – 3.0% annually due to pipe deterioration and corrosion. 

It was determined that the average reported pipe burst will typically generate 864m3 of water loss 
(Ambrose et al. 2008). However, this figure can vary between 300m3 for quickly reported bursts 
and up to 7000m3 for unreported bursts. These costs have been included in the “Water Loss” cost 
category, with the total quantity of water from pipe bursts distributed evenly across the 20-year 
period. Using the projected water rates from City of Fredericton’s 2013 water and sewer financial 
plan, the total cost of water loss can be determined (City of Fredericton 2013). 

Risk of Pipe Bursts 

To determine the frequency of pipe bursts, historical pipe failure data was acquired from the City 
of Fredericton. Using this data, a pipe break frequency curve is generated using the @Risk 
software (Palisade Corporation 2016). It was determined that the pipe break frequency curve is 
best represented by a Log Logistic probability distribution with a mean of 42.1 and a standard 
deviation of 11.0. The historical pipe failure data and Log Logistic distribution are shown in 
Figure 4.1.2. 
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Figure 4.1.2 - Historical Pipe Bursts and Logistic Pipe Burst Distribution 

 

To apply the risk profile to the existing network several assumptions must be made. The first 
assumption is that all existing water pipes have an age of 40 years. Secondly, it is assumed that 
each pipe segment has a length of 6m for a total quantity of 120 pipes. To determine the total cost 
of pipe burst risk, each pipe was simulated over a 20-year period to determine the expected 
number of breaks that the entire network will encounter during the 20-year period. This will 
provide a distribution of expected pipe bursts for each scenario. Using a Monte-Carlo simulation, 
the expected results are summarized in Table 4.3. 
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Table 4.3 - Expected Pipe Bursts and Costs Over a 20 Year Period 

Project 
# of Bursts (out of 120 pipes) 

Min (5%) Central Max (95%) 
With (Age = 0) 1 3 6 
Without (Age = 40) 111 114.5 118 
    

Project 
Cost (2035 CAD) 

Min (5%) Expected Max (95%) 
With (Age = 0)  $6,120.00   $18,404.06   $36,720.00  
Without (Age = 40)  $679,320.00   $700,793.86   $722,160.00  

 

The expected difference in life-cycle costs for the water main infrastructure category is 
summarized in Table 4.4 

Table 4.4 - Summarized Category Life-Cycle Costs (2015$) for Water Main Infrastructure 

Scenario Installation Water Loss I&M Pipe Burst Total 
With $543,900 $11,829 $22,619 $10,165 $588,513 
Without $447,485 $85,109 $36,527 $389,677 $958,798 

 

Results 

Table 4.5 outlines the life-cycle cost benefits to be realized over a 20-year period due to the 
intersection upgrades. 

Table 4.5 – Summary of Results for Life-Cycle Costs 

Asset Min (5%) Expected Max (95%) 
Pavement $83,354 $142,064 $210,105 
Water Main $221,344 $370,226 $521,627 
Total $304,699 $512,290 $731,732 

 
Using the results above, and an initial construction cost of $4.2 million, the expected sustainable 
efficiency indicator result can be determined for the life-cycle costs: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝑎𝑎

=
$512,290

$4,200,000
= 13.8% 

Additionally, with a Monte Carlo simulation, there is a 90% confidence interval that the 
sustainable efficiency score is between 9.0% and 18.9%. 
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Data and Assumptions 

Project Inputs 

Item Minimum Central Maximum Unit Distribution Source 
Pavement          
Quantity of Pavement (material, condition)       

Concrete, poor  4577.00  m2 Deterministic (Service New Brunswick 2017), 
Project Specifications 

Asphalt, poor  9608.00  m2 Deterministic (Service New Brunswick 2017), 
Project Specifications 

Asphalt, Fair  7918.00  m2 Deterministic (Service New Brunswick 2017), 
Project Specifications 

Costs       
Crack Seal Unit Cost 1.95 2.44 2.93 $/m2 Beta PERT City of Fredericton 
Patching Unit Cost 2.80 3.50 4.20 $/m2 Beta PERT Expert Opinion 
Resurfacing Unit Cost 9.80 12.25 14.70 $/m2 Beta PERT City of Fredericton 
Rehabilitation Unit Cost 19.60 24.50 29.40 $/m2 Beta PERT City of Fredericton 
Reconstruction Unit Cost 80.00 100.00 120.00 $/m2 Beta PERT City of Fredericton 
Water Main       
Length of Ductile Iron Pipe (diameter)       
100mm  2.00  m Deterministic Project Specifications 
150mm  150.00  m Deterministic Project Specifications 
200mm  15.00  m Deterministic Project Specifications 
250mm  440.00  m Deterministic Project Specifications 
300mm  170.00  m Deterministic Project Specifications 
Costs       
Water Revenue Loss  0.85   Deterministic (City of Fredericton 2013) 
Installation (Rehabilitation) Cost 350.00  1050.00 $/m Uniform (Fuchs-Hanusch et al. 2010) 
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Pipe Burst Repair Costs 3600.00  8640.00 $/burst Uniform (Fuchs-Hanusch et al. 2010) 
Inspection and Maintenance Costs 0.72 1.44 2.16 $/m Beta PERT (Fuchs-Hanusch et al. 2010) 
Background Leakage Growth Rate 0.50   3.00 % Uniform Fuchs-Hanusch, 2010 

 

External Inputs 

Item Min Expected Max Unit Distribution Source 
Average Zonal Night Pressure   70.00   m Deterministic Assumption 
Average Pipe Length  6.50  m Deterministic Assumption 
Construction Cost Index  1.40  % Deterministic (RSMeans 2017); 5-Year Average 
Background Leakage Growth Rate 0.50  3.00 % Uniform Fuchs-Hanusch, 2010 
Service Connections 10.00   60.00 #/km Uniform Fuchs-Hanusch, 2010 
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GHG Emissions 

Weighting Factor 

6.0% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 =
𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺
𝐶𝐶𝑎𝑎

 

Where PVGHG is the present value of greenhouse gas emission costs and benefits of the project 
over a 20-year period and Ca is the initial construction cost. 

Methodology 

A reduction in greenhouse gas emissions for the intersection upgrades is realized through a 
reduction in vehicle traffic delay times, and consequential reduction in vehicle idle-time and 
tailpipe emissions. This reduction in traffic delays is achieved through the construction of two 
additional left-turning lanes for the Westbound lane travelling from Route 7 (Vanier Highway) to 
Regent Street, and the Northbound lane travelling from Regent Street to Prospect Street (shown 
in Figure 4.1.3). 
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Figure 4.1.3 - Additional Left-Turning Lanes for the Regent and Prospect Street Intersection 

 

A traffic study was completed in 2014 by EXP Services Inc. (Lewis 2014) to determine the 
expected traffic delay reductions at the signalized intersection due to the additional left turning 
lanes. In the study, congestion has been split into two categories, AM and PM. Overall traffic 
delays are then listed with or without the project occurring and form the basis of the annual traffic 
delays determined. As shown in Table 4.6, the expected traffic volumes are expected to decline 
up until 2024, and then grow again until 2034. 

Table 4.6 - Expected Traffic Delays With and Without the Project 

Time Item Current 2024 2034 

AM 
Traffic (veh/day) 4436 4295 4702 
Delay Without (s) 45.6 43.6 50.6 
Delay With (s) 38.4 36.7 42.6 

PM 
Traffic (veh/day) 5292 5106 5594 
Delay Without (s) 51 43.6 57.1 
Delay With (s) 49.8 42.6 55.8 

 

Linearly interpolating these figures results in an annual amount of traffic delay reduced, shown in 
Figure 4.1.4. 
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Figure 4.1.4 - Annual Delay Hours Reduced due to Traffic Upgrades 

 

To convert the delay times reduced into GHG emissions, it is assumed that all time spent in delay 
is equivalent to a vehicle being in idle. Based on this assumption, and combining the average idle 
fuel flow (Taylor 2003), percentage of diesel and gasoline vehicles on New Brunswick’s roads 
(Natural Resources Canada 2007), and the carbon emissions of diesel and gasoline (US EPA 
2014), the annual mass of GHG emissions reduced can be determined with the following 
equation. 

𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺,𝑖𝑖 = �𝑆𝑆𝑑𝑑𝑃𝑃𝑑𝑑 + 𝑆𝑆𝑔𝑔𝑃𝑃𝑔𝑔� 𝑄𝑄 𝐷𝐷𝑆𝑆𝑖𝑖 

Where MGHG, i is the annual mass of GHG emission in year , Ed and Eg are the emission rates for 
diesel and gasoline fuels, Pd and Pgre the percentage of vehicles using diesel and gasoline fuel, Q 
is average idle fuel flow for vehicles, and DSi is the delay savings for year i. For example, the 
mass of GHG emissions reduced for year 10 due to the intersection upgrades is calculated as: 

𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺,10 = ��2689
𝑔𝑔
𝑈𝑈
� (94%) + �2348

𝑔𝑔
𝑈𝑈
� (6%)� �1.8

𝑈𝑈
ℎ𝑟𝑟
� (3522 ℎ𝑟𝑟) = 15010.7 𝑘𝑘𝑔𝑔 

Classified as a monetary criterion, the mass of GHG emissions are then monetized. Monetization 
of GHG emissions has been a very popular topic recently and there is significant literature in this 
area. Unfortunately, there has been little consensus in the true price of carbon As there is a 
significant amount of uncertainty in the estimate the social cost of carbon, the Canadian 
Department of Environment and Climate Change (ECC) guidelines are used. It is important to 
recognize that the social cost of carbon increases with time. It is assumed that the social cost of 
carbon annual growth rate is 2.7% but can vary between 2.1% and 3.3%.  
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Combining the social cost of carbon, social cost of carbon growth rate, and annual GHG 
emissions determined above, the annual social cost of GHG emission savings can be determined. 
These results are summarized in Figure 4.1.6. 

Figure 4.1.5 - Annual Social Cost of Carbon Savings due to Traffic Intersection Upgrades

 

Results 

In summary, the following results were determined for the reduction in greenhouse gas emissions 
due to a capacity upgrade (Table 4.8). 
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Table 4.7 - Summary of GHG Results 

Item Min (5%) Expected Max (95%) 
Quantity of CO2e (ton) n/a 348 n/a 
Social Cost of CO2e ($) $4,157 $18,569 $36,780 

 

Based on these results, the expected sustainable efficiency score for the GHG emissions criterion 
can be determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺 =
𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺
𝐶𝐶𝑎𝑎

=
$18,569

$4,200,000
= 0.4% 

Based on an initial construction cost of $4.2 million, the sustainable efficiency for the GHG 
emissions criterion was determined to be 0.004, with a 90% confidence interval between 0.1% 
and 0.9%.  
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Data and Assumptions 

Project Inputs 

Item Min Expected Max Unit Distribution Source 
Traffic Volume, by time and year       
AM 2014  4436.00  Veh/day Deterministic (Lewis 2014) 
AM 2024  4295.00  Veh/day Deterministic (Lewis 2014) 
AM 2034  4702.00  Veh/day Deterministic (Lewis 2014) 
PM 2014  5292.00  Veh/day Deterministic (Lewis 2014) 
PM 2024  5106.00  Veh/day Deterministic (Lewis 2014) 
PM 2034  5594.00  Veh/day Deterministic (Lewis 2014) 
Traffic Delays, by time and year       
Without       
AM 2014  45.60  s/veh Deterministic (Lewis 2014) 
AM 2024  43.60  s/veh Deterministic (Lewis 2014) 
AM 2034  50.60  s/veh Deterministic (Lewis 2014) 
PM 2014  51.00  s/veh Deterministic (Lewis 2014) 
PM 2024  43.60  s/veh Deterministic (Lewis 2014) 
PM 2034  57.10  s/veh Deterministic (Lewis 2014) 
With       
AM 2014  38.40  s/veh Deterministic (Lewis 2014) 
AM 2024  36.70  s/veh Deterministic (Lewis 2014) 
AM 2034  42.60  s/veh Deterministic (Lewis 2014) 
PM 2014  49.80  s/veh Deterministic (Lewis 2014) 
PM 2024  42.60  s/veh Deterministic (Lewis 2014) 
PM 2034   55.80   s/veh Deterministic (Lewis 2014) 
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External Inputs 

Item Min Expected Max Unit Distribution Source 
Vehicle Information       
Average Idle Fuel Flow  1.80  L/hr Deterministic (Taylor 2003) 
% Diesel Vehicles  0.06  % Deterministic (Natural Resources Canada 2007) 
% Gasoline Vehicles  0.94  % Deterministic (Natural Resources Canada 2007) 
Diesel CO2 Emissions  2689.00  g/L Deterministic (US EPA 2008) 
Gasoline CO2 Emissions  2348.00  g/L Deterministic (US EPA 2008) 
CO2 Information       
Social Cost of Carbon 0.00  19.30 167.00  $/ton Beta PERT (ECC Canada 2016) 
Social Cost of Carbon Growth Rate 2.10%   3.30% % Uniform (ECC Canada 2016) 
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Health and Safety 

Weighting Factor 

37.1% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺&𝑆𝑆 =
𝑃𝑃𝑃𝑃𝐺𝐺&𝑆𝑆

𝐶𝐶𝑎𝑎
 

Where PVH&S is the present value of the health and safety costs and benefits of the project over a 
20-year period and Ca is the initial construction cost. 

Methodology 

Due to the traffic intersection upgrades and design changes, it is expected that the frequency of 
vehicle collision accidents occurring at the signalized intersection will be significantly reduced. 
Two significant upgrades which will contribute to these accident reductions are: 

1. Protected left turn phasing on all approaches 
2. New right turn island design 

Additionally, the use of dual left turning lanes for Regent Street and the Vanier Highway can 
reduce angle left turn collisions in the intersection. However, these benefits are excluded from the 
analysis due to the inability to differentiate between angle left turn collisions and the total 
quantity of left turn collisions, and the lack of empirical data to support a reduction in these 
accidents. 

It can be difficult to determine precise crash reduction factors (CRF) for these intersection 
upgrades and design changes. Additionally, every intersection is unique, with a wide range of 
factors impacting safety and performance. A more detailed traffic safety assessment is required to 
determine more accurate results. However, for this study, several assumptions are made based on 
results from other municipalities and existing research. From consultations with a traffic engineer 
at the City of Fredericton, a range of CRFs have been determined for each design upgrade. It is 
expected that the CRF for protected left turn phasing on all approached will range between 0.4 - 
0.8, and the CRF for the new right turn island design will range between 0.6 and 0.8. A CRF of 
0.6 from the left turn phasing is supported by a study done by Chen, Chen, and Ewing (2012) and 
the City of Edmonton has shown significant benefits from the use of right turn island designs to 
warrant a CRF of at least 0.75. 

To monetize the health and safety benefits of the traffic intersection upgrades, a distinction must 
be made between a collision which yields a none injury, minor injury, major injury, or fatality. 
Unfortunately, available collision data at the signalized is generalized and only indicates when a 
collision has occurred. To differentiate the severity of accidents at the Fredericton intersection, 
City of Edmonton (2014) collision data is used to infer the expected frequency of injuries (by 
severity) due to a collision at the intersection. These results are summarized in Table 4.9. 
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Table 4.8 - Collision Injury Frequency Factors 

Injury Type Frequency 
(per 1000 collisions) 

Minor Injury 133.0 
Major Injury 15.6 
Fatality 0.9 

 
Based on these assumptions, and the CRFs listed above, the reduction in total quantity of minor, 
major, and fatal injuries are determined. These results are summarized in Table 4.10. 

Table 4.9 - Annual Injuries Expected With and Without the Intersection Upgrades 

Turn Direction Injury Type Without With Difference 

Left 

None 7.843 3.137 4.706 
Minor 1.226 0.491 0.736 
Major 0.144 0.058 0.087 
Fatality 0.009 0.003 0.005 

Right 

None 2.929 1.172 1.758 
Minor 0.458 0.137 0.321 
Major 0.054 0.016 0.038 
Fatality 0.003 0.001 0.002 

 
With the expected quantity of reductions in annual injuries, the total value of these benefits can 
then be monetized. Guidance is sought from Chestnut and Civita (2009) to determine the value of 
a statistical life, and the U.S. Department of Transportation to determine the disutility factors for 
major and minor injuries (US DOT 2016). It is assumed for this assessment that a “major” injury 
constitutes a moderate injury per the USDOT’s manual. The monetized results are summarized in 
Table 4.11. 

Table 4.10 - Annual Social Benefit of Injury Reductions 

Injury Expected Value Annual Reduction Annual Social Benefit 
Minor  $22,155.85  1.056  $23,407.32  
Major  $347,108.32  0.124  $43,109.98  
Fatality  $7,385,283.36  0.007  $54,795.77  

 

Results 

Over a 20-year period, the reduction in expected traffic collisions and injuries will result in a total 
social benefit of $2.3 million. Based on these results, the expected sustainable efficiency score for 
the health and safety criterion can be determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺&𝑆𝑆 =
𝑃𝑃𝑃𝑃𝐺𝐺&𝑆𝑆

𝐶𝐶𝑖𝑖
=

$2,314,802
$4,200,000

= 55.1% 
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Based on an initial construction cost of $4.2 million, the sustainable efficiency indicator result for 
the travel time criterion was determined to be 55.1%, with a 90% confidence interval between 
43.1% and 68.3%.  
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Data and Assumptions 

Project Inputs 

Item Min Expected Max Unit Distribution Source 
Collision Information       
Existing Collisions, by turn direction       
Left turn  9.22  # Deterministic City of Fredericton 
Right turn  3.44  # Deterministic City of Fredericton 
Collision Injury Factors       
Minor Injury  13.30  Per 100 

collision 
Deterministic (City of Edmonton 2014) 

Major Injury  1.56  Per 100 
collision 

Deterministic (City of Edmonton 2014) 

Fatality  0.09  Per 100 
collision 

Deterministic (City of Edmonton 2014) 
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External Inputs 

Item Min Expected Max Unit Distribution Source 
Injury Values       
Value of a Statistical Life 3.98 7.39 10.79 $ million Beta PERT (Chestnut and Civita 2009) 
Value of a Major Injury 186.90 347.11 507.31 $ thousand Beta PERT (US DOT 2016) 
Value of a Minor Injury 11.93 22.16 32.38 $ thousand Beta PERT (US DOT 2016) 
Crash Reduction Factors (CRF)       
Protected Left Turn Phasing 0.40 0.60 0.80 % Beta PERT Assumption 
Right Turn Island Design 0.60 0.70 0.80 % Beta PERT Assumption 
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Other External Costs (Travel Time) 

Weighting Factor 

6.8% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇 =
𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇
𝐶𝐶𝑎𝑎

 

Where PVTT is the present value of travel time costs and benefits of the project over a 20-year 
period and Ca is the initial construction cost. 

Methodology 

The travel time criterion follows the same methodology as the GHG emissions criterion for 
determining the quantity of delay hours reduced due to the traffic intersection upgrades. The 
annual delay hours reduced are summarized in Figure 4.1.7. 

Figure 4.1.6 - Quantity of Annual Delay Hours Reduced over a 20 Year Period

 

As a monetary criterion, the quantity of travel time reduced is monetized to reflect the overall 
social benefit. There a variety of methods available to determine the social cost of travel time 
savings (see Litman 2009). For this analysis, guidance is sought from the US DOT’s 2011 report 
“The Value of Travel Time Savings: Departmental Guidance for Conducting Economic 
Evaluations”. The US DOT recommends the range of values found in Table 4.14 for travel time 
savings as a function of the average local wage (US DOT 2011). 
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Table 4.11 - Plausible Value Ranges for the Value of Travel Time Savings 

Category Value (% of Average Wage) 
Local Travel  
Personal 35% - 60% 
Business 80% - 120% 
Intercity Travel  
Personal 60% - 90% 
Business 80% - 120% 

 
For Fredericton, NB, the average local wage is between $20.50 and $21.33 (Statistics Canada 
2015a). Combined with the value ranges determined by the US DOT, the expected value of an 
hour of reduced travel time is $10.04. This assumes that 100% of the travel at the peak traffic 
periods are personal and local travel. 

Results 

Over a 20-year period it was determined that there would be a total of 81,614 delay hours 
reduced. This is a deterministic number due to the lack of uncertainty data for the traffic delay 
times expected at the intersection. Based on the value of travel time savings, this results in an 
expected social benefit of $614,101. Based on these results, the expected sustainable efficiency 
score for the travel time criterion can be determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇 =
𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇
𝐶𝐶𝑖𝑖

=
$614,101

$4,200,000
= 14.6% 

Based on an initial construction cost of $4.2 million, the sustainable efficiency for the travel time 
criterion was determined to be 14.6%, with a 90% confidence interval between 11.1% and 18.1%. 
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Data and Assumptions 

Project Inputs 

Item Min Expected Max Unit Distribution Source 
Traffic Volume, by time and year        
AM 2014  4436.00  Veh/day None Lewis, 2014 
AM 2024  4295.00  Veh/day None Lewis, 2014 
AM 2034  4702.00  Veh/day None Lewis, 2014 
PM 2014  5292.00  Veh/day None Lewis, 2014 
PM 2024  5106.00  Veh/day None Lewis, 2014 
PM 2034  5594.00  Veh/day None Lewis, 2014 
Traffic Delays, by time and year       
Without       
AM 2014  45.60  s/veh None Lewis, 2014 
AM 2024  43.60  s/veh None Lewis, 2014 
AM 2034  50.60  s/veh None Lewis, 2014 
PM 2014  51.00  s/veh None Lewis, 2014 
PM 2024  43.60  s/veh None Lewis, 2014 
PM 2034  57.10  s/veh None Lewis, 2014 
With       
AM 2014  38.40  s/veh None Lewis, 2014 
AM 2024  36.70  s/veh None Lewis, 2014 
AM 2034  42.60  s/veh None Lewis, 2014 
PM 2014  49.80  s/veh None Lewis, 2014 
PM 2024  42.60  s/veh None Lewis, 2014 
PM 2034  55.80  s/veh None Lewis, 2014 
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External Inputs 

Item Min Expected Max Unit Distribution Source 
Average Local Wage 20.50 21.25 21.33 $/hr Beta PERT Statistics Canada, 2015 
Value of Travel Time Savings       
Personal 0.35  0.60 % Uniform USDOT, 2011 
Business 0.80  1.20 % Uniform USDOT, 2011 
Quantity of Travel by Category       
% of Personal Travel  1.00  % Deterministic Assumption 
% of Business Travel   0.00   % Deterministic Assumption 
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4.2 Non-Monetary Quantitative 

Job Creation 

Weighting Factor 

4.5% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =  𝑈𝑈𝐿𝐿𝑖𝑖 𝑈𝑈𝐿𝐿𝐼𝐼�   

Where LRi is the labor requirement per $1,000 for the project, and LRI is the labor requirement 
per $1,000 for the construction industry. 

Methodology 

The actual labor estimates for the construction of the intersection upgrades project are 20,000 
worker hours. A 10% uncertainty range is given for this figure, ranging the actual worker hours 
between 18,000 and 22,000 worker hours, distributed uniformly. Based on a construction cost of 
$4.2 million, the labor requirement is determined as: 

𝑈𝑈𝐿𝐿𝐼𝐼 =  
20,000 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜
$4.2 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚

=  4.76 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜 $1,000�  

Input-Output tables provided by Statistics Canada indicate that the Engineering Construction 
industry possesses a 4.29 direct jobs multiplier (per million dollars of output) (Statistics Canada 
2010). A “job” is defined as a full-time equivalent based on the overall average full-time hours 
worked in either business or government sectors. From CANSIM Table 383-0029, the average 
full-time hours worked in the construction industry is determined as 1,950 hours (Statistics 
Canada 2015b). Therefore, the average labor requirement for the construction industry can be 
determined as: 

𝑈𝑈𝐿𝐿𝐼𝐼 =  �4.29 𝑗𝑗𝑜𝑜𝑏𝑏𝑜𝑜 $ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑚𝑚� � �1950 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜
1 𝑗𝑗𝑜𝑜𝑏𝑏� � =  8.37 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜 $1,000�   

Results 

Based on the results listed above, it was determined that the job creation sustainable efficiency 
score is determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =  
�4.76 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜 $1,000� �

�8.37 ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑜𝑜 $1,000� �
� =  56.9% 

Using the efficiency indicator above, this results in a sustainable efficiency score of 56.9%. Based 
on the Monte-Carlo simulation, there is a 90% chance this value ranges from 51.8% to 62.1%. 

 



152 
 

Material Use 

Weighting Factor 

2.4% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀 =
𝐿𝐿𝑀𝑀𝑖𝑖

𝐿𝐿𝑀𝑀𝑘𝑘𝑎𝑎𝑚𝑚
 

Where RMi is the quantity of recycled material used for major construction materials, and RMmax 
is the functional maximum quantity of recycled material used for the material. 

Methodology 

The major construction material used in this project is asphalt pavement. It is possible to use 
recycled material in asphalt through reclaimed asphalt pavements (RAP), however there is a 
functional limit to its use. The US Federal Highway Administration widely considers 50 percent 
RAP to be the maximum limit (U.S. FHWA 2008). This value forms the basis for the maximum 
allowable quantity of recycle material used (RMmax). 

Unfortunately, there is no information available as to the exact quantity of RAP used at the 
intersection and the specifications for the City of Fredericton do not indicate a mandatory 
minimum amount of RAP to be used in a hot-mix asphalt. Additionally, the specifications place a 
maximum limit to the use of RAP of 15% Based on the lack of mandatory minimum amount of 
RAP to be used, the following Beta PERT parameters in Table 4.13 are assumed. 

Table 4.12 - BetaPERT Parameters for the Percentage of RAP 

Item Minimum Most Likely Maximum 
Percentage of RAP 0% 0% 15% 

 

Results 

Based on the assumptions listed above, the expected quantity of RAP used in the project was 
determined to be 2.5% with a 90% confidence interval between 0% and 6.77%. Based on these 
results, the expected sustainable efficiency score for the material use criterion can be determined 
as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀 =
𝐿𝐿𝑀𝑀𝑖𝑖

𝐿𝐿𝑀𝑀𝑘𝑘𝑎𝑎𝑚𝑚
=  

2.5%
50%

= 5.0% 

Using the efficiency indicator above, this results in a sustainable efficiency score of 5.0% with a 
90% confidence interval between 0.3% and 13.5%. 
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Energy Use 

Weighting Factor 

1.9% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐸𝐸𝑀𝑀 =
∆𝑆𝑆𝑈𝑈
𝑆𝑆𝑈𝑈𝑜𝑜

 

Where ∆ EU is the net change in energy use after the intersection upgrades, and EUo is the 
original amount of energy use at the intersection. 

Methodology 

Originally, the intersection employed four high mast lights each requiring 400 watts of electricity. 
It was noted that over time two of these original lights had been knocked down due to traffic 
collisions but, for this study, are included in the analysis. This equals an original total energy use 
of 1600 watts. 

The intersection upgrades replaced these existing lights with five new LED high mast lights. With 
the advanced technology, each high mast light only requires 130 watts of electricity. Additionally, 
the LED lights installed provide better overall lighting compared to the existing lighting system. 
This equals a total energy use of 650 watts after the intersection upgrades. 

Results 

Based on the results listed above, it was determined that the energy use sustainable efficiency 
score is determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐸𝐸𝑀𝑀 =
∆𝑆𝑆𝑈𝑈
𝑆𝑆𝑈𝑈𝑜𝑜

=
(1600𝑊𝑊 − 650𝑊𝑊)

1600𝑊𝑊
= 59.4% 

Using the efficiency indicator above, this results in a sustainable efficiency score of 59.4%. It was 
determined that there was no uncertainty in this value and is therefore a deterministic value. 

Water Use 

Weighting Factor 

3.5% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝐿𝐿 =
∆𝑊𝑊𝑈𝑈
𝑊𝑊𝑈𝑈𝑜𝑜

 

Where ∆ WL is the net change in water loss over a 20-year period after the intersection upgrades, 
and WLo is the quantity of water loss expected over a 20-year period if no upgrades occurred. 
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Methodology 

The methodology for determining the quantity of water loss was determined in the ‘Life-Cycle 
Costs’ section but will be briefly summarized below. In short, the analysis compares the results of 
two scenarios: if the 40-year old water main infrastructure is let in-situ, or if all water main 
infrastructure is replaced with new ductile iron pipes. The total quantity of water losses for both 
scenarios are then compared. 

There are two main sources of water loss from an underground water main: 

1. Unavoidable Background Loss 
2. Water Loss from Pipe Burst 

The quantity of unavoidable background leakages for a new pipe are made with the use of 
estimates from Lambert (2009) for a new pipe: 

𝑈𝑈𝑈𝑈𝑈𝑈 (𝑈𝑈 ℎ𝑟𝑟� ) = �(20 𝑈𝑈𝑘𝑘𝑘𝑘 + 1.25 𝑁𝑁𝑆𝑆) �
𝐴𝐴𝐴𝐴𝑁𝑁𝑃𝑃

50
�
1.5
� (1 + 𝑔𝑔)𝑡𝑡 

For this analysis, it is assumed that the original pipes were installed 40 years ago, there was a 
total of 120 pipes, each 6m in length, an average of 35 service connections per kilometer, and an 
average zonal night pressure of 70m. Additionally, it is assumed that as a pipe ages the quantity 
of UBL will increase annually by 2%. For example, the UBL for a 40-year-old, 6m long pipe can 
be determined as: 

𝑈𝑈𝑈𝑈𝑈𝑈 = ��(20)(0.006𝑘𝑘𝑚𝑚) + (1.25) �0.035 
𝑆𝑆𝐶𝐶
𝑚𝑚
� (6𝑚𝑚)� �

70𝑚𝑚
50

�
1.5
� (1 + 2%)40 

𝑈𝑈𝑈𝑈𝑈𝑈 = 0.440 𝑈𝑈 ℎ𝑟𝑟� = 3.85 𝑚𝑚
3
𝑦𝑦𝑟𝑟�  

The quantity of water loss from pipe bursts requires two key pieces of information; the frequency 
of pipe bursts over the 20-year period, and the quantity of water lost due to a pipe burst. 

To determine the frequency of pipe bursts, a probabilistic analysis was undertaken to anticipate 
the number of pipe bursts expected over the 20-year period under both project scenarios. To 
complete the probabilistic analysis, a distribution was fitted onto the historical pipe bursts data 
using the @Risk software package (see Figure 4.2.1). 
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Figure 4.2.1 - Pipe Burst Frequency Curv

 

Using this distribution, the expected pipe burst year for each of the 120 pipes was simulated using 
a Monte Carlo simulation. Following this simulation, the total expected pipe bursts is determined 
over a 20-year period for both project scenarios. The results of these simulations are shown below 
in Table 4.14. 

Table 4.13 - Expected Number of Pipe Bursts Under Both Project Scenarios 

Project Scenario 
# of Breaks (20-year) 

Min (95%) Expected Max (95%) 
Replace 1 3 6 
Do Not Replace 111 114.5 118 

 
For each pipe burst there is a significant range of potential water loss. This figure can vary 
between 300m3 for quickly reported bursts, and up to 7000m3 for unreported bursts. On average, 
a pipe burst will yield approximately 864m3 of water loss (Ambrose et al. 2008). Combined with 
a Beta PERT distribution, a probability distribution for the quantity of water lost in a pipe burst 
can be generated to be included in the probabilistic analysis. 

Based on the above parameters and distributions of potential results, a Monte Carlo simulation is 
used to generate the following results: 
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Table 4.14 - Expected Quantity of Water Loss for each Project Scenario 

Project Scenario 
Quantity of Water Loss (m3) 
UBL Pipe Bursts Total 

Replace (Age = 0) 17,053 5,378 22,431 
Do Not Replace (Age = 40) 34,134 206,157 240,290 

 

Results 

Based on the results listed above, it was determined that the water use sustainable efficiency score 
is determined as: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝐿𝐿 =
∆𝑊𝑊𝑈𝑈
𝑊𝑊𝑈𝑈𝑜𝑜

=
(240290𝑚𝑚3 − 22431𝑚𝑚3)

240290𝑚𝑚3 = 90.7% 

Using the efficiency indicator above, this results in a sustainable efficiency score of 90.7%. Based 
on the Monte Carlo simulation there is 90% chance this value ranges between 79.3% and 94.6%. 

Waste Reduction 

Weighting Factor 

4.0% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑊𝑊

𝑊𝑊𝐺𝐺
 

Where WR is the quantity of waste recycled and/or reused, and WG is the quantity of waste 
generated. 

Methodology 

There are two major sources of waste generated at the intersection. This includes the pavement 
removed (both concrete and asphalt), and the soil material removed to install the new 
underground services. 

There are no requirements listed in the project specifications to indicate a minimum quantity of 
waste material required to be recycled and/or reused. Thus, it is assumed that project will 
generate no quantity of recycled and/or reused waste. 

Results 

Based on the assumptions, it is determined that the waste reduction sustainable efficiency score 
will be 0. 
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4.3 Non-Monetary Qualitative 

Access to Nature 

Weighting Factor 

2.1% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑡𝑡𝐴𝐴 = 𝐶𝐶𝑜𝑜𝑚𝑚𝐶𝐶𝑟𝑟𝑚𝑚𝑏𝑏𝑜𝑜𝐶𝐶𝑚𝑚𝑜𝑜𝑚𝑚 𝐶𝐶𝑜𝑜 𝑁𝑁𝑁𝑁𝐶𝐶𝑜𝑜𝑟𝑟𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑜𝑜𝑜𝑜 (𝑜𝑜𝑜𝑜𝐶𝐶 𝑜𝑜𝑜𝑜 10)   

Note: Subjective criteria. 

Methodology 

The Access to Nature criterion is subjective and is evaluated based on evaluator’s own opinion. 
Based on the location of the intersection, the increased capacity for citizens travelling from New 
Maryland, and the location of O’Dell Park, the evaluator assumes that the intersection upgrades 
will have a minor positive contribution to the communities’ access to nature. Additionally, this 
result is given a ‘High’ uncertainty rating. 

Results 

Based on the classification as a minor positive contribution to access to nature, the sustainable 
efficiency indicator is given a score of 2 out of 10 (20.0%). Given a ‘High’ uncertainty rating, 
there is a 90% confidence interval between -10.0% and 50.0%. 

Urban Sprawl 

Weighting Factor 

2.4% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆 =  𝐶𝐶𝑜𝑜𝑚𝑚𝐶𝐶𝑟𝑟𝑚𝑚𝑏𝑏𝑜𝑜𝐶𝐶𝑚𝑚𝑜𝑜𝑚𝑚 𝐶𝐶𝑜𝑜 𝑈𝑈𝑟𝑟𝑏𝑏𝑁𝑁𝑚𝑚 𝑆𝑆𝑆𝑆𝑟𝑟𝑁𝑁𝑆𝑆𝑚𝑚 (𝑜𝑜𝑜𝑜𝐶𝐶 𝑜𝑜𝑜𝑜 10) 

Note: Subjective criteria. 

Methodology 

The Urban Sprawl criterion is subjective and is evaluated based on the evaluator’s own opinion. 
Based on the location of the intersection, and the increased capacity for citizens to travel from 
New Maryland, the evaluator assumes that the intersection upgrades will have a minor negative 
contribution to the communities’ urban sprawl. Additionally, this result is given a ‘High’ 
uncertainty rating. 
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Results 

Based on the classification as a minor negative contribution to urban sprawl, the sustainable 
efficiency indicator is given a score of -2 out of 10 (-20.0%). Given a ‘High’ uncertainty rating, 
there is a 90% confidence interval between -50.0% and 10.0%. 

Aesthetic Value 

Weighting Factor 

1.8% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 =  𝐶𝐶𝑜𝑜𝑚𝑚𝐶𝐶𝑟𝑟𝑚𝑚𝑏𝑏𝑜𝑜𝐶𝐶𝑚𝑚𝑜𝑜𝑚𝑚 𝐶𝐶𝑜𝑜 𝐴𝐴𝑁𝑁𝑜𝑜𝐶𝐶ℎ𝑁𝑁𝐶𝐶𝑚𝑚𝐴𝐴 𝑃𝑃𝑁𝑁𝑚𝑚𝑜𝑜𝑁𝑁 (𝑜𝑜𝑜𝑜𝐶𝐶 𝑜𝑜𝑜𝑜 10) 

Note: Subjective criteria. 

Methodology 

The Aesthetic Value criterion is subjective and is evaluated based on the evaluator’s own opinion. 
Based on the existing condition of the pavement assets and the high capacity of the intersection, 
the evaluator assumes that the intersection upgrades will have a moderate positive contribution to 
the intersection’s aesthetic value. Additionally, this result is given a ‘Medium’ uncertainty rating. 

Results 

Based on the classification as a moderate positive contribution to urban sprawl, the sustainable 
efficiency indicator is given a score of 4 out of 10 (40.0%). Given a ‘Medium’ uncertainty rating, 
there is a 90% confidence interval between 17.5% and 62.5%. 

Public Acceptance 

Weighting Factor 

1.9% 

Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝐴𝐴 =  𝐷𝐷𝑁𝑁𝑔𝑔𝑟𝑟𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑃𝑃𝑜𝑜𝑏𝑏𝑚𝑚𝑚𝑚𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑆𝑆𝐶𝐶𝑁𝑁𝑚𝑚𝐴𝐴𝑁𝑁 (𝑜𝑜𝑜𝑜𝐶𝐶 𝑜𝑜𝑜𝑜 10) 

Note: Subjective criteria. 

Methodology 

The Public Acceptance criterion is subjective and is evaluated based on the evaluator’s own 
opinion. To rate this criterion Jon Lewis, Traffic Engineer with the City of Fredericton, was asked 
to rate the project’s degree of public acceptance out. Lewis indicated that there was a stakeholder 
meeting with local businesses who would have been affected by the construction project. From 
this meeting, Lewis indicated that “Business owners are very concerned about impacts during 
construction (-8 during construction); however, most seem to realize that this is a much-needed 
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project and it will provide long term benefits in terms of improving traffic flow in the Uptown 
(long-term outlook: +8)”. Based on this commentary, the evaluator assumes that the project has a 
moderate degree of public acceptance. Additionally, this result is given a ‘High’ uncertainty 
rating. 

Results 

Based on the classification as a moderate positive degree of public acceptance, the sustainable 
efficiency indicator is given a score of 4 out of 10 (40.0%). Given a ‘High’ uncertainty rating, 
there is a 90% confidence interval between 10.0% and 70.0%. 

4.4 Categories with No Results  

(Score = 0, Uncertainty = Medium) 

Land Use Changes 

Eutrophication Potential 

Acidification Potential 

Ozone Depletion Potential 

Cultural Heritage 
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1.  Introduction 
This report contains the detailed results of the Sustainable Efficiency Model (SEM) applied to the 
City of Fredericton’s “Fredericton Area Pollution Control Center – Additional Secondary 
Clarifier” project. The SEM breaks down the sustainable performance of public infrastructure 
into 18 unique criteria in accordance with ISO 21929-2 “Sustainability indicators – Part 2: 
Framework for the development of indicators for civil engineering works”. These criteria include, 
but are not limited to: life-cycle costs, greenhouse gas emissions, job creation, health and safety, 
and waste reduction.  

This analysis was completed to fulfill the requirements of a Master’s of Science and Engineering 
at the University of New Brunswick in Fredericton, NB and is for academic purposes only. 

2.  Project Description 
The Fredericton Area Pollution Control Commission (FAPCC) was formed as a private 
corporation in the late 1960s to provide wastewater treatment services to Fredericton and the 
surrounding municipalities (all of which have now amalgamated as Fredericton). While the 
facility was upgraded as recently as 1994, increasing flows have slowly reduced effluent quality, 
resulting in the facility being unable to meet effluent compliance, primarily with respect to total 
biochemical oxygen demand (TBOD).  

In 2005, a lengthy review process began to identify deficiencies in the wastewater treatment 
plant, and to begin planning for the expected future demands. Two significant studies were 
completed: 

1) Comprehensive Performance Evaluation (CPE) by Comprehensive Process Optimization 
Inc. in February 2005. The CPE reviewed the facility’s performance over a 12-month period and 
identified limiting factors in the areas of administration, operation, design and maintenance. 

2) Preliminary Design Study by CBCL Limited in September 2007. This design study 
evaluated the status of the wastewater treatment plant and identified several options to expand the 
plant and increase the level of treatment. 

From these evaluations, several key potential upgrades were identified: 

1) Replace existing grinders with new larger units upstream. 

2) Expansion of the aeration tankage utilizing the step-feed activated sludge treatment 
process. 

3) Retrofit the existing secondary clarifier. 

4) Addition of a second 36.6m diameter secondary clarifier. 

5) Solids handling upgrades. 

6) UV disinfection upgrades. 
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Despite these upgrades identified, funding limitations requires that the FAPCC split these 
upgrades into individual investments. For the SEM, the addition of a second 36.6m diameter 
secondary clarifier is used as a case study project. Most notably, this additional secondary will 
increase the peak daily hydraulic capacity from 45,000m3 to 75,0003. When the daily hydraulic 
capacity is exceeded all remaining influent is bypassed to the river untreated. It is expected that 
the new secondary clarifier will have an initial construction cost of $3.8 million and have a design 
life of 25 years. 

3.  Results 
From the SEM, the additional secondary clarifier project achieved a Sustainable Efficiency Score 
(SES) of +7.02. Additionally, there is a 90% confidence interval that the SES is between +4.16 
and +9.86. Graphically, this uncertainty is represented in Figure 1. 

Figure 1 - SES for the Additional Secondary Clarifier Project 
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Table 1 - Summary of SEM Results 

Category Criteria Sustainable Efficiency Indicator Result Wi SESi x 100 
Economic 
(18.9%) 

Life-Cycle Costs PVLCC/Ca -0.10 10.9% -1.12 
Other External Costs None 0.00 6.8% 0.00 

Environmental 
(29.0%) 

GHG Emissions None 0.00 6.0% 0.00 
Land Use Changes = ∆GS/GSO -0.04 3.6% -0.14 
Material Use None 0.00 2.4% 0.00 
Energy Use = ∆EU/EUO -0.02 1.9% -0.04 
Water Use = (UTWDi – UTWDa) / (UTWDa – UTWDT) 0.92 3.5% 3.22 
Waste Reduction None 0.00 4.0% 0.00 
Eutrophication Potential = (Ni – Na) / (Na – NT) 0.94 2.6% 2.49 
Acidification Potential None 0.00 2.0% 0.00 
Ozone Depletion Potential None 0.00 2.3% 0.00 

Social 
(53.1%) 

Health and Safety PVH&S/Ca 0.00 37.1% 0.05 
Access to Nature Contribution to Nature Access  0.00 2.1% 0.00 
Urban Sprawl Contribution to Urban Sprawl 0.20 2.4% 0.49 
Public Acceptance Degree of Public Acceptance 0.60 1.9% 1.12 
Aesthetic Value Contribution to Aesthetic Value 0.00 1.8% 0.00 
Job Creation = LRi/LRI 0.21 4.5% 0.96 
Cultural Heritage None 0.00 4.2% 0.00     

Total 7.02 
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4.  Criteria Results 
4.1 Monetary 

All monetary evaluations assume a 3% discount rate. 

Life-Cycle Costs 

Weighting Factor 

10.9% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝑎𝑎

 

Where PVLCC is the present value of life-cycle costs and benefits and Ca is the initial construction 
cost. 

Methodology 

There is very little change in life-cycle costs expected due to the addition on a secondary clarifier. 
However, there is a small amount of additional fixed costs which are required to operate the new 
clarifier and management at the wastewater treatment plant expects that the operations costs will 
climb by an additional 1-3%. This figure is relative to the existing operations and maintenance 
budget, which operates between $1.3 and $1.4 million annually. 

Without the construction of the additional secondary clarifier, the facility is almost guaranteed to 
not meet federal regulations in the future. The construction of the clarifier will allow the facility 
to avoid encountering a significant fine as result of these regulations. Regulation of wastewater 
treatment plant effluent is governed by the Fisheries Act and does not provide specific values for 
fines to be given to facility owners. Cases are handled individually, but it is reasonable to expect 
a fine between $70,000 and $200,000, as is evident from other jurisdictions which have had 
similar violations. 

Result 

Table 2 outlines the present-value of life-cycle cost benefits to be realized over the 25-year design 
life of the additional secondary clarifier. 

Table 2 - Summary of Results for Life-Cycle Costs 

Item Minimum Central Maximum 
Operations and Maintenance - $288,046 - $525,259 - $760,261 
Avoided Fine $70,000 $135,000 $200,000 

 
Using the results above, and an initial construction cost of $3.8 million, the expected sustainable 
efficiency indicator result can be determined for the life-cycle costs. 
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𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝑎𝑎

=  
− $390,166
$3,800,000

=  −10.3% 

With a Monte Carlo simulation, there is a 90% confidence interval that this result is between -
16.8% and -3.85%. 
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Data and Assumptions 

Item Minimum Central Maximum Unit Distribution Source 
Initial Operations and Maintenance Costs 1,300,000  1,400,000 $ Uniform Facility Manager 
Additional O&M Costs 1  3 % Uniform Facility Manager 
Regulation Fine 70,000  200,000 $ Uniform Unknown 



170 

Health and Safety 

Weighting Factor 

37.1% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻&𝑆𝑆 =
𝑃𝑃𝑃𝑃𝐻𝐻&𝑆𝑆

𝐶𝐶𝑎𝑎
 

Where PVH&S is the present value of health and safety costs and benefits and Ca is the initial 
construction cost. 

Methodology 

With only one secondary clarifier currently in operation, it is impossible for the FAPCC to shut 
down the existing clarifier to perform usual maintenance. As a result, SCUBA divers are required 
to perform any major internal maintenance on the clarifier. These maintenance practices are only 
required once every 12 years but SCUBA diving is a dangerous activity with many risks. It is 
assumed that the addition of a second clarifier will remove any risks associated with the SCUBA 
diving maintenance practice. 

Commercial SCUBA diving accident rates are determined from Edmonds et al. (2015), where 
divers experience 40.9 to 61.3 death per 100,000 dives. Additionally, the value of a fatality (or a 
statistical life) is determined from Chestnut and Civita (2009) and ranges between $4.0 and $10.8 
million and grows 1.07% annually (US DOT 2016). The existing clarifier recently underwent a 
maintenance using the SCUBA diver and will not be required until years 12 and 24. 

Results 

Combining the SCUBA accident rates with the value of a statistical life, the total health and 
safety benefits have been determined to be $5,400. Combined with an initial construction cost of 
$3.8 million, the expected sustainable efficiency indicator result for health and safety can be 
determined. 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝑎𝑎

=  
$5,400

$3,800,000
=  0.1% 

With a Monte Carlo simulation, there is a 90% confidence interval that this result is between 
0.10% and -0.18%.
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Data and Assumptions 

Item Minimum Central Maximum Unit Distribution Source 
SCUBA Diver Fatality Rate 40.90  61.30 fatality/100,000 

dives 
Uniform (Edmonds et al. 

2015) 
Value of a Statistical Life (VSL) 3,976,691.04 7,385,283.36  10,793,875.69  $ BetaPERT (Chestnut and 

Civita 2009) 
VSL Growth Rate  1.07  % Deterministic (US DOT 2016) 
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4.2 Non-Monetary Quantitative 

Land Use Changes 

Weighting Factor 

3.6% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
∆𝐺𝐺𝑆𝑆
𝐺𝐺𝑆𝑆𝑖𝑖

 

Where ∆GS is the net change in greenspace area, and GSi is the initial area of greenspace 
available on the property. 

Methodology 

To determine the net change in greenspace area, the total area of greenspace consumed is 
estimated based on the assumption that the new clarifier will consume an equal area as the 
existing clarifier on-site. Using Service New Brunswick’s GeoNB Map Viewer tool (Service New 
Brunswick 2017), this has been estimated to be 1,831m2 (±200m2) and is shown in Figure 2. 

Figure 2 - Existing Secondary Clarifier Size 

 

The total area of greenspace available on the property is also estimated using this methodology 
and is estimated to be 45,565m2 (±500m2) and is shown in Figure 3. 
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Figure 3 - Size of Existing Greenspace on the Property 

 

Results 

Given these results, the sustainable efficiency indicator for land use changes can be determined. 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
∆𝐺𝐺𝑆𝑆
𝐺𝐺𝑆𝑆𝑖𝑖

=  
−1,831𝑚𝑚2

45,565𝑚𝑚2 = −4.02% 

With a Monte Carlo simulation, there is a 90% confidence interval that this result will be between 
-4.38% and -3.65%. 

Energy Use 

Weighting Factor 

1.9% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
∆𝑆𝑆𝐸𝐸
𝑆𝑆𝐸𝐸𝑖𝑖

 

Where ∆EU is the net change in energy consumed at the facility due to the additional clarifier and 
EUi is the existing energy consumption at the facility under existing conditions. 

Methodology 
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The manager at the FAPCC indicated that the additional secondary clarifier would result in a 1%-
3% increase in the total energy consumed at the facility. In 2016, the facility used a total of 
2,806,659 kWh of electricity. A 1%-3% increase in energy consumption would yield an expected 
total of 2,862,792 kWh annually. 

Results 

Given these results, the sustainable efficiency indicator for energy use can be determined. 

𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 =
∆𝑆𝑆𝐸𝐸
𝑆𝑆𝐸𝐸𝑖𝑖

=  
2,806,659 kWh 
2,862,792 kWh 

= 2.0% 

Water Use 

Weighting Factor 

3.5% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝐿𝐿 =
(𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑖𝑖 − 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑎𝑎)
(𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑖𝑖 − 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑇𝑇)

 

Where UTWDi is the quantity of untreated water discharged into the river over 25-years under 
current conditions, UTWDa is the quantity of untreated water discharged into the river over 25-
years with the additional clarifier, and UTWDT is the target quantity of untreated water 
discharged into the river over 25-years. 

Methodology 

Existing hydraulic demand data was gathered for the facility over a period of 7 years. The 
quantity of untreated water discharged into the river is determined by assuming that all daily 
flows which exceed the daily peak capacity will be discharged into the river. This is 
45,000m3/day without the additional clarifier and 75,000m3 with the additional clarifier. The 7-
year historical daily flows and the two hydraulic capacities are shown in Figure 4. As is evident, 
the design flow with the additional clarifier is much less likely to have untreated water discharged 
into the river. 
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Figure 4 - Daily Flow Data at the FAPCC 

 

To simulate the effects over a 25-year period, a probability distribution of the daily flows 
expected was generated from the 7-year period. Using the @Risk (Palisade Corporation 2016) 
software, a LogLogistic distribution was generated, shown in Figure 5. Using this distribution, 
and an assumed daily flow annual growth rate of 0.5%, the daily flows expected over a 25-year 
period can be simulated. From this simulation, the range of expected volumes of untreated water 
over a 25-year period with and without the additional clarifier are determined. These results are 
shown in Figure 5. 
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Figure 5 - Historical Daily Flow Data and Fitted Distribution 

 

Table 3 - Volumes of Untreated Water 

Scenario 
Volume of Untreated Water over 25-years (m3) 

Low Central High 
Without Clarifier  909,067   1,135,701   1,390,638  
With Clarifier  33,202   86,546   148,074  

 

Results 

From these results, and if our target volume of untreated water discharge is assumed to be 0 m3, 
we can determine the water use sustainable efficiency indicator. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝐿𝐿 =
(𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑖𝑖 − 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑎𝑎)
(𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑖𝑖 − 𝐸𝐸𝑈𝑈𝑈𝑈𝑈𝑈𝑇𝑇)

=
(1,135,701 − 86,546)

(1,135,701 − 0)
= 92.2% 

With the use of a Monte Carlo simulation, a 90% confidence interval between 83.8% and 98.0% 
is determined. 
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Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸 =
(𝑁𝑁𝑖𝑖 − 𝑁𝑁𝑎𝑎)
(𝑁𝑁𝑖𝑖 − 𝑁𝑁𝑇𝑇)

 

Where Ni is the additional mass of ammonia discharged into the river over 25-years under 
existing conditions, Na is the additional mass of ammonia discharged into the river over 25-years 
with the additional secondary clarifier, and NT is the target additional mass of ammonia 
discharged into the river over 25-years. 

Methodology 

Ammonia concentrations in the wastewater influent can vary significantly. During wet periods 
the ammonia found in the raw sewage is diluted. This is a result from infiltration of runoff into 
the sewer septic system. It is during these wet periods that the wastewater treatment plant is at 
risk of exceeding its daily hydraulic capacity. Historical data at the facility suggests an negative 
exponential relationship between ammonia influent concentration and daily hydraulic flow. This 
relationship is shown in Figure 6. 

Figure 6 - Historical Ammonia Concentration of Influent versus Daily Flow 

 

The effluent ammonia concentration suggests a more linear relationship shown in Figure 7. 
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Figure 7 - Historical Ammonia Concentration of Effluent versus Daily Flow 

 

Combined with the distribution of daily flows expected over 25-years (see Figure 5), the expected 
additional mass of ammonia with and without the additional clarifier can be determined. This is 
done by determining the additional mass of ammonia by the following equation. 

𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚(𝑄𝑄) = 𝑄𝑄(𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑒𝑒) = 𝑄𝑄((13709 𝑄𝑄−0.836) − (−0.0001 𝑄𝑄 + 16.812)) 

Where Q is the expected daily flow, Ci is the expected ammonia concentration of the influent, and 
Ce is the expected ammonia concentration of the effluent. 

Using the @Risk software (Palisade Corporation 2016), a Monte Carlo simulation was done to 
determine the results found for both scenarios. 

 Mass of Ammonia (kg) 
Scenario Min (5%) Central Max (95%) 
Existing Conditions 2,764.99 3,474.24 4,359.65 
With Additional Clarifier 50.38 193.29 387.47 

 

Results 

From these results, and if our target mass of ammonia is 0 kg, we can determine the 
eutrophication sustainable efficiency indicator result. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝐿𝐿 =
(𝑁𝑁𝑖𝑖 − 𝑁𝑁𝑎𝑎)
(𝑁𝑁𝑖𝑖 − 𝑁𝑁𝑇𝑇)

=
(3,474.24 − 193.29)

(3,474.24 − 0)
= 94.4% 

With the use of a Monte Carlo simulation, a 90% confidence interval between 88.4% and 98.6% 
is determined. 
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Job Creation 

Weighting Factor 

4.5% 

Efficiency Indicator 

𝑆𝑆𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =
𝐽𝐽𝐶𝐶𝑎𝑎
𝐽𝐽𝐶𝐶𝑖𝑖

 

Where JCa is the worker hours required for the construction of the additional clarifier per $1,000, 
and JCi is the average worker hours required for the construction industry per $1,000. 

Methodology 

To estimate the total number of worker hours required for the construction of the additional 
clarifier a study done by the US Bureau of Labor and Statistics on “Estimating Water Treatment 
Costs” is used (US EPA 1979). Within this study, the total cost of labor for the construction of 
circular clarifiers is given. This value is then inflated to 2015 Canadian dollar costs using foreign 
exchange and inflation rates. Assuming the additional clarifier is a 36.6m diameter circular 
clarifier, it is expected that there will be a total labor cost of $174,181. Combined with a labor 
wage of $25.78 per hour (Statistics Canada 2015) for the construction industry, it is expected that 
the additional clarifier will require 6756.9 total worker hours to complete. A lower and upper 
limit of 80% and 120%, respectively, are included to account for the uncertainty in this figure. 
This equals an expected value of 1.78 worker hours per $1,000 of construction. 

The average worker hours required for the industry is equal to 8.37 worker hours per $1,000 of 
construction (Statistics Canada 2010). 

Results 

Given these results, the job creation sustainable efficiency indicator can be determined. 

𝑆𝑆𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =
1.78ℎ𝑟𝑟𝑟𝑟
$1,000

8.37ℎ𝑟𝑟𝑟𝑟
$1,000

� = 21.3% 

With a Monte Carlo simulation, there is a 90% confidence interval that this result is between 
18.6% and 23.9%. 

4.3 Non-Monetary Qualitative 

Methodology 

For the purposes of generating an initial result, the author has substituted himself as the subject 
matter expert to evaluate the additional clarifier project. Shown below are the weighting factors, 
results and uncertainties given to each criterion. 



180 

Access to Nature 

Weighting Factor 

2.1% 

Result 

Sustainable Efficiency Indicator Score: 0.00 

Uncertainty Category: Medium 

Urban Sprawl 

Weighting Factor 

2.4% 

Result 

Sustainable Efficiency Indicator Score: 0.20 

Uncertainty Category: High 

Public Acceptance 

Weighting Factor 

1.9% 

Results 

Sustainable Efficiency Indicator Score: 0.60 

Uncertainty Category: High 

Aesthetic Value 

Weighting Factor 

1.8% 

Result 

Sustainable Efficiency Indicator Score: 0.00 

Uncertainty Category: Medium 

4.4 Criteria with No Results 

(Score = 0, Uncertainty = Medium) 
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Other External Costs 

GHG Emissions 

Material Use 

Waste Reduction 

Acidification Potential 

Ozone Depletion Potential 

Cultural Heritage 

  



182 

References 
Chestnut, L. G., and Civita, P. De. (2009). Economic Valuation of Mortality Risk Reduction : 

Review and Recommendations for Policy and Regulatory Analysis. Policy. 

Edmonds, C., Thomas, B., McKenzie, B., and Pennefather, J. (2015). “Why Divers Die.” Diving 
Medicine for SCUBA Divers. 

Palisade Corporation. (2016). “@Risk.” Ithaca, NY. 

Service New Brunswick. (2017). “GeoNB Map Viewer.” <http://www.snb.ca/geonb1/e/index-
E.asp>. 

Statistics Canada. (2010). “Input-Output National Multipliers, 2010.” 

Statistics Canada. (2015). “Average hourly wages of employees by selected characteristics and 
occupation, unadjusted data, by province (monthly).” <http://www.statcan.gc.ca/tables-
tableaux/sum-som/l01/cst01/labr69e-eng.htm> (Aug. 26, 2016). 

US DOT. (2016). Guidance on Treatment of the Economic Value of a Statistical Life in U.S. 
Department of Transportation Analyses. 

US EPA. (1979). Estimating Water Treatment Costs: Volume 2 Cost Curves Applicable to 1 to 
200 mgd Treatment Plants. 

 



 

183 

B2: 2-Storey Hotel Construction in Atlantic Canada 



 

 

 

 

 

 

 

 

Comparing the Sustainable Performance of a 
Modular Versus a Conventional Delivery 

Method of a 2-Storey Hotel in Atlantic Canada 
 

Sustainable Efficiency Report 

 

 

 

 

 

 

 

 

 

 
 

May 30, 2017 



186 
 

1.  Contents 
Introduction .................................................................................................................................. 187 

Project Description ...................................................................................................................... 187 

Results .......................................................................................................................................... 189 

Criteria Results ............................................................................................................................ 191 

1 Life-Cycle Costs .............................................................................................................. 191 

2 Greenhouse Gas Emissions .............................................................................................. 195 

3 Health and Safety ............................................................................................................. 202 

4 Waste Production ............................................................................................................. 206 

5 Job Creation ..................................................................................................................... 208 

Bibliography ................................................................................................................................ 209 

 

  



187 
 

2.  Introduction 
This report contains the detailed results of the Sustainable Efficiency Model (SEM) applied to the 
construction of a 2-storey hotel in Atlantic Canada. The primary purpose of this analysis is to 
demonstrate the SEM’s capability to compare the sustainable performance between two design 
alternatives. To demonstrate this, the construction of a 2-storey hotel is used as a case study to 
compare the differences between a modular and off-site construction versus a conventional and 
on-site construction process.  

The SEM breaks down the sustainable performance of public infrastructure into 18 unique criteria 
in accordance with ISO 21929-2 “Sustainability indicators – Part 2: Framework for the 
development of indicators for civil engineering works”. Five of the 18 criteria are applied to this 
analysis: life-cycle costs, greenhouse gas emissions, job creation, health and safety, and waste 
reduction. This analysis was completed to fulfill the requirements of a Master’s of Science and 
Engineering at the University of New Brunswick in Fredericton, NB and is for academic 
purposes only. 

3.  Project Description 
The Sustainable Efficiency Model (SEM) is a stochastic decision support system aimed at 
combining economic, environmental, and social objectives into a single quantitative indicator. 
This indicator can be used for a variety of purposes such as project evaluation, project portfolio 
prioritization, design alternative evaluation, and bid evaluations. For this case study, the primary 
purpose is to demonstrate the SEM’s capability as a tool to compare design alternatives of a 
single project. 

To aggregate economic, environmental, and social criteria into a single qualitative indicator, the 
use of cost-benefit and multi-criteria analyses are used in combination with a Monte Carlo 
simulation to capture uncertainty. These results are governed by Equation 1. 

[1] 𝑆𝑆𝑆𝑆𝑆𝑆𝑙𝑙 = ∑ 𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛,𝑙𝑙
𝑁𝑁
𝑛𝑛=1 = ∑ 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑤𝑤𝑖𝑖𝐼𝐼

𝑖𝑖=1 + ∑ 𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗𝑤𝑤𝑗𝑗
𝐽𝐽
𝑗𝑗=1 + ∑ 𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗𝑤𝑤𝑗𝑗𝐾𝐾

𝑘𝑘=1  

Where SESl is the sustainable efficiency score of project l, SEIn is the sustainable efficiency 
indicator score for criterion n, BCRi is the benefit-cost ratio for a monetary criterion i, 
QTSEIj is the sustainable efficiency indicator result for a quantitative criterion j, QLSEIk is 
the sustainable efficiency indicator result for a qualitative criterion k, wi, wj and wk are the 
weighting factors for criteria i, j and k respectively.  

The construction of a 2-storey hotel in Atlantic Canada is used as a case study to demonstrate the 
SEM’s application in comparing design alternatives. The building is a 2-storey structure with a 
total floor area of approximately 31,000 ft2 and features a total of 58 hotel rooms. The building 
was constructed at a modular building manufacturing facility in New Brunswick and was then 
transported to the project site. Thus, information regarding the modular case study is derived 
directly from the actual project results. This modular case study is then compared against a 
hypothetical conventional and on-site construction delivery method. Thus, many of the variables 
and costs associated with the conventional delivery method can vary across a range of possible 
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outcomes due to the various assumptions that they are based on. This conventional delivery 
method forms the “base case” and is what the modular delivery method is compared against.  
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4.  Results 
Based on the SEM analysis completed, a modular and off-site delivery method yielded a 
positive Sustainable Efficiency Score of +18.2 when compared to the conventional delivery 
method. From this positive value, we can conclude that the modular and off-site delivery option 
more efficiently meets the goals and objectives of sustainability when compared to the 
conventional on-site delivery method.  

Notable benefits of the modular construction process include a decreased life-cycle cost, 
reduced greenhouse gas emissions, reduced health and safety social costs, and significantly 
less waste produced. The only significant disadvantage of the modular delivery method was the 
reduced quantity of labor hours required. This speaks to the efficiency and productivity of 
modular construction but as a social criterion, is considered as a disadvantage due to its impact on 
the job market. 

The summary of results are found in Table 4.1. Table 4.2 details each of the criteria included in 
the SEM, their respective efficiency indicator, the efficiency indicator results, criteria weighting 
factors, and final score. It has been assumed for this analysis that each of the five criteria 
contribute equally to the sustainable efficiency score. These weighting factors can be adjusted per 
the decision maker or owner’s preference. The detailed methodologies for determining these 
results have been included in Section 5. Criteria Results. 

The SEM goes beyond determining a single number as a final answer. Uncertainty and risk are 
included in each variable which contains some degree of uncertainty. The results in Table 4.1 and 
Table 4.2 indicate the expected result, but does not show the range of possible outcomes. These 
uncertain results are determined with a Monte Carlo simulation using Palisade’s @Risk software 
package (Palisade Corporation 2016). Probability distributions for the individual criterion are 
found in the results sub-sections. 

Table 4.1 - Results of the Sustainable Efficiency Study 

Item Modular Conventional Unit 
Life-Cycle Costs  5,220,297   5,858,536  $ 
GHG Emissions  130,982   149,028  kg 
GHG Emission Costs  5,331   6,065  $ 
Health and Safety Costs  213,621   422,654  $ 
Waste Produced  1,329,988   4,073,484  kg 
Labor Required  22,268   43,583  hours 

 

Table 4.2 - Summary of SEM Results 

 Criteria  Indicator Result Weight Score x 100 
Life-Cycle Costs = PV(LCCC  - LCCM) / LCCC 0.11 20% 2.18 
GHG Emissions = PV(GHGC  - GHGM) / GHGC 0.12 20% 2.42 
Health and Safety = PV(H&SC  - H&SM) / H&SC 0.49 20% 9.89 
Waste Production = (WPC  - WPM) / WPC 0.67 20% 13.47 
Job Creation = (JCM  - JCC) / JCC -0.49 20% -9.78 
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Total 100% 18.18 

 

When compared to the conventional and on-site construction, the modular and off-site 
construction delivery method results in a sustainable efficiency score of +18.2. Additionally, the 
results of the Monte Carlo simulation indicate a 90% confidence interval between +16.8 and 
+19.8. This uncertainty is shown in Figure 1. 

Figure 1 - Range of Possible Sustainable Efficiency Scores 
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5.  Criteria Results 
5.1 Life-Cycle Costs 
The life-cycle costs criterion is categorised as a monetary criterion. As such, the results can be 
determined with the use of cost-benefit analysis methodologies. 

 Weighting Factor 
20% 

 Sustainable Efficiency Indicator 

𝐵𝐵𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿 =  
(𝑄𝑄𝐵𝐵𝐵𝐵𝐿𝐿 − 𝑄𝑄𝐵𝐵𝐵𝐵𝑀𝑀)

𝑄𝑄𝐵𝐵𝐵𝐵𝐿𝐿
 

Where LCCM is the present value of life-cycle costs generated by the modular delivery method, 
and LCCC is the present value of life-cycle costs generated by the conventional delivery method. 

 Methodology 
The life-cycle of assets typically undergo various stages, each with their own costs: i) 
Planning/Design, ii) Construction, iii) Operations and Maintenance, and iv) 
Deconstruction/Decommissioning. It is assumed for this analysis that the planning/design, 
operations, and deconstruction/decommissioning costs for both delivery methods will be identical 
and are therefore excluded. However, this project is unique in that it is built for a private 
company who will seek to generate a profit from its investment. This introduces a unique variable 
into the equation, the potential of revenue lost during construction. As such, the total time of 
construction is required for each project scenario. 

5.1.3.1 Revenue Loss Cost 
The revenue loss cost, or opportunity cost due to construction, is determined by estimating the 
monthly profit of the hotel and the corresponding construction times for both delivery methods. If 
a project delivery method can build the facility in a shorter period, then there is an opportunity 
cost present in not pursuing the shorter delivery method. Additionally, this assumes that both 
buildings (modular and conventional) will reach the end of their useful lives at identical times, 
regardless of the length of construction. 

The estimated monthly profit is calculated as a function of the number of rooms, the daily room 
rate, the occupancy rate, and industry’s profit margin. These values are combined with the 
following equation to determine the daily (and monthly) profit: 

𝐷𝐷𝐷𝐷 = 𝑛𝑛 ∗ 𝐵𝐵 ∗ 𝑂𝑂 ∗ 𝐷𝐷𝑃𝑃 

Where DP = daily profit, n = number of rooms, R = daily room rate, O = occupancy, and PM = 
profit margin. 

These parameters are estimated for the hotel under study in Table 5.1. Table 5.2 contains the 
resulting monthly profit. 
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Table 5.1 - Parameters for Daily Profit of Hotel 

Item Minimum Expected Maximum Source 
Number of Rooms 

 
58 

 
Construction Drawings 

Daily Room Rate $140.00 $175.00 $210.00 Assumption 
Occupancy Rate 57% 64% 67% (Hotel Association of Canada 2014) 
Profit Margin 0% 4.70% 14.80% (Statistics Canada 2012) 

 

Table 5.2 - Monthly Profit of the Hotel 

Minimum Expected Maximum 
$2,933 $10,800 $20,323 

 

5.1.3.2 Conventional Delivery 
The conventional delivery method cost estimates are derived from the 2016 RSMeans Square 
Foot Costs guide (RSMeans 2016). Due to the hotel being 2 stories tall, the building is classified 
as a “Motel, 2-3 Story” building within the cost guide. Additionally, the building is further 
categorized as having an Exterior Wall as Wood Siding. Based on these assumptions, and a 
square foot area of 31,003 ft2, the conventional delivery method has a base unit cost of 
USD$159.35 per square foot.  

This base square foot cost must then be adjusted to reflect the Canadian currency and location. 
Location factors tables found in the reference section of RSMeans (2016) yield a location factor 
of 1.06 for St. John’s, Newfoundland. Applying this factor to the base unit cost yields an adjusted 
unit cost of $168.91. 

Given a gross total area of 31,003ft2, a final cost estimate of $5,236,748 is determined and is 
assumed to be the minimum construction cost. As recommended by the RSMeans guide, an 
additional 25% contingency is determined for unforeseen costs and is assumed to be the 
maximum cost for the building.  

The construction duration for a hotel building this size is estimated with the use of a time-cost 
relationship found for residential buildings in Choudhury and Rajan (2003). Choudhury and 
Rajan used a simple linear regression to analyze 55 residential construction projects and generate 
a time-cost relationship. This study found that the construction time of a residential building 
(conventional delivery method) could be estimate by using Equation 2. 

[2] 𝑄𝑄𝑆𝑆𝑃𝑃𝑆𝑆 = 18.96 ∗ 𝐵𝐵𝑂𝑂𝑆𝑆𝑄𝑄0.39 

Where TIME is the construction time in days, and COST is the completed cost of the project in 
thousands $US. 

Converting the conventional construction costs estimated above into US dollars (using the 5-year 
historical foreign exchange rate), it was determined that the conventional delivery method is 
expected to take between 17 and 18.5 months.  
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Combined with the monthly revenue lost figures determined in Table 5.2, the potential revenue 
loss is determined and shown in Table 5.3. 

Table 5.3 - Range of Revenue Loss Costs for the Conventional Delivery Method 

Minimum Expected Maximum 
$49,981 $185,992 $347,682 

 
In summary, it is expected that the life-cycle costs of the conventional delivery method will be 
$5,858,426. Additionally, the results of the Monte Carlo simulation indicate a 90% confidence 
interval for the life-cycle costs between $5,410,464 and $6,455,448. 

5.1.3.3 Modular Delivery 
The costs for the modular delivery method are sourced directly from the project company. The 
construction costs of the modular delivery option are summarised as in Table 5.4. 

Table 5.4 - Modular Delivery Construction Costs 

Item Minimum Expected Maximum 
Materials and Labor n/a $2,274,786 n/a 
Installation and Site Work n/a $2,271,150 n/a 
Transportation and Delivery n/a $610,720 n/a 
Total  $5,156,656  

 

The building was completed in a much shorter period than estimated for the conventional delivery 
method. The project began in February 2015 and was completed in June 2016 for a total of 5 
months. The revenue loss costs associate with this construction duration is shown in Table 5.5. 

Table 5.5 - Range of Revenue Loss Costs for the Modular Delivery Method 

Minimum Expected Maximum 
$14,537 $54,007 $101,342 

 

In summary, it is expected that the life-cycle costs of the modular delivery method will be 
$5,220,297. Additionally, the results of the Monte Carlo simulation indicate a 90% confidence 
interval for the life-cycle costs between $5,169,802 and $5,278,699.  

 Results 
Based on the results determined above, and the sustainable efficiency indicator, the sustainable 
efficiency score for the health and safety criterion is determined as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿 =  
(𝑄𝑄𝐵𝐵𝐵𝐵𝐿𝐿 − 𝑄𝑄𝐵𝐵𝐵𝐵𝑀𝑀)

𝑄𝑄𝐵𝐵𝐵𝐵𝐿𝐿
=

($5,858,536 − $5,220,297)
$5,858,536

=  0.106 

Additionally, the results of the Monte Carlo simulation indicate a 90% confidence interval for the 
BCRLCC between 0.040 and 0.190. 
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 Data and Assumptions 
Item   Unit   Minimum   Expected   Maximum   Central   Source  
 Total Floor Area   ft2  

 
 31,003.00  

 
 31,003.00   Construction Drawings  

 # of Rooms   #  
 

 58.00  
 

 58.00   Construction Drawings  
 Revenue per Room   $   140.00   175.00   210.00   175.00   Weighted Room Price  
 Occupancy   %   0.57   0.64   0.67   0.63   Hotel Association of Canada  
 Profit Margin   %  -0.01   0.05   0.15   0.06   NAICS 721111  
 Monthly Profit of Hotel   $   10,606.75   10,606.75   10,606.75   10,606.75   Calculation  
Conventional  

      

 Construction Unit Costs   $  
 

 159.35  
 

 159.35   RSMeans 2016, Motel 2-3 Storey, 
Exterior Wall = Wood Siding  

 Location Factor  
  

 1.06  
 

 1.06   RSMeans 2016  
 Total Construction Cost   $   5,236,747.73  

 
 6,545,934.67   5,673,143.38   Calculation  

 Construction Time   months   16.96  
 

 18.51   17.48   Calculation  
Modular  

      

 Materials and Labor Cost   $  
 

 2,274,786.00  
 

 2,274,786.00   Actuals  
 Transportation Cost   $  

 
 610,720.00  

 
 610,720.00   Actuals  

 Installation Cost  
  

 2,271,150.00  
 

 2,271,150.00   Actuals  
 Construction Time   months  

 
 6.00  

 
 6.00   Actuals  

 5-Year Canadian-US FOREX  
 

 0.78   0.93   1.01   0.92   Canadian FOREX Rates  
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5.2 Greenhouse Gas Emissions 
The greenhouse gas emissions criterion is categorised as a monetary criterion. As such, the results 
can be determined with the use of cost-benefit analysis methodologies. 

 Weighting Factor 
20% 

 Sustainable Efficiency Indicator 

𝐵𝐵𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐺𝐺 =  
(𝐺𝐺𝐺𝐺𝐺𝐺𝑀𝑀 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿)

𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿
 

Where GHGM is the present-value cost of greenhouse gas emissions from the modular delivery 
method, and GHGC is the present-value cost of greenhouse gas emissions from the conventional 
delivery method. 

 Methodology 
Mao et al. (2013) has shown previously that modular and off-site construction can have reduced 
GHG emissions in the construction of high-rise of apartments. The calculation boundary assumed 
for this analysis is consistent with the Mao et al. analysis and is shown in Figure 2. Due to a lack 
of available information on individual building material quantities, the embodied GHG emissions 
for building materials are excluded. This is justified if it is assumed that both delivery methods 
will consume an equivalent amount of building materials. 

Figure 2 - Calculation Boundary for the Greenhouse Gas Emissions 

 

For both scenarios, there is a consistent set of greenhouse gas emission factors and assumptions. 
These factors include: i) heavy truck transportation of material and waste, ii) electricity 
generation from the local utilities, and iii) other energy sources (propane, heating oil, and diesel). 
These emission factors and figures are summarized in Table 5.6. 
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Table 5.6 - Carbon Dioxide Emission Factors 

Item Value Unit Source 
CO2 Emission Factors    
Heavy Truck 
Transportation           0.04  kg/ton-

km 
(Boundy et al. 2015), (US EPA 2016) 

New Brunswick Electricity            0.28  kg/kWh (NB Power 2016) 
Newfoundland Electricity           0.15  kg/kWh Newfoundland Hydro Data 
Propane           5.76  kg/gal (US EIA 2016) 
Heating Oil         26.00  kg/gal (US EIA 2016) 
Diesel         10.16  kg/gal (US EIA 2016) 
Assumptions    
Building Material - Unit 
Weight       131.40  lbs/ft2 Consistent with conventional delivery 

demolition waste 
Building Material - Total 
Weight    2,037.00  US ton Unit Weight x Floor Area 

 
The social cost of these emissions can be determined with support from the Environment and 
Climate Change Canada (ECC Canada 2016). These publications recommend a central estimate 
of $40.7 (CAD 2012)/tonne of CO2 and a 95th percentile estimate of $167.0 (CAD 2012)/tonne.  

5.2.3.1 Conventional Delivery 

E1, E2, and E3 - Transportation 
There are two transportation sources of greenhouse gas emissions for the conventional delivery 
method. This includes: 

1. Transportation of Building Material to the Site 

For the transportation of building materials, it is assumed that all materials are sourced from a 
local building material supplier 15.6 km from the construction site, generating a total of 1,247 kg 
of CO2 emissions. 

2. Transportation of Waste from the Site to the Waste Facility. 

For the transportation of construction and demolition waste, it is assumed that all waste generated 
from the construction will be transported to a waste management facility located 19.0 km from 
the construction site. Based on waste multiplier estimates generated by the US Environmental 
Protection Agency (US EPA 2003), the transportation of waste will generate a total of 1,596 kg of 
CO2 emissions.  

Excluded from analysis: 

1. Transportation of Laborers to the Construction Site 
2. Transportation of Equipment to the Construction Site 

These sources of greenhouse gas emissions have been excluded due to a lack of available 
information and the evaluator’s unfamiliarity with building construction practices. 
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E4 – Resource and Energy Consumption of Equipment 
There are two sources of resources and energy identified for the conventional delivery method. 
This includes: 

1. On-site Electricity 

It is assumed that the construction of a multi-residential building will consume roughly 10,000 
kWh/month. This assumption is based on an industry expert opinion and that the construction 
period will exceed 12 months, thereby ensuring the project goes through one winter of 
construction. Based on the utility’s greenhouse gas emission factor, the expected greenhouse gas 
emissions are 16,563 kg of CO2 emissions. 

2. Equipment 

There are six significant pieces of equipment expected on the construction site, each with a 
varying amount of runtime. The emission rate for each piece of equipment is determined through 
the US EPA’s “Exhaust and Crankcase Emission Factors for Nonroad Engine Modelling” 
methodology (US EPA 2010). The results of each piece of equipment are summarised in Table 
5.7. 

Table 5.7 - Equipment Greenhouse Gas Emission Information 

Equipment Runtime (hr) Emission Rate (kg CO2/hr) Emissions (kg CO2) 
Telehandler (General) 960 58.37 56,034 
Truss Crane - 40ft 40 91.80 3,672 
Scissor Lift 320 12.73 4,075 
Ventilation Crane 80 91.80 7,344 
Skid steer 160 34.91 5,586 
Temp Heat (600BTU - Diesel) 640 67.10 42,944 
  Total 119,655 

 

Total 
In total, it is expected that the conventional delivery method will generate roughly 149,021 kg of 
CO2 emissions. These sources have been broken down into their main categories in Table 5.8. 

Table 5.8 - Sources of GHG Emissions for the Conventional Delivery Method 

Source GHG Emissions 
(kg CO2) 

Transportation of Building Material 1,396 
Transportation of Waste 1,759 
On-site Electricity 26,218 
Construction Equipment 119,654 
Total 149,021 

 
Monetized, this quantity of GHG emissions represents a $6,065 social cost, with a 90% 
confidence interval between $845 and $13,818 (ECC Canada 2016). 
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5.2.3.2 Modular Delivery 

E1, E2, and E3 – Transportation 
There are three sources of transportation greenhouse gas emissions for the modular delivery 
method. This includes: 

1. Transportation of Building Materials to the Factory 

It is assumed that all the building material is supplied from a city located roughly 57 km away 
from the modular building manufacturing factory. Based on these assumptions, the transportation 
of building materials to the factory will generate 5,102 kg CO2 emissions. 

2. Transportation of Waste from the Site to the Waste Facility 

Like the conventional delivery method, it is assumed that most of the waste generated is 
transported from the site to the waste facility. Based on the waste generation factors for modular 
buildings found in Section 5.4.5, this will generate 574 kg of CO2 emissions. 

3. Transportation of Prefabricated Units from the Factory to the Site 

The modular building manufacturing facility is located out of province from the construction site. 
Therefore, the prefabricated units undergo three significant portions of travel, shown in Table 5.9. 

Table 5.9 - Distances and Travel Methods of the Modular Delivery Method 

Travel Leg Transportation Method Distance (km) 
Factory to Departing Port Heavy Truck – Diesel 503 
Departing Port to Arriving Port Marine Barge – Diesel 520 
Arriving Port to Construction Site Heavy Truck - Diesel 121 

 

E4 – Resource and Energy Consumption of Equipment 
There are two major sources of resource and energy consumption for the modular delivery 
method. This includes: 

1. Energy Resources at the Prefabrication Factory 

There are three sources of energy used at the modular factory: Local Electricity, Propane, and 
Heating Oil. The total quantity of each energy source used is shown in Table 5.10. 

Table 5.10 - Energy Sources at the Modular Building Factory 

Energy Source Quantity Unit 
Local Electricity 150,000 kWh 
Propane 1,340 Gal 
Heating Oil 1,005 Gal 

 
Combined, these energy sources will generate 75,851 kg of CO2 emissions. 

2. Equipment Use On-site 
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It is expected that a Tier 4F Engine Crane is used to place the prefabricated units. It is assumed 
that this crane will have a total runtime of 84 hours emitting 159 kg of CO2 emissions per hour 
(US EPA 2010) for a total quantity of 13,356 kg of CO2 emissions. 

Total 
In total, it is expected that the modular delivery method will generate 131,152 kg of CO2 
emissions. This is broken down by the following sources: 

Table 5.11 - Sources of GHG Emissions for the Modular Delivery Method 

Source GHG Emissions (kg CO2) 
Transportation of Building Material 5,102 
Transportation of Waste 574 
Transportation of Prefabricated Units 69,949 
Electricity 42,000 
Propane, Heating Oil, and Crane Emissions 47,207 
Total 130,982 

 
Monetized, this quantity of GHG emissions represents a $5,331 social cost, with 90% confidence 
interval between $743 and $12,142 (ECC Canada 2016). 

 Results 
Based on the results determined above, and the sustainable efficiency indicator, the sustainable 
efficiency score for the health and safety criterion is determined as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐺𝐺 =  
(𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿 − 𝐺𝐺𝐺𝐺𝐺𝐺𝑀𝑀)

𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿
=

($6,065 − $5,331)
$6,065

= 0.121 

Additionally, the results of the Monte Carlo simulation indicate a 90% confidence interval 
between 0.114 and 0.128. 
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 Data and Assumptions 
 Item  Units  Minimum   Expected   Maximum  Central Source 
GHG Emission Factors  

 
   

  

 Diesel Fuel Emission  kg/gal   10.21    10.21  (US EPA 2016) 
 Heavy Truck Fuel Consumption  gal/ton-mile   6.50    6.50  (Boundy et al. 2015) 
 Heavy Truck Transportation  kg/ton-km     0.05  Calculation 
 NB Electricity  kg/kWh   0.28    0.28  (NB Power 2016) 
 NFLD Electricity  kg/kWh   0.15    0.15  Newfoundland Hydro Data 
 Propane  kg/gal   5.76    5.76  (US EIA 2016) 
 Heating Oil  kg/gal   26.00    26.00  (US EIA 2016) 
 Diesel  kg/gal   10.16    10.16  (US EIA 2016) 
 Tier 4F Engine Crane  kg/hr   159.00    159.00  (US EPA 2010) 
 Building Material - Unit Weight  lbs/ft^2   127.00    127.00  See Waste sheet 
 Social Cost of Carbon  CAD/tonne  0.00    19.30   167.00   40.70  (ECC Canada 2016) 
Conventional 

 
   

  

 Waste - Unit Weight  lbs/ft^3   131.39    131.39  See Waste sheet 
 Distances:  

 
   

  

 Site to Supplier  km   15.60    15.60  Kent Building Supplies (10 Stavanger Dr.) 
 Site to Waste Facility  km   19.00    19.00  Robin Hood Bay Facility (340 East White Hills Road) 
 Resources and Equipment Quantity:  

 
   

  

 Electricity - Monthly Unit  kWh/month   10,000.00    10,000.00  Industry Expert Opinion 
 Electricity - Total  kWh     174,787.31  Calculation 
 Telehandler (General)  hr   960.00    960.00  Industry Expert Opinion 
 Truss Crane - 40ft  hr   40.00    40.00  Industry Expert Opinion 
 Scissor Lift  hr   320.00    320.00  Industry Expert Opinion 
 Ventilation Crane  hr   80.00    80.00  Industry Expert Opinion 
 Skid steer  hr   160.00    160.00  Industry Expert Opinion 
 Temp Heat (600BTU - Diesel)  hr   640.00    640.00  Industry Expert Opinion 
 Equipment Emission Rates:  

 
   

  

 Telehandler (General)  kg/hr   58.37    58.37  (US EPA 2010) 
 Truss Crane - 40ft  kg/hr   91.80    91.80  (US EPA 2010) 
 Scissor Lift  kg/hr   12.73    12.73  (US EPA 2010) 
 Ventilation Crane  kg/hr   91.80    91.80  (US EPA 2010) 
 Skid steer  kg/hr   34.91    34.91  (US EPA 2010) 
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 Temp Heat (600BTU - Diesel)  kg/hr   67.10    67.10  (US EPA 2010) 
Modular Delivery  

 
   

  

 Waste - Unit Weight  lbs/ft^3   42.90    42.90  See Waste sheet 
 Distances:  

 
   

  

 Supplier to Factory  km   57.00    57.00  Moncton, NB to Bouctouche, NB 
 Factory to Port  km   503.00    503.00  Bouctouche, NB to Sydney, NS 
 Port to Port  km   520.00    520.00  Sydney, NS to Argentia, NL 
 Port to Site  km   121.00    121.00  Argentia, NL to Site 
 Resources and Equipment Quantity:  

 
   

  

 Electricity  kWh   150,000.00    150,000.00  Actual Results 
 Propane  gal   1,338.70    1,338.70  Actual Results 
 Heating Oil  gal   1,005.40    1,005.40  Actual Results 
 Tier 4F Engine Crane  hr   84.00    84.00  Assumption 
 Barge Fuel Consumption  ton-miles/gal   514.00    514.00  (US DOT 1994) 
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5.3 Health and Safety 
The health and safety criterion is categorised as a monetary criterion. As such, the results can be 
determined with the use of cost-benefit analysis methodologies. 

 Weighting Factor 
20% 

 Sustainable Efficiency Indicator 

𝐵𝐵𝐵𝐵𝐵𝐵𝐺𝐺&𝑆𝑆 =  
(𝐺𝐺&𝑆𝑆𝐿𝐿 − 𝐺𝐺&𝑆𝑆𝑀𝑀)

𝐺𝐺&𝑆𝑆𝐿𝐿
 

Where H&SM are the health and safety social costs of the modular delivery method, and H&SC is 
the health and safety social costs of the conventional delivery method. 

 Methodology 
To determine the health and safety costs, three significant criteria are required. This includes: i) 
the frequency of workplace accidents in the construction process; ii) the severity of each 
individual accident; and iii) the social cost of each accident, by severity.  

The value of each individual accident can vary depending on the methodology selected. For this 
analysis, guidance is sought from the US Department of Transportation’s “Guidance on the 
Economic Value of a Statistical Life” (US DOT 2016). It is recommended that the value of a 
human life range between $5 and $12.3 million, with an expected value of $8.8 million. 
Combined with the published disutility factors (fraction of the value of a statistical life), the social 
cost of a minor, moderate, and severe accident are shown in Table 5.12. 

Table 5.12 - Social Cost of Accidents, by severity 

Accident Severity Disutility Factor Expected Social Cost Range of Social Cost 
Severe 0.0444 $391,430 $220,180 - $546,372 
Moderate 0.0115 $101,384 $57,029 - $141,515 
Minor 0.0055 $48,488 $27,275 - $67,681 

 

5.3.3.1 Conventional Delivery 
Based on the North American Industry Classification System (NAICS), the conventional delivery 
method is assumed to be represented by the NAICS 236210 – Industrial Building and Structure 
Construction. For this analysis, it is assumed that a minor accident is a No Lost Time (NLT) 
claim, a moderate accident is a Lost Time (LT) claim, and a severe accident is a Severe claim. 
The 3-year average accident frequency rates for the conventional delivery method are shown in 
Table 5.13. 

Table 5.13 - Accident Frequency Rates for the Conventional Delivery Method 

Year 
Accident Frequency Rate (accident/100FTE) 

Minor Moderate Severe 
2013 2.00 0.67 1.00 
2014 2.22 1.23 0.49 
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2015 0.96 0.36 0.48 
Average 1.73 0.75 0.66 

 
The total number of full-time employee (FTE) hours required for the construction of the building 
through a conventional delivery method is determined from a US Department of Labor and 
Statistics study done on the construction for commercial office buildings. This study determined 
that the construction of an office building will require (and generate) 7.68 hours of employment 
per $1,000 of building value. It is assumed for this analysis that an office building will 
sufficiently represent the construction of a 2-storey hotel. Based on the cost estimations made in 
section Life-Cycle Costs, this represents a total labor requirement of 43,583 hours. Assuming a 
FTE is equal to a 52-week work year and a 37.5-hour work week, the conventional delivery 
method will generate 21.15 FTE hours of employment. 

Given the accident frequency and severity rates, total quantity of labor hours required, and the 
social cost of each accident type, the total social health and safety costs can be determined with 
Equation [3]. The results for the conventional delivery method are shown in Table 5.15. 

[3] 𝑄𝑄𝑆𝑆𝐵𝐵𝑖𝑖 = 𝐹𝐹𝑖𝑖 ∗ 𝑊𝑊𝐺𝐺 ∗ 𝑉𝑉𝑆𝑆𝑄𝑄 ∗ 𝐷𝐷𝐹𝐹𝑖𝑖 

Where TSCi is the total social cost of accident i, Fi is the frequency rate of accident i, WH is 
total number of worker hours expected, VSL is the value of a statistical life, and DFi is the 
accident disutility factor. 

Table 5.14 - Social Cost of Accidents for the Conventional Delivery Method 

Accident Type 
Accident 

Frequency Rate 
(acc/100FTE) 

Accidents 
Expected 

Accident Social 
Cost ($/acc) 

Total Social Cost 
($) 

Minor 1.73 0.387 $26,264  $10,155.44  
Moderate 0.75 0.168 $411,474  $68,974.81  
Severe 0.66 0.148 $2,328,770  $343,523.90  
   Total  $422,654.15  

 

5.3.3.2 Modular Delivery 
The modular delivery method is assumed to be represented by NAICS 321992 – Prefabricated 
Wood Building Manufacturing. The same assumptions for minor, moderate, and severe accidents 
apply as NLT, LT, and Severe claims. The 3-year average accident frequency rates for the 
modular delivery method are shown in Table 5.15. 

Table 5.15 - Accident Frequency Rates for the Modular Delivery Method 

Year 
Accident Frequency Rate (accident/100FTE) 

Minor Moderate Severe 
2013 5.35 1.78 0.86 
2014 3.69 0.53 0.30 
2015 4.28 1.15 0.49 
Average 4.44 1.15 0.55 
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Actual labor requirements for the modular project delivery totaled 22,268 hours. The total social 
costs for the modular delivery method is shown in Table 5.16. 

Table 5.16 - Social Costs of Accidents for the Conventional Delivery Method 

Accident Type Accident 
Frequency Rate 

(acc/100FTE) 

Accident 
Quantity (acc) 

Accident Social 
Cost (CAD/acc) 

Total Social Cost 
(CAD) 

Minor 4.44 0.51 $26,264 $13,317 
Moderate 1.15 0.24 $411,474 $54,038 
Severe 0.55 0.12 $2,328,770 $146,267 
   Total $213,621 

 

 Results 
Based on the results determined above, and the sustainable efficiency indicator, the sustainable 
efficiency score for the health and safety criterion is determined as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐺𝐺&𝑆𝑆 =  
(𝐺𝐺&𝑆𝑆𝐿𝐿 − 𝐺𝐺&𝑆𝑆𝑀𝑀)

𝐺𝐺&𝑆𝑆𝐿𝐿
=

($422,654 − $213,621)
$422,654

= 0.493 

Additionally, the results of the Monte Carlo simulation indicate a 90% confidence interval 
between 0.460 and 0.542. 
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 Data and Assumptions 
Item Units Minimum Expected Maximum Central Source 
Value of a Statistical Life Million $  5.00   8.80   12.30   8.75  (US DOT 2016) 
Disutility Factors by Injury Severity Level  

     

MAIS 1 - Minor  
 

 0.00  
 

 0.00  (US DOT 2016) 
MAIS 2 - Moderate  

 
 0.05  

 
 0.05  (US DOT 2016) 

MAIS 4 - Severe  
 

 0.27  
 

 0.27  (US DOT 2016) 
Conventional  

     

Accident Frequency  
     

Minor acc/FTE 
 

 0.02  
 

 0.02  Industry Accident Frequency Data - NLT Claim 
Moderate acc/FTE 

 
 0.01  

 
 0.01  Industry Accident Frequency Data - LT Claim 

Severe acc/FTE 
 

 0.01  
 

 0.01  Industry Accident Frequency Data - Severe Claim 
Unit Worker Hours Required hrs/$1000 

 
 7.68  

 
 7.68  (US Department of Labour and Statistics 1982) 

Modular  
     

Accident Frequency  
     

Minor acc/FTE 
 

 0.04  
 

 0.04  Industry Accident Frequency Data - NLT Claim 
Moderate acc/FTE 

 
 0.01  

 
 0.01  Industry Accident Frequency Data - LT Claim 

Severe acc/FTE 
 

 0.01  
 

 0.01  Industry Accident Frequency Data - Severe Claim 
Total Worker Hours Required hrs 

 
 22,268.46  

 
 22,268.46  Actuals 
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5.4 Waste Production 
The waste production criterion is categorised as a non-monetary and quantitative criterion. As 
such, the results can be determined with the use of multi-criteria analysis methodologies and 
evaluator generated sustainable efficiency indicators. 

 Weighting Factor 
20% 

 Sustainable Efficiency Indicator 

𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊 =  
(𝑊𝑊𝐷𝐷𝐿𝐿 −𝑊𝑊𝐷𝐷𝑀𝑀)

𝑊𝑊𝐷𝐷𝐿𝐿
 

Where WPM is the quantity of waste produced from the modular delivery method, and WPC is the 
quantity of waste produced from the conventional delivery method. 

 Methodology 
5.4.3.1 Conventional Delivery 
The quantity of waste generated from the conventional delivery is estimated based on waste 
factors determined by the US Environmental Protection Agency (US EPA) in 2003. For 
residential construction, it was determined that a typical building will generate 4.39 lb/ft2 of 
construction waste, and 127 lb/ft2 of demolition waste. The hotel is 31,003 ft2 which would 
generate a total quantity of waste of roughly 4.1 million pounds.  

5.4.3.2 Modular Delivery 
Based on a case study done by Quale et al. (2012), a modular delivery method will generate 
roughly 17% less construction waste than a conventional delivery. Based on this assumption, the 
modular delivery method will generate 3.66 lb/ft2 of construction waste. Additionally, due to the 
installation and fabrication of modular units, it is much easier to reuse and recycle existing 
modular units and materials rather than perform a complete teardown. For a prefabricated timber 
building, Aye et al. (2012) determined that up to 69.1% of the building materials can be salvaged 
for reuse. Assuming the modular construction building is identical in weight to a conventional 
construction building, the modular delivery method will generate 39.2 lb/ft2 of demolition waste. 
This would generate a total quantity of waste of roughly 1.3 million pounds. 

 Results 
Based on the results determined above, and the sustainable efficiency indicator, the sustainable 
efficiency score for the waste production criterion is determined as: 

𝑄𝑄𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊 =  
(𝑊𝑊𝐷𝐷𝐿𝐿 −𝑊𝑊𝐷𝐷𝑀𝑀)

𝑊𝑊𝐷𝐷𝐿𝐿
=

(4.1 𝑥𝑥 106 𝑙𝑙𝑙𝑙𝑙𝑙 − 1.3 𝑥𝑥 106 𝑙𝑙𝑙𝑙𝑙𝑙) 
4.1 𝑥𝑥 106 𝑙𝑙𝑙𝑙𝑙𝑙

= 0.674 

There was no uncertainty data available for this criterion, therefore the sustainable efficiency 
score is a deterministic value. 
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 Data and Assumptions 
Item Units Minimum Expected Maximum Central Source 
Conventional  

     

Construction Waste lb/ft^2 
 

4.39 
 

4.39 (US EPA 2003) 
Demolition Waste lb/ft^2 

 
127.00 

 
127.00 (US EPA 2003) 

Total Waste - Unit Weight lb/ft^2 
   

131.39 Calculation 
Modular  

     

Construction Waste lb/ft^2 
 

3.66 
 

3.66 (Quale et al. 2012) 
Demolition Waste lb/ft^2 

 
39.24 

 
39.24 (Aye et al. 2012) 

Total Waste - Unit Weight lb/ft^2 
   

42.90 Calculation 
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5.5 Job Creation 
 Weighting Factor 

20% 

 Sustainable Efficiency Indicator 

𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =  
(𝐽𝐽𝐵𝐵𝑀𝑀 − 𝐽𝐽𝐵𝐵𝐿𝐿)

𝐽𝐽𝐵𝐵𝐿𝐿
 

Where JCM is the quantity of worker hours required for the modular delivery method, and JCC is 
the worker hours required for the conventional delivery method. 

 Methodology 
The total number of worker hours required for each delivery method was determined in section 
5.3 Health and Safety. These worker hour totals are shown in Table 5.17. 

Table 5.17 - Total Number of Worker Hours for Each Delivery Method 

Delivery Method Worker Hours Required 
Modular 22,268 
Conventional 43,583 

 

 Results 
Based on the results determined above, and the sustainable efficiency indicator, the sustainable 
efficiency score for the job creation criterion is determined as: 

𝑆𝑆𝑆𝑆𝐽𝐽𝐿𝐿 =  
(𝐽𝐽𝐵𝐵𝑀𝑀 − 𝐽𝐽𝐵𝐵𝐿𝐿)

𝐽𝐽𝐵𝐵𝐿𝐿
=

(43,583 ℎ𝑟𝑟𝑙𝑙 − 43,583 ℎ𝑟𝑟𝑙𝑙)
43,583 ℎ𝑟𝑟𝑙𝑙

= −0.488 

Additionally, the results of the Monte Carlo simulation indicate a 90% confidence interval 
between -0.537 and -0.450. 

 Data and Assumptions 
See section 5.3.5 Data and Assumptions.  
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