
 

 

AN ANALYSIS OF A SUSTAINABILITY MULTI-CRITERIA ANALYSIS TOOL AT 

CONTAMINATED SITES IN THE NORTH. 

 

 

by 

 

 

JODY L. KLASSEN 

 

B.Sc., Dalhousie University, 2003 
 

 

A thesis submitted in partial fulfillment of 

the requirements for the degree of 

 

 

MASTER OF SCIENCE 

in 

ENVIRONMENT AND MANAGEMENT 

 

 

We accept this thesis as conforming 

to the required standard 

 

 

.......................................................... 

Dr. Stephen Grundy, Thesis Supervisor 

Royal Roads University 

 

 

.......................................................... 

Thesis Coordinator 

School of Environment and Sustainability 

 

 

.......................................................... 

Michael-Anne Noble 

School of Environment and Sustainability 

ROYAL ROADS UNIVERSITY 

 

 

 

 

© Jody L. Klassen, 2012 

 



 

 

ii 

 

Abstract 

Sustainable remediation aims to address the legacy of poor past environmental practices 

without further impacting the environment. A sustainable decision support tool is under 

development to guide the selection of sustainable remediation technologies at federal 

contaminated sites such that environmental, social and economic benefits from 

remediation projects are maximized.  The tool has not been assessed for its performance 

in Arctic settings, which represent a significant portion of the federally owned sites.  This 

paper examines the performance of the tool in general terms and is evaluated using four 

case studies to determine if there are differences or difficulties when applying the tool to 

Arctic remediation projects. The tool is a useful communication device for 

collaboratively evaluating sustainability options at contaminated sites, however it is 

found to be insensitive to extreme conditions which are characteristic of Arctic sites, 

biased towards in-situ technologies, and lacking in a key indicator to convey the 

influence of extreme distance which distinguishes most Arctic sites from southern 

counterparts.
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Introduction 

 

Federal contaminated sites are the legacy of poor environmental practices at 

federal lands and institutions. The environmental consequences of these activities were 

not fully understood at the time, but as Canadians have become increasingly aware of the 

environmental risks associated with these practices, action to address these legacy sites 

has been undertaken. A $3.5 billion dollar federal government program to address these 

contaminated sites was initiated in 2005, and renewed with consent from Parliament in 

September 2011. Managing the legacy of federally-owned contaminated properties in 

Canada represents high costs to society via threats to the environment and human health 

as well as to the public tax payers. To date, the Federal Contaminated Sites Action Plan 

(FCSAP) has identified approximately 19000 contaminated sites for which the federal 

government is responsible, and $389 million of public funds have been spent assessing 

and remediating those sites that pose the highest risks to human health and the 

environment (Treasury Board Secretariat of Canada, 2010).  

Contemporary environmental practices focus on the premise of sustainability and 

achievement of the ‘triple bottom line’ or ‘three-pillars’ paradigm of economic, social 

and environmental optimization. Overall, the remediation of contaminated sites supports 

the goal of sustainable development by helping to conserve land as a resource, reducing 

risks to human health and the environment, preventing the spread of pollution to air, soil 

and water, and reducing the pressure for development on greenfield sites.  However, 

remediation activities themselves have their own environmental, social and economic 

impacts that are currently not thoroughly considered in federally funded remediation 

projects. This shortcoming has been identified by the FCSAP program and as part of its 
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new ‘Sustainability Policy’ the FCSAP program at Environment Canada has committed 

to adopting a framework and developing tools and training to assist the land managers 

(referred to as ‘custodians’) with more sustainable decision-making at federal 

contaminated sites remediation projects (Pers. comm., Chantale Cote, September 9, 

2010). This is also in keeping with the government’s consultation paper, “Planning for a 

Sustainable Future: A Federal Sustainable Development Strategy for Canada” 

(Environment Canada, 2010). Furthermore, the recent Federal Sustainable Development 

Act (2008) requires federal departments to develop a Sustainability Strategy, a recognized 

component of which is ‘greener’ management of the buildings and assets that are owned 

by the Crown. The Act echoes policies that have been brought into force in the United 

States as well, Executive Orders published by the Environmental Protection Agency 

(EPA) state that “federal agencies…conduct their environmental…and energy-related 

activities…in an environmentally, economically and fiscally sound, integrated, 

continuously improving, efficient and sustainable manner” (EPA, 2002). Therefore the 

need for sustainable approaches for remediation projects is growing at many 

organizations and levels of government (Volkwein, Hurtig and Klöpffer, 1999; 

Sustainable Remediation Forum (SURF), 2009). The forefront of these activities in 

Canada centre around the development of a multi-criteria decision analysis tool, the 

Sustainable Decision Support Tool (herein referred to as the ‘SDST’ or ‘the tool’) that 

will enable federal site owners to select site management options that optimize 

sustainability, which is defined by the Sustainable Remediation Forum as: 

“… the practice of demonstrating, in terms of environmental, economic and social 

indicators, that the benefit of undertaking remediation is greater than its impact and that 
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the optimum remediation solution is selected through the use of a balanced decision-

making process (SURF, 2009).” 

The term ‘sustainability’ has been widely used since its inception from the 

Brundtland Commission’s publication of “Our Common Future” (1987), and while it is 

accepted that the triple-bottom-line definition captures the intent of sustainable 

development, within this definition there is an underlying recognition that there are 

limitations imposed by the state of technology and social organization on the 

environment's ability to meet present and future needs, particularly as they impact the 

future needs of certain segments of the Canadian populace (e.g., aboriginal communities, 

those that depend on subsistence living which may be impaired by contaminated sites). 

To that end, it is important to determine whether the SDST adequately evaluates 

contaminated sites remediation within the context of the Brundtland definition, focusing 

on 'need' and 'limitations'.  

Arctic and Remote Considerations 

Defining what is ‘right’ or ‘best’ for a site depends heavily on the desired end 

points for each project, which in turn depend on the land use requirements and needs of 

the people who use that land. Remote northern (Arctic and Subarctic) Canadian 

communities have uniquely different land use needs than urban southern communities 

based on the continued practice of subsistence living. In addition, because the tool 

incorporates Life Cycle Analysis (LCA) modules based on categories of greenhouse gas 

emissions, energy and water use, and waste, some remediation techniques may be 

determined to be consistently poor in the environmental scope. Remediation projects 

undertaken in remote settings require more up-front costs in terms of fuel consumption, 
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and the life cycle assessment of these projects may not yield net benefits when each of 

the three tiers of sustainability are considered (Sanscartier , Margni, Reimer and Zeeb, 

2010). It is important to consider what, if any social or economic benefits may balance 

the sustainability equation, or possibly to acknowledge that balance is unachievable, but 

policy dictates that site clean-up still occur. 

There are many factors that merit exploration in the topic of ‘what makes remote 

northern contaminated sites unique’ relative to urban and southern sites. Remote sites by 

definition do not typically represent high exposure risks to human receptors; exposure 

scenarios in Human Health Risk Assessments (HHRAs) are often based on limited 

duration land uses during hunting or recreational visits. On the other hand Arctic food 

webs are less complex by virtue of being shorter and less branched than typical food 

webs (Van der Wal and Hessen, 2009). Therefore, ecological receptors may be more 

sensitive to contaminants and disruptions in linear food webs may impair feeding for top 

predators including human communities that depend to a greater extent on local foods for 

sustenance. Before the tool can be confidently applied in northern settings it must be 

ensured that the impact of features unique to the north can be accurately reflected in its 

decision framework. 

Sustainable Decision Support Tool 

Environment Canada and Public Works and Government Services Canada have 

commissioned the development of the SDST from Golder and Associates, as it is based 

on the Golder Sustainable Evaluation Tool (GoldSET), which is a model that was also 

developed for a similar purpose at Canadian National (CN) Railyards (Noël-de-Tilly et 

al., 2010). The tool encompasses qualitative and quantitative inputs and is partially based 
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on simplified life cycle analyses, at least for some of the incorporated remediation 

technologies. Like all models, the tool can be weighted on various inputs and provides 

the opportunity to tailor scoring and weighting factors for each proposed remedial option. 

The original application of the GoldSET multi-criteria analysis tool for railyards signifies 

its likely partiality towards southern Canadian land uses, therefore the SDST adaptation 

of GoldSET is evaluated particularly with regard for aspects that should function in the 

Arctic as well as in the south. 

The objective of this study is to critically evaluate the SDST and identify potential 

factors that are more or less sensitive and more or less applicable to overall site 

management decisions, with a focus on northern remediation projects. Early 

experimentation with the tool revealed that it depends heavily on user-defined inputs, and 

so custodian use of the tool also is evaluated to determine how operator-induced value-

based judgments may affect the outcome of the tool and consequently conditions or 

limitations for its use. 

It is recognized that the tool requires sensitivity analysis before it can be used to 

assess the sustainability of remediation projects on federal contaminated sites, and there 

may be limiting factors to the tool’s application in real settings.  A case study approach is 

used to compare remediation alternatives using the SDST, which is useful for testing 

theoretical models by ‘ground-truthing’ them in real world settings, and is appropriate for 

interpreting broader outcomes that are generated from matrices with multiple variables, 

which is an apt description of the SDST (Shuttleworth, 2008). 

 An emphasis by some organizations on “green remediation”, which is intended to 

“maximize net environmental benefits” (EPA (Environmental Protection Agency), 2009) 
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at remediation projects is predominant in the field of sustainable remediation, however 

maximizing environmental benefits emphasizes only one pillar of the three-tiered 

sustainability approach.  Therefore, using the SDST, the economic and social indicators 

are given equal consideration and the net results are discussed. The use of “innovative 

remediation” technologies is one category in the SDST, and so a discussion on the 

benefits and drawbacks of improving environmental aspects at the neglect of social and 

economic indicators is also included.  

Contaminated sites are evaluated using the SDST, and elements that are identified 

as being uniquely important in a remote, northern setting are adjusted with the model to 

test sensitivities and identify indicators that most influence the sustainability outcomes in 

northern areas. The results of this project will serve to critically evaluate the SDST while 

hopefully identifying northern specific adjustments that will enable the FCSAP program 

to made contaminated sites management decisions that accurately consider the 

consequences of actions that will extend beyond the life of the FCSAP program. 

Results from the research will contribute to ongoing refinement of the Sustainable 

Decision Support Tool and may be used to benefit other sustainability assessment and life 

cycle assessment frameworks. Organizations in the U.S., Europe and Canada are all 

working to develop policies and metrics that will best inform remediation decision 

making (SURF, 2009; Environmental Protection Agency (EPA), 2009; 

www.clarinet.at/contaminated-land-rehabilitation). If the tool is proven to be applicable 

in the way intended, it will contribute to effective informed sustainable decision making 

at sites in Canada and internationally. This contribution therefore has significant cost 

saving implications, for example if the tool indicates that remediation is not warranted, 
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and efforts to clean contaminated soil will be directed to where they are most likely to 

improve human health and ecological conditions. In addition, although the tool is 

intended to simply ‘enable’ informed decision making, its use still presents the likelihood 

that it may serve as the primary consideration on federal remediation decisions; This 

reliance compels rigorous validation and testing of the tool to ensure its adequacy in 

meeting the stated objectives, or possibly to make policy decisions that require 

environmental clean-up even in scenarios where the tool indicates less than an ideally-

balanced triple-bottom-line. 

  



8 

 

 

Literature Review 

Sustainability Frameworks 

Platforms for integrating sustainability into remediation projects have surfaced in 

Europe, Great Britain, and the United States, and Canada formed its own Sustainable 

Remediation Forum (SURF) chapter in 2011, noting their mission is to “…give 

systematic consideration to the three dimensions of sustainability (social, economic and 

environmental), in decision-making about rehabilitation of and management of 

contaminated sites” (SURF, 2011). 

The Network for Industrially Contaminated Land in Europe (NICOLE) published 

a ‘Road Map for Sustainable Remediation’ which emphasizes early consideration of 

sustainability in the assessment phase, and describes a method called “sustainability 

assessment” which is a process map that incorporates ‘thinking’ about sustainable 

remediation at several steps in the project design phase. Although the NICOLE roadmap 

is a self-described “tool”, it is appropriate to differentiate between what is really an 

approach or methodology to incorporate sustainable thinking into remediation practices 

from practical ‘tools’ which implies a ranking or quantitative evaluation. The NICOLE 

process is the former, whereas the SDST is the latter. The NICOLE organization 

describes itself as focused on promoting cooperation between industry and academia to 

develop new sustainable technologies (2008). In Great Britain, the SURF-UK chapter is 

lead by CL:AIRE (Contaminated Land: Applications in Real Environments), which is 

focused on sustainable clean-up activities driven by the desire to re-develop brownfield 

properties, which is not as significant a driver in the federal contaminated sites program.  
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In 2008, the US EPA published a document describing the incorporation of best 

management practices, including sustainable practices which include waste minimization 

and management, and remediation practices that re-use materials and reduce energy 

flows. The Interstate Regulatory Council (ITRC) also endorses sustainable practices in 

remediation, and have done extensive research into the practical remediation of 

particularly challenging contaminants such as solvents that form dense non-aqueous 

phase liquids (DNAPL) (2007). The ITRC has even went as far as to argue that 

remediation projects driven by perceived risks to human health may in fact pose a worse 

risk to workers completing the remediation projects than to the hypothetical receptors, 

usually toddlers assumed to be ingesting soil, they aim to protect (ITRC 2008 in SURF 

2009; Cohen, Beck and Rudel, 1997). In 2009, the Sustainable Remediation Forum 

(SURF) in the US released a white paper which broadly covers the topics of life cycle 

assessment, sustainable remediation, green remediation, source zone depletion efficacy 

and current regulatory standards that either direct or imply incorporation of sustainable 

practices in remediation. The white paper is an excellent review of the state of practice in 

sustainable remediation up to the date of its publication and it specifically lists four ways 

in which LCA can be applied in remediation: (1) to provide benchmarking for existing 

systems, (2) to identify retrospectively opportunities to decrease impacts in future 

cleanups, (3) to identify retrospectively where specific improvements would be most 

advantageous, and (4) to compare different remediation options during the technology 

selection process (2009). The SURF paper also echoes the message presented by 

Volkwein et al., in 1999: that life-cycle thinking helps remediation professionals 

recognize how remediation options may represent impacts beyond the immediate scope 
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of a contaminated site, and provide a means to begin accounting for externalities which 

must be balanced to provide trade-offs between environmental, economic and social 

concerns.  

Life Cycle Assessment at Contaminated Sites 

Life Cycle Assessment (LCA) is not strictly speaking equivalent to sustainable 

remediation, but it did establish a proto-form of sustainable thinking for remediation 

projects, and still forms the basis of the environmental pillar for most sustainability 

frameworks and multi-criteria analysis tools including the SDST. LCA gained 

momentum in the 1990’s as a quantitative practice to predict or describe environmental 

impacts of production. Future sustainable remediation concepts grew out of these early 

efforts to evaluate remediation projects with the premise of life cycle assessment (LCA).  

LCA can be generally defined as assessing any project or undertaking’s impact on 

the environment at all steps, although early LCAs focused on the impacts from products, 

not environmental projects or remediation. Sometimes called the ‘cradle to grave 

approach’, LCA endeavors to identify the flow of materials and energy and incorporate 

them into an overall assessment of a product or project’s environmental impact. The LCA 

process is codified in several guidance documents and Standards, notably the 

International Organization for Standardization [ISO] 14040 series, and is typically 

defined by four general steps: 

1. Define the goal of the LCA and establish the scope to determine what is 

included and excluded from the analysis. 
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2. Conduct an inventory analysis, which involves gathering and 

quantifying the inputs and outputs for a given product / project through its 

life-cycle. 

3. Perform a life-cycle impact assessment, which tries to evaluate the 

magnitude of potential impacts. This phase may also include classifying or 

grouping the inventory data into categories, using models to further 

quantify the data and applying valuation techniques. 

4. Interpretation, where the findings of either the inventory analysis or the 

impact assessment, or both, are combined in line with the defined goal and 

scope. 

Adapted from Finnveden and Eckvall, 1998 

Outcomes are referred to as ‘functional units’ in the parlance of LCA and a key 

consideration is that step 1 requires practitioners to define what is required from the LCA 

at the outset, for instance “energy required” or “materials used”. In their 1999 study, 

Volkewein, Hurtig and Klopffer defined the functional unit as “addressing risk at the 

site” which meant achieving a pre-determined level of acceptable risk by remediation. 

This idea was expanded upon by Pollard et al. who introduced the concept of combining 

risk assessment with economic considerations and later by David Sanscartier who has 

identified the combination of risk assessment with LCA as a field that would benefit from 

more research (2010). The concept of knowing what one wants to achieve at the outset of 

analysis is also relevant to using the SDST. The ‘Site Description’ tab (1.1) of the tool 

requests the user to identify the remediation objectives, although there is no clear 

indicator that shows to what extent the proposed alternatives achieve the stated goal. 
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Of course the true value in conducting a Life Cycle Analysis is to use it to 

compare amongst possible alternatives in order to select the least environmentally 

damaging (presuming that reduced impact is the desired functional unit). However in 

practice, using LCA to compare between alternatives can be a difficult exercise, and 

some of the literature on the topic focuses on attempts to show how differing LCAs can 

result in different outcomes even when comparing the same alternatives. 

Finnveden and Eckvall describe this challenge and other pitfalls in LCA by 

exploring a case study comparing the impact of recycling vs. incineration of paper in 12 

papers on the topic. They found that reproducibility of LCAs can be inaccurate when not 

all relevant impacts are considered consistently amongst analyses, and because similar 

functional outcomes between analyses are necessary to generate comparable options. e.g., 

a landfill’s end purpose is to treat solid waste, whereas a solid waste treatment facility 

may burn the waste while producing secondary benefits like electricity or heat – therefore 

it is difficult to compare the two endpoints because they have different functional units. 

Finnveden and Eckvall also point out the problem of ‘allocation’ in LCA that can 

be addressed by expanding the scope of the LCA to include ‘empty boxes’ on one side of 

the equation to represent components that are not featured in one of the alternatives. 

When both alternatives are summed up, the empty box introduces a negative value to the 

comparison which places the two alternatives on a more even playing field. Some (but 

not all) of the remediation methods in the SDST are based on the results of LCA studies, 

and if LCAs are developed for more remedial options the scope and allocation balancing 

will be important attributes of the LCA that should be considered. 
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The seminal paper that applied life cycle assessment to remediation was 

developed by Diamond for use by the Ontario Ministry of the Environment in 1998. The 

paper did not evaluate actual remediation projects, but served as a feasibility study to 

demonstrate LCA’s potential application in the context of remediation. Early applications 

of LCA to environmental projects in the late 1990s centered around making clean-up 

projects economically ‘efficient’ which falls short of current interpretations of 

sustainability (Diamond, Page, Campbell and McKenna, 1998). Diamond applied a 

qualitative life cycle management (LCM) process alongside the quantitative LCA, which 

introduced the first effort to evaluate both economic efficiency and social and 

overarching environmental impacts from remediation projects. This combined ‘LCA 

Framework’ paved the way for what would eventually become multi-criteria analysis 

tools such as sustainability frameworks. Building on the LCA Framework presented by 

Diamond et al., Page, Diamond, Campbell and McKenna used the method on a case study 

site for soil contaminated with lead (1999). The study demonstrated that land used in the 

clean-up exceeded land gained (excavated + borrowed fill vs. land returned to valuable 

use) bolstering the argument that because the goal of remedial activity is to improve the 

quality of the environment, the impacts of such activities should be considered. In the 

following decade, the evaluation of the environmental effectiveness of a remediation 

technology with LCA was applied in a handful of case studies that are well described by 

Suer, Nilsson-Paledal and Norrman, (2004); Diamond et al., (1999) ; Page et al., (1999); 

Volkwein et al., (1999); Blanc, Métivier-Pignon, Gourdon,  and Rousseaux, (2004); 

Toffoletto, Deschenes, and Samson, (2005); and Cadotte, Deschenes and Samson, (2007). 

The 1999 Volkwein paper which integrated LCA for contaminated sites with the 
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application of pre-determined site specific target levels (SSTLs) that were derived from 

risk assessment is widely cited on the topic. In this paper environmental impacts are 

classified as “secondary impacts”, categorizing ‘primary impacts’ as those from the 

contamination itself. A former wood treating facility in Germany was evaluated to 

describe if evaluated remedial options meet the “functional unit” of addressing the risk at 

the site. The LCA process was streamlined in this paper by applying generalizations for 

inputs in the process, e.g., the emissions from certain equipment. The alternatives 

examined by Volkwein et al., were excavation and on site disposal, capping, and 

decontamination (in-situ). The LCA included many unit processes such as processing soil 

materials, transportation, excavation, mobilization/demobilization etc. that were all 

expressed as volume of materials used (m
3
), or where appropriate as distance (km). A 

social aspect was also expressed in this study, in that noise, toxicity, and odour were 

applied in the LCA and energy was noted as being particularly aligned with global 

pollution issues. Interestingly, the LCA defined the metrics that would be applied to each 

category of impact, e.g., “land used”, “total emissions of toxic emissions”, and “radiative 

forcing” as a metric of global warning.  

Although life cycle assessment at contaminated sites has been well described in 

literature, the topic has not been widely explored for Arctic settings. In 2009, David 

Sanscartier completed the first LCA for a hydrocarbon remediation project in the arctic as 

part of his doctoral dissertation and a subsequent publication on the same topic in 2011. 

The findings of this research validated that local environmental gain from remediation 

projects should be balanced with global environmental concerns, specifying climate 

change, because the largest single contributor to un-sustainability was the generation of 
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greenhouse gases due to transportation and consumption of diesel. This represents an 

important paradigm shift, or perhaps an extreme example of the ‘not-in-my-backyard’ 

phenomenon. By endeavoring to remove local contamination that is dissatisfactory to 

community members, excessive production of greenhouse gases from the remediation 

activities may contribute to an impact which is experienced globally, e.g., climate 

change, and which is noted to be of particular concern to people living in Canada’s north 

(Berkes and Jolly, 2001). 

Life cycle assessment cannot be considered equivalent to sustainability studies 

however, because LCA is focused on understanding the external environmental ‘costs’ 

that are usually overlooked in remediation planning. Sanscartier does point out the 

potential to improve remediation planning by combining risk assessment and subsequent 

life cycle analysis of selected remediation options. In this manner, cleaning up to site 

specific target levels (SSTLs) or demonstrating no risk to receptors, remediation costs 

may be reduced and the LCA can inform remediation planning based on least global 

environmental costs.  

The results for the particular remedial options aside, authors like Volkwein et al. 

and Sanscartier et al. acknowledge that software alone is incapable of making a decision; 

it is only able to present a culmination of the available data permitting the remediation 

planner to weigh the pros and cons of each option. In the Volkwein paper, the evaluation 

incorporated a pre-determination of clean-up and so it didn’t evaluate the option to do 

nothing, or to allow monitored natural attenuation. This is an important distinction raised 

by the US Sustainable Remediation forum (SURF) White Paper, which is that the most 

environmentally conservative approach for remediation may in fact be not to remediate 
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(2009). The goal of any remediation project is described as “to remediate the site to an 

acceptable predetermined risk level over the short term” (Volkwein et al., 1999; Blanc et 

al., 2004), however if it can be pre-determined that doing nothing is the most acceptable 

risk by virtue of global or national vs. local impacts, benefits to the environment may 

accrue over the long term. 

  Cost benefit analyses (CBA) have also used to analyze remediation projects 

(Rosen, Hurtig and Klöpffer, 1999). The basic CBA approach is described by Rosen et 

al., 1) define the possible remediation alternatives and define the steps where the costs 

and benefits are apparent; 2) summarize costs and benefits and assign ‘value’ to the 

importance of each factor “in qualitative terms” 3) calculate value of costs and benefits 

quantitatively – starting with the most important factors identified in step 2. For factors 

that aren’t reasonably quantifiable, retain qualitative value from step 2. 4) all costs and 

benefits are summed and an interpretation is made concerning the best outcome. Using 

this approach at two case study sites, the Rosen et al. study showed the usefulness and 

limitations of CBA in sustainable remediation. It could be argued that the CBA itself did 

not go far enough in quantifying, even with qualitative inputs, all the externalities of 

remediation. Even in cases where the attempt is made to determine the value of 

environmental inputs using various approaches (hedonistic, ecosystem goods and 

services) there were still many qualitative entities that can’t be handled in CBA. Also, 

scoping in CBA can be particularly difficult. However, CBA work on the topic does 

demonstrate how a well-known methodology can be incorporated into multi-criteria 

analysis tools like the SDST. 
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Multi-criteria Analysis Tools 

Combining LCA frameworks with CBA and other social criteria has now led to 

the development of novel multi-criteria analysis tools like the SDST. Three models of 

multi-criteria analysis tools are described in a critical review by Linkov et al. (2005). 

Optimization models generate scores amongst individual criteria and aggregate them by 

averaging or weighting. These models function best when objectives are narrow in scope, 

and easily quantifiable to better enable aggregation. Goal aspiration models establish a 

minimum performance objective and work towards achieving that goal in each criterion 

by attempting to minimize shortfalls without regard to surpassing the target. Goal 

aspiration models are most useful when it is impossible to satisfy all criteria at once. 

Outranking models establish a preference for one or more alternatives based on the one 

which performs best in the majority of criteria.  

In Sweden, an initiative lead by the University of Umea called “SNOWMAN” has 

undertaken a program of study dedicated to multi-criteria analysis tools related to 

remediation (Back et al., 2009; Burgknut, 2010). The SNOWMAN multi-criteria analysis 

projects are evaluating a similar tool as the SDST although with economic metrics 

focused on the ecosystem goods and services provided from soil and with an as yet 

undisclosed net evaluation of sustainability. Soil function is well described in EU 

environmental guidance as an important contributor and indicator of environmental 

health, and Burgknut’s work in particular is looking at a novel approach of using soil 

function as a key metric in sustainability MCAs. As some aspects of soil function cannot 

be easily quantified in monetary terms, MCA may offer a complementary approach in 

comparison to cost-benefit analysis. This study also describes the European qualification 
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of ‘secondary’ environmental effects which include: area of rehabilitated land; mass of 

treated contaminants recovered; mass or volume of remediated soil and/or groundwater; 

energy and water consumption; waste generation; CO2 emissions; 

Under the auspices of the SNOWMAN initiative, a general matrix tool for 

decision making is described which features an ordinal ranking system of -2 to +2 for 

negative to positive effects (probable, possible, neutral, possible, probable). This scoring 

system is interesting in that higher scores (negative or positive) are assigned for more 

likely (probable) scenarios vs. possible (theoretical) ones. Also, the authors have defined 

“strong” and “weak” sustainability. Weak sustainability is defined as work in which “no 

form of capital reduction (natural capital, human or man-made)” is achieved and “the 

sum of all forms of capital does not decrease over time” (Pars-Erik et al., 2010). In other 

words, strong sustainability dictates that a reduction in one form of capital cannot be 

compensated for by an increase in another, as there is no net reduction. The work being 

undertaken with the matrix by SNOWMAN uses sustainability calculations (indexes) to 

compare alternatives, and is specifically focused on identifying alternatives which meet 

the ‘strong sustainability’ criteria. This project is lead by the SNOWMAN network, and 

its work is just underway. Mr. Burgknut is the coordinator of the SNOWMAN Multi-

Criteria-Analysis (MCA) work that is lead out of Umea University in Sweden. The aim 

of the project is to demonstrate the use of multi-criteria analysis (MCA) in evaluating 

management and remediation alternatives to access their overall impact, with focus on 

soil function (ecosystem services and goods) and sustainability.  
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The US Airforce Centre for Engineering and the Environment (ACFEE) has also 

developed a multi-criteria analysis software, the “Sustainable Remediation Tool” (SRT), 

that is publicly available for evaluating remediation technologies based on the following 

sustainability metrics: carbon dioxide emissions; nitrogen and sulfur oxide emissions, 

particulate matter <10 microns (PM 10), total energy consumed, change in the resource 

service, technology cost and safety / accident risks 

(http://www.afcee.af.mil/resources/technologytransfer/programsandinitiatives/sustainable

remediation/srt/index.asp). It is notable that these sustainability metrics are primarily 

based on air quality indicators and costs (both of energy consumption and the technology 

itself). The only social metric that is comparable to the Sustainable Decision Support 

Tool is the safety/accident risk; other social indicators such as cultural heritage, 

employment benefits, and the federal government’s image are not incorporated into the 

SRT, which arguably questions the underlying definition of what constitutes the notion of 

‘sustainability’ by the Air Force.  

The SRT may be used to evaluate amongst 3 soil and 5 groundwater treatment 

options, and the results can be expressed by CO2 emissions, energy use, economic costs, 

safety/accident risks, or as a normalized function of all these metrics expressed in US 

dollars (2008 value) that are based on equivalent tonnes of CO2 emissions, priced on the 

Chicago Climate Exchange. This feature of the SRT provides a useful metric to compare 

amongst alternatives, as dollar values are readily understood by the public. The SRT 

platform is based on a tiered approach, which can be used as a “crude…order of 

magnitude” calculator based on generic rule of thumb assumptions (Tier 1), or adapted to 

site-specific conditions (Tier 2). The latter requires extensive knowledge about the site, as 
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a minimum of 102, and up to 574 input variables may be adjusted. The SRT draws 

heavily from the LCA approach (ACFEE, 2010), and because of this, the number of 

remediation options is limited compared to both the GoldSET and SDST. The LCA data 

available from the AFCEE Sustainable Remediation Tool was incorporated by Golder 

Associates and Public Works and Government Services into the Canadian Sustainable 

Decision Support Tool.  More LCAs are to be added to the SDST as they are made 

available from the Airforce. 

Pollard et al. also attempted an earlier integration of risk assessment with 

financial analysis for evaluating remediation in a decision-based setting. Their work 

presents arguments for and against the use of ‘tools’ or decision-making frameworks in 

general. In the negative, the incremental costs associated with completing sustainability 

assessments (like the SDST) may be wasteful when viewed in terms of the final outcome 

which some may say would have been arrived at anyway via professional judgment 

(2003). This is may be a fair argument where the SDST is concerned, as custodians in the 

FCSAP program are assigned the responsibility for completing templates and tools 

provided to them by the program Secretariat, and creating an unnecessary burden and 

cost to custodians is not a desired outcome. However, it can also be argued (as by Pollard 

et al., 2003) that structured analysis can improve consistency and provide transparency to 

the decision making process, which is of fundamental importance in a program like 

FCSAP where public dollars are spent on remediation projects. Also, concerned 

stakeholders should accept the remedial decision if any project is to be considered 

‘successful’. Pollard’s research finds that technically-driven decisions made in isolation 

for the environment are simply not acceptable to most stakeholders (2003). Interfaces for 
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integrated risk and financial tools need to be ‘user-friendly’, and they can and should be 

tiered via ‘screening levels’ to accommodate more or less complex projects. The practice 

of using sustainability matrices, frameworks and tools remains relatively new, so 

integrating life cycle thinking into regulations and policy will likely define the next phase 

of sustainable remediation. 

Northern and Arctic Contaminated Sites 

The phrase “Northern contaminated sites” should be clarified to explain what 

distinguishes them from other contaminated sites in Canada. “Northern” refers to sites 

above the 60th parallel, e.g., in Nunavut, the Northwest Territories or the Yukon 

Territory, and the term ‘Northern’ and ‘Arctic’ may be interchanged although they are 

not synonymous. Federal contaminated sites in the jurisdictions of the Northwest 

Territories and Nunavut occur in the Northern Arctic, Southern Arctic, Taiga Shield and 

Taiga Plains ecozones, as shown in Figure 1. (Canadian Biodiversity Web Site, accessed 

October 26, 2011). 
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Figure 1: Map of federal contaminated sites in Nunavut and the Northwest Territories overlaid with 

ecozones.
1
 

 

Accordingly, the aspects used herein to distinguish Northern contaminated sites 

are as follows: 1) they are north of the 60th parallel and are remote from large cities 

which may supply materials and human resources; and, 2) they are either partially or 

continuously subject to permafrost conditions and cold climates. Although temperatures 

may have a large range -especially in more southern latitudes- generally there is a cold 

climate with short operating seasons and winter lows that often exceed -30°C (National 

Snow and Ice Data Center, accessed October 26, 2011); and 3) they are sparsely 

populated, but with a high proportion of indigenous peoples, who rely to a large extent on 

subsistence from their surrounding environment.

                                                           

Footnotes 
1
 Treasury Board Secretariat of Canada (2011). [Inset map image] Federal Contaminated Sites Inventory. 

Reproduced with the permission of the Minister of Public Works and Government Services of Canada, 

2013. Retrieved from https://map-carte.tbs-sct.gc.ca/map-carte/fcsi-rscf/map-carte.aspx?Language=EN 
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Distance From Large, Urban Centers 

The population of the territories is relatively small and widely dispersed. The 

bureau of statistics considers there to be 6 “medium to large” communities in NWT and 

there are 2 ‘large’ centres in Nunavut (Iqaluit and Rankin Inlet). Even contaminated sites 

in medium communities (1000 people)  have to ship waste to larger centers like Inuvik, 

and only if the community landfill accepts the waste. The issue of shipping waste from 

contaminated sites is a recognized challenge; the Abandoned Military Sites Remediation 

Protocol (Indian and Northern Affairs Canada, 2009) requires construction of on-site 

landfills for non-hazardous waste, and most papers related to landfarm or biodegradation 

studies emphasize the cost and logistical considerations of remediation projects in remote 

settings. Coastal sites may be accessed by barging, and remediation projects may be 

dependent on winter roads where they are available. In many other cases, access by air is 

the only feasible option, and the expense and mobilization challenges are compounded 

when sites do not have an operable runway and helicopter access is the only remaining 

option. The logistical challenges to access and work in Northern contaminated sites 

cannot be understated as a significant driver for remediation technology selection. 

Permafrost and Cold Climates 

Permafrost is defined as subsurface soil, sediment or rock having a temperature 

persistently below 0°C for a period of at least two years (Van Stempvoort and Biggar, 

2007; Aislabe, Balks, Foght and Waterhouse, 2004). Contaminant migration in 

permafrost settings is extremely difficult to predict and solid frozen ground can be as 

hard as rock (Kopczynski, Lawson, Arcone and Snyder, 2003; Ikawun, Biggar, Van 



24 

 

 

Stempvoort, Bickerton, and Voralek, 2008). Permafrost must be considered from a 

geotechnical perspective because periodic melting can introduce failures on engineered 

structures including landfills, and excavation in permafrost regions can increase melting 

in the surrounding strata that can lead to slumping, altered melt-water flows and further 

mobilization of contaminants (Aislabe et al., 2004). 

Due to logistic challenges in the North, bioremediation (in-situ and ex-situ) 

research has been emphasized over the last decade. However, there is debate concerning 

whether bioremediation approaches are suitable options for cold climate sites because of 

low temperatures (Mohn, Radziminski, Fortin and Reimer, 2001). A recent study by 

Rike, Huagen, Borrensen, Engene and Kolstad (2003) indicated that some hydrocarbon 

degradation does occur within seasonally frozen ground (emphasis added). And several 

papers on cold climate bio-remediation have validated the premise that in-situ 

degradation of PHCs can be effective in addressing contamination with and without 

resident, cold-adapted microorganisms, (Rike et al., 2003; Margesin and Schinner, 1999; 

Filler et al., 2006). The addition of nutrients (sometimes called ‘biostimulation’) 

(Braddock, Ruth and Catteral, 1997) or bioaugmentation by inoculating soils with 

microbes (Mohn et al., 2001) can improve natural attenuation, and bioventing and 

landfarming to increase temperatures and soil turn-over also improve the efficacy of on-

site soil treatment. Stempvoort and Biggar (2007) published a comprehensive review on 

the topic concluding that in-situ bioremediation may be feasible for sites with continuous 

permafrost -and notably, in groundwater (Billowits, Whyte, Ramsay, Greer and 

Nahir,1999; Braddock et al., 2001; Bickerton, Van Stempvoort and Millar, 2005)- with 

limitations. Besides temperature, many site-specific factors may influence 
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biodegradation, such as the presence of a hydrocarbon-degrading microbial population, 

the chemical composition of the hydrocarbon (because hydrocarbon fractions with an 

equivalent carbon number of 16 to 34, in aliphatic or aromatic structures, remain 

recalcitrant to bioremediation), the availability of oxygen or other electron acceptors, 

nutrient supply, presence of toxic or inhibiting chemicals such as metals, and 

characteristics of the soil. Reaction kinetics dictate that reaction rates generally decrease 

by half for every 10 degree temperature reduction (Clark, 2002). Temperature is therefore 

not necessarily a limiting factor in bioremediation (Lovley and Coates, 1997; Weidemeier 

et al., 1996), but it is still a challenge. Microbial degradation of hydrocarbons does tend 

to be slower under cold conditions, and is typically negligible under completely frozen 

conditions. Slow recoveries may however be acceptable at some sites, if risks to receptors 

are not a driving consideration. In other cases, applying heat, nutrients and aeration may 

be required. 

Indigenous People and Subsistence Living 

A large survey in all 7 countries with Arctic regions found that a combination of 

traditional activities and cash employment is the prevalent lifestyle in Arctic indigenous 

peoples, and that well-being is closely tied to job opportunities and locally available fish 

and game (Kruse et al., 2009). This lifestyle has been noted to be in decline in some 

communities, although its function as a strong cultural identifier remains (Condon, 

Collings and Wenzel, 1995; Freeman, 1997; Ford, Smit and Wandel, 2006). Also, 

increasing difficulties associated with climate change (reduced access to hunting areas, 

thinner ice along floe-edges, muddier inland trails, etc.) have been noted which may 

make subsistence hunting more difficult for future generations (Ford et al., 2006).  
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Although some contaminants, particularly chlorinated and persistent organic 

pollutants, are known to accumulate in fatty tissue of animals that are harvested by 

people in the Arctic (Muir et al., 2005), petroleum hydrocarbons (PHCs) are not 

considered bioaccumulative, and direct uptake of PHCs via higher trophic organisms to 

humans has not been demonstrated. Impacts to subsistence living from PHC 

contamination may be attributable to secondary impacts on harvested animals and fish, 

for example: vegetation impairment for grazing animals, impacts to benthic communities 

that may lead to reduced fish populations, etc., however evidence of weathered PHCs 

having direct or indirect impacts to food resources is not available in the literature. Food 

security and subsistence hunting is therefore not a primary driver for remediation in the 

arctic on exclusively PHC-contaminated sites. 

Model validation and verification 

Verification of a model involves testing that the model performs as intended via 

proper algorithms and programming that is free of bugs or oversights. Model validation is 

the process that ensures the model meets its intended goal by accurately providing 

information that is desired of it (Macal, 2005). The SDST has not undergone model 

verification or validation by its developers; model validation is at least part of the 

intended outcome of this thesis. Charles Macal has provided a succinct summary of 

model verification and validation methods, and concluded that model validation is in 

practice, an attempt or several attempts to invalidate the model. A similar approach is 

undertaken here to evaluate whether the SDST model is suited to application at arctic 

contaminated sites. However, there are many aspects of the tool that are meant to 

facilitate the decision making process, and it is difficult to establish the ‘rightness’ of a 
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decision because it will inevitably be compared against differing, biased viewpoints about 

what kind of outcome is ‘right’. If your view is that contamination is a harmful 

environmental legacy that must be removed as soon as possible, your view of the right 

decision may be different that what the tool suggests. Macal explains that in the case of 

models that contain elements of human decision making, validation may be used to 

remove objections to the model’s use by establishing that the model produces insights 

that may at least represent real world systems (2005). 

Methodology 

A Description of the SDST and Methods Applied in the Case Studies 

The Sustainable Decision Support Tool itself is based on the Microsoft Excel© 

platform and features a series of worksheets that the operator fills out, working towards 

the results worksheet. User guidance and references are also included as worksheets in 

the tool. The assessment of sites in the SDST is carried out in 5 main steps, as shown in 

Figure 2.  

 

Figure 2: Flow diagram of Sustainable Decision Support Tool modules. Worksheet 1 SDS Tool
2
. 

Site Description  

This module captures basic tombstone data and information about the 

contaminant and soil type, contamination zone (vadose and saturated) and depth, and the 

presence or absence of free phase hydrocarbons. To reduce variability that might 

                                                           
2
 Public Works and Government Services Canada. (2010). [flow diagram from Excel Worksheet]. 

Sustainable Decision  Analysis Tool Users Guide, Version 2.1 
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confound data analysis, petroleum hydrocarbons were selected as the contaminant type 

for every site and the other inputs were site specific. Version 3 of the tool features the 

ability to identify more than one contaminant type, however for this study, no secondary 

contaminants were identified. 

Indicators 

This tab does not require any input, it is provided as a reference of the individual 

social, economic and environmental indicators that contribute to the sustainability 

assessment. There are 15 environmental, 9 social and 9 economic indicators (Appendix 

A). 

Selection and Weighting  

This module lists all the criteria that may be evaluated by the user and it provides 

an adjustable weighting mechanism that allows one to place more or less importance on 

any given indicator. The weighting criteria are separated by level of importance to the 

Federal Government and level of importance to Stakeholders ranging from “low to 

moderate”, “high” and “very high” by integers from 1 to 3. These weighting values are 

ultimately multiplied by the indicator score to convey the relative importance. This 

worksheet also permits the user to choose whether the indicators are applicable or not to 

the site; for each case study assessment, site specific decisions were made concerning the 

applicability of the indicators and recorded. The level of federal government concern is 

non-adjustable except for the indicators which are not deemed applicable by the default 

setting. In addition, although the stakeholder level of concern can be altered, the 

weighting is overridden by the government’s level of concern except when stakeholder 
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concerns are “very high”, in which case, even if the government’s concern was low, it is 

elevated to ‘high’ (Table 1). 

Table 1:Global weighting scheme for weighting federal government and stakeholder level of concern 

(adopted from SDST User Guide, 2010). 

L
ev

el
 o

f 
co

n
ce

rn
 t

o
 t

h
e 

fe
d

er
al

 

g
o

v
er

n
m

en
t.

 

Very high 3 3 3 

High 2 2 3 

Low to 

moderate 
1 1 2 

 
Low to 

moderate 
High Very high 

Level of concern to stakeholders 

 

The Stakeholder default setting is “low to moderate” for every indicator, and this 

default was also retained for the initial case study evaluations, however during the 

custodial review phase, the project managers were requested to adjust the Stakeholder 

level of concern as they saw fit and to provide an explanation for their selections. In 

addition, the weighting scheme was evaluated during the sensitivity analysis of the tool. 

Technology Selection / Technology Evaluation 

This worksheet provides a matrix for each remedial option to be evaluated for 

every indicator, and results are generated from the output of the matrix. Based on 

information provided in the first three worksheets, the results for the non-customizable 

indicators automatically populate the table in this section. These range from 1, 33, 66, 

100 and 0,50,100 for generic and semi-generic indicators respectively; the scoring 

scheme for the custom values varies between the two scales depending on the indicator. 

For example, the environmental criteria 2 (ENV-2), “Soil Vapour Intrusion” requires the 
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user to assign a score for each selected remediation technology based on the following 

assessment guide:  

0 – the technology provides no risk management of Soil Vapour Intrusion 

50 - the technology provides partial containment or mitigation of Soil Vapour 

Intrusion 

90 – the technology provides risk management of Soil Vapour Intrusion 

100- the technology achieves complete remediation of source of emission. 

Soil Vapour Intrusion is the only customizable indicator in the environmental dimension; 

there are 4 social and 5 economic customizable indicators. While completing the case 

study evaluations, the customizable scores and a rationale justifying their selection was 

recorded. Operators were requested to do the same during the custodian evaluation phase, 

and comparisons were made between the different operator selections. The individual 

scores and associated rationale for the baseline evaluation and the custodian reviews are 

included in Appendix B and the assumptions made during the baseline evaluation are 

noted in Table 2. The tool’s only quantitative input is cost which can be entered by 

selecting “quantitative” over the default “generic” setting for this indicator in this 

worksheet.  
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Table 2: Custom scoring assumptions made for case studies in the baseline evaluations. 

Custom Scoring 

Indicator 

Assumptions and rationale made during scoring of customizable inputs during 

baseline evaluation. 

ENV-2: Soil 

Vapour Intrusion 

Ex-situ treatments would completely eliminate vapours except where they were risk 

managed (under buildings); in-situ treatments would be half as effective. 

SOC- 4: Public 

Benefits 

Regardless of the remedy, the overall public benefit would be equal since the 

contaminants were being dealt with. The value varies on a site specific basis e.g., 

Case A vs. Case D, but is consistent within case studies. 

SOC-5: Cultural 

Heritage 

Regardless of the remedy, the overall cultural heritage will be equal since the 

contaminants are being dealt with. The value varies on a site specific basis e.g., Case 

A vs. Case D, but is consistent within case studies. 

SOC-6: Federal 

Government Image 

For northern sites, the federal government’s image is consistent amongst all 

remediation options except natural attenuation, which may be perceived in a social 

context as a ‘do-nothing’ approach. At the southern site, which is highly 

industrialized and urban, remediation may go unnoticed by the general public or may 

actually be viewed negatively as a disruption to normal site operations, therefore all 

ex-situ options are scored as having a negative impact on the government’s image. 

SOC-9: Innovation 

Excavation and disposal is not innovative (0); in-situ bioremediation is highly 

innovative (100); landfarming, natural attenuation and biopiling are partially 

innovative (50) 

ECONO-2: 

Litigation Potential 

Litigation potential depends on efficacy of treatment to remove contaminants (ENV-

1) and proximity to adjacent properties which could be contaminated due to off-site 

migration. Varied between all case studies. 

ECONO-3: 

Nuisance to 

Normal Operations 

Ex-situ treatments were presumed to cause significant disruptions to normal 

operations, with land-farming and biopiles ranking as most disruptive due to land 

constraints during treatment. Only natural attenuation was considered to have no 

impact to operations. The extent of this scoring varied depending on whether the site 

is partially abandoned (Case B and C) or occupied (Case A and D). 

ECONO-5: 

Environmental 

Reserve 

Excavation and off-site disposal (and landfarming, based on the premise that soils 

will be disposed of after reducing hydrocarbons to an acceptable level) eliminate the 

‘environmental reserve’ at the site; in-situ treatments and biopiles which are returned 

to the land conserve the environmental reserve. 

ECONO-6: Local 

Economic Benefit 

Excavation and disposal will provide higher opportunities for local employment, as 

will landfarming; in-situ bioremediation requires specialty technical knowledge 

which will be imported, natural attenuation will not result in economic benefits; 

biopiling will only be beneficial during the excavation stage but is presumed to be 

low-maintenance following set-up and consequently results in lower employment 

than landfarming. 

ECONO-7: 

Logistics  

Site specific, depending on proximity to larger communities where barges would be 

required to remove soil(excavation and disposal and landfarming), and whether a 

community can provide employees where required. Case A and Case B therefore 

performed the same, even though its possible that given the location of Case B it 

would be somewhat more complicated to excavate and barge than Case A (but the 

scoring isn’t refined enough to make this distinction). In Case D (southern), logistics 

were considered relative to urban land-use constraints such as buildings, proximity of 

other properties, overhead power lines and buried infrastructure. 

 

Results 

The sustainability outcomes generated by the tool are presented in tabular and a 

triangle diagram which shows how each technology performs in each of the 
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environmental, social and economic spheres, expressed as percentages for each weighted 

average. Higher values are considered better for each sphere and hence the ‘biggest, most 

balanced triangle’ represents the most sustainable remediation option (Figure 3). Version 

3_4 of the tool also features an additional excel worksheet (1.7) that presents the raw, un-

weighted data and separates and ranks the performance for each technology amongst each 

sustainability pillar. 

 

Figure 3: Sustainable Decision Support Tool triangle diagram for 3 remediation options at Site B. 

 

Evaluation of case studies with the Sustainable Decision Support Tool 

A case study approach was used to evaluate the SDST on four federal 

contaminated sites. Site data from three northern sites and one southern site were 

reviewed and then the tool was used to compare sustainability results at each site using 

five remediation technologies. For each of the case study sites, the available site data was 

reviewed including Phase II and III environmental site assessments (ESAs), National 

Contaminated Sites Classification scoring worksheets (CCME, 2008), project 
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descriptions, and where available, remediation options analyses and remediation option 

plans. Each of the SDST worksheets was then filled out using the available site data to 

determine the most sustainable remediation option by completing the required inputs on 

each worksheet.  All customizable inputs, decisions concerning applicability or exclusion 

of certain criteria, and outcomes were recorded. Since the beginning of this project, the 

developer released an updated version (3_4) of the tool. Therefore, each site was re-

evaluated with the newer version of the tool, initially retaining all the inputs that were 

used in Version 2. Results are discussed using Version 3. 

Remediation Technologies 

The remediation options evaluated were 1) excavation and off-site disposal (also 

referred to as “dig and dump”, 2) in-situ bioremediation, 3) excavation and landfarming, 

4) natural attenuation and 5) excavation and biopiling. 

Excavation and Disposal 

Excavation and disposal is a common remediation option that involves excavating 

and then hauling contaminated materials to landfills. Reports from the FCSAP program 

demonstrate that on an annual basis, dig and dump continues to be the most prevalent 

method of remediation, (Environment Canada, 2010b). This is arguably not a remediation 

method but rather a pollution-transfer method, as the contaminants are not actively 

treated although attenuation at the landfill may occur. Depending on the volume of soil 

that is removed, finding sources of fill can be challenging, especially in areas that are 

predominantly rocky or tree-covered, and space at landfills may be limited, although 

moderately contaminated soils may be used as cover material at landfills. This treatment 
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option is however relatively quick, and has the appeal of immediately reducing liability 

and the potential for off-site migration.  

The remaining technologies are forms of bioremediation, which rely on natural 

microbial metabolism to breakdown contaminants, with and without intervention. In-situ 

bioremediation involves injecting nutrients or minerals and sometimes moisture to 

stimulate inherent microbial processes without having to remove the soil. This is 

particularly useful where space is constrained on the surface, and in instances where the 

contamination is so deep as to make excavation too costly.  

Landfarming and Excavation and Biopiles 

Landfarming requires excavation and placement of contaminated soils onto lined 

beds which are periodically tilled and aerated. Leachate from the soil is also often 

collected and re-distributed over the soil for further treatment. Biopiles are essentially 

smaller versions of landfarms, which involve excavation of contaminated soil and 

treatment in smaller piles. The biological processes in bioremediation projects generate 

heat, however in the Arctic the size of the landfarm or biopile must be balanced against 

the available manpower to till the soil. Larger piles can retain heat better and maintain 

breakdown reactions longer, however whereas landfarms are tilled or plowed to aerate 

the soil, biopiles are most often aerated by forcing air to move by injection or extraction 

through slotted or perforated pipes that are placed throughout the piles 

(http://www.epa.gov/oust/cat/biopiles.htm). Biopiles were therefore considered in this 

study to present a potential treatment alternative for very remote sites where limited 

manpower may be prohibitive. In addition, landfarm and biopile operations may not be 

able to reach full remediation objectives, but are sometimes used to reduce the more 
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volatile compounds, after which the remaining soil is shipped off site to landfills. 

Therefore, in all evaluations, the excavation and biopiling option was scored with the 

consideration that the soils would remain onsite, whereas the landfarm soil would be 

shipped to landfill after a period of on-site treatment. This is contrary to how the SDST 

intends, the designer confirmed that both landfarming and biopile options were assumed 

to be strictly on-site treatments during the design of the tool, however since removal of 

landfarm treated soils to off-site disposal locations is prevalent in the Arctic, the 

remediation technologies were evaluated thus to explore potentially different outcomes in 

the tool. 

Natural attenuation 

Natural attenuation is remediation without intervention in which contaminants are 

broken down by microorganism-mediated processes as well as hydrolysis and photolysis. 

Natural attenuation can effectively remove contaminants, especially hydrocarbons from 

soils and groundwater, provided that the source of contamination is removed and that the 

rate-limiting nutrients or local microbes are available to degrade the contaminants. 

Natural attenuation (or monitored natural attenuation) is a method that may be perceived 

as a ‘do-nothing’ approach, however in cases where off-site migration is unlikely, it is a 

potentially cost-effective and environmentally conservative treatment option. The site 

conditions must be very well understood from assessment and modeling work, and the 

system must be monitored to ensure that degradation is occurring at a reasonable rate. 

The EPA has established a 25 year time frame as the maximum permissible treatment 

time for natural attenuation.  
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Custodian Review Phase 

Project managers from the federal custodian departments were invited to 

participate in the study. The project managers of the case study sites were requested to 

use the Sustainable Decision Support Tool themselves to evaluate the same remediation 

technologies and given specific instructions concerning their completion of the tool, 

which are included in Appendix C. The custodians were also given the option of 

substituting a remediation technology of their choice for the Excavation and Biopiles 

option. The custodian data was compared to the baseline evaluation and additional 

feedback on the tool that was generated by custodians was captured, but not methodically 

analyzed. To distinguish between the analyses performed by the custodians, these are 

referred to as ‘custodian review’ and the latter as the ‘baseline evaluation(s)’. 

Selection of Case Studies 

Representative contaminated sites were selected from amongst FCSAP funded 

projects in the Prairie and Northern Region (out of 5029), and narrowed down according 

to the following criteria: 

 Sites that have reached Step 8 of the FCSAP 10-step process, indicating 

that they have selected a remedial option and are ready to proceed;  

 Sites that had original soil concentrations contaminated with petroleum 

hydrocarbons above Tier 1 guidance within the F2 fraction (CCME, 

2008); 

 Sites that would engage in remediation (e.g., rather than risk management 

via engineering controls) with one of the 13 types of remedial treatment 

available in the tool’s framework; and 
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 Sites that represented a sample of differing geographic locations within the 

North that are owned by different custodians, as well as one southern 

Canadian site in an urban setting. 

Project managers were contacted to request inclusion of their contaminated site in 

the study, and a condition of their participation was that no information that would 

explicitly identify either the site itself or the custodian would be published in the final 

report. In total, 6 sites were considered for inclusion in this assessment however 1 was 

discarded, and the other requested to withdraw from the study. The discarded site was 

located on north Ellesmere Island and it would have represented an extreme scenario; 

upon consideration it was decided that the site would not be truly representative of the 

majority of Northern contaminated sites. The site that withdrew from the study was a 

decommissioned Distance Early Warning (DEW) line site, and it was replaced with 

another similar DEW line site, as they represent a considerable portion of the federal 

liability in the North which are managed by two of the FCSAP program’s largest 

custodial departments. 

Case A 

Case Study ‘A’ is located in a small community in the southern Northwest 

Territories. The site consists of several small buildings, some of which have PHC 

contamination underneath them. The site is 300m from surface water, does not have 

groundwater, and is predominantly sandy soils with some silt lenses. Free product was 

not encountered in Environmental Site Assessments (ESAs), and discontinuous 

permafrost is roughly 2m below ground surface (bgs). The total estimated volume of 

impacted soil is 1500 m
3
 plus an additional 5000 m

3
 that were previously extracted. The 
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site will continue to operate following remediation in its current capacity. The presence 

of hydrocarbons under occupied buildings introduces 2 considerations: 1) even after 

remediation, the site will be risk managed and 2) the vapour exposure pathway is 

considered a potential source of exposure to human receptors who occupy the buildings.  

Case B 

Case Study B is located in the Arctic community of Tuktoyaktuk, which borders 

the Beaufort Sea in the Northwest Territory. The site consists of large buildings, garages 

and storage sheds which are no longer occupied. The community is established on a 

peninsula, so marine surface water is within 30 m from the site,  and although several 

boreholes were advanced at the site, only 2 had any detectable groundwater. The site is 

characterized by predominantly sandy-gravels and permafrost was encountered on 

average at 2.8 m below ground surface (bgs). There are 5320 m
3
 of PHC impacted soil 

and the ESA also detected up to an additional 20,000 m
3
 of arsenic impacted soil, 

however arsenic is likely to be a background feature at the site, and the custodial 

department is undertaking a background metals study to rule out treatment of arsenic 

impacted soils. Although this work is not completed yet, for the purposes of this study, 

only the PHC impacted soil was considered. Also, following remediation, plans are in 

place to divest the property to a neighboring site which will be used for industrial / 

commercial purposes. 

Case C 

Case Study C is a decommissioned DEW line site in the western Arctic. A small 

portion of the former DEW line sites were refurbished and retained as North Warning 

Sites, and this is the case for this site. However, the operating NWS is segregated from 
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the remediation activities, it is not a manned station, and it occupies less space than the 

original DEW line area. Marine surface water boarders one side of the property, and this 

western DEW line site is characteristically lush in flora and fauna compared to eastern 

DEW line counterparts that are covered by low shrubs and lichens typical of the tundra. 

The site features organic surface matts overlying silty clays, and ice rich soils are only 

0.5 m deep. ‘Groundwater’ is better described as perched meltwater at this site, and the 

ESA describes the entire area as a shallow “wetland”. Like all DEW line sites, there are 

assorted metal, PCB and PHC contaminants, however only the 1400 m
3
 of PHC impacted 

soil is considered in this study. Some of the PHC impacts are along the beach in a former 

refueling area; these are being managed separately by the custodian on a risk basis from 

the terrestrial impacted areas. The site is used extensively for traditional purposes that 

have abated but not ceased during the operation of the DEW line, and returning the site to 

a state which would allow continued traditional land use is a key component of this 

remediation project. 

Case D 

Case Study ‘D’ is a southern Canadian site in Winnipeg, MB. The site was 

selected to represent an urban, southern counterpart to the Northern sites. The property 

features several small buildings that will continue to function in their current capacity 

during and after remediation. The land use is industrial as are the surrounding properties 

on three sides; the other side of the property is bordered by a native forest. The soil is 

predominantly silty clay and clay, however impacts at the site were due to a former 

underground storage tank (UST), which is surrounded by gravel fill to a burial depth of 7 

m. Free product (LNAPL) is present on site, and an estimate 1500 m
3
 of soil and 



36 

 

 

groundwater are impacted with PHC. Groundwater, which is approximately 6 m bgs, is 

the dominant media of concern as it has been observed to be impacted and preventing 

migration onto neighboring properties is a primary objective of the project, although 

incidental soil staining has also been observed between 1 and 1.5 m bgs. 

Integration of the Quantitative Indicator in the Economic Scale 

The qualitative default setting for the cost indicator (ECONO-1) is expressed as a 

function of “economic efficiency” using a scale of 0, 33, 66 and 100. To compare the 

functionality of the pre-sets for the generic costing model and its quantitative counterpart, 

real cost estimates for each remediation technology were compiled from several sources 

(Table 3) and outcomes using both types of indicator (qualitative and quantitative) were 

compared in this study.  
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Table 3: Generic SDST scoring and compiled real-world cost estimates for remediation technologies. 

Option  1 2 3 4 5 

Technology 

Excavation and 

offsite disposal 

In-situ 

bioremediation
2
 
 

Excavation and 

Landfarming
2
 Natural attenuation 

Excavation and 

biopiles
2
 

SDST 

‘Technology 

Cost’ generic 

score 

33 66 33 100 33 

Narrative 

description of 

generic score 

the technology 

has limitations 

that significantly 

decrease its 

efficiency 

the technology 

has limitations 

that slightly 

decrease its 

efficiency 

the technology 

has limitations 

that 

significantly 

decrease its 

efficiency 

the technology is 

very efficient 

the technology 

has limitations 

that 

significantly 

decrease its 

efficiency 

Cost estimates 

from FRTR
1
 N/A $30 -$100/m

3
 < $100/m

3
 

Assessment & 

Monitoring costs $130 -$260/m
3
 

Cost 

estimates from 

other sources 

$80 /m
3
 in 

Southern Canada 

(Nicholson,2009) 

  

$125 000 with 7 

acres of 

groundwater
4
  

 

Net Present Value 

calculation of 

$372 000 with 

active source 

removal and long 

term monitoring
4 

5700 lbs of 

tetrachloroethylene 

contaminated 

materials for $2.7 

million dollars
5
  

 

$116 - $150/m
3
 

in Tuktoyaktuk 

(Case B) 

$800 - $900/m
3
 in 

Tuktoyaktuk 

(Case B) 

$900/m
3
 in 

Arvoknar 

Channel (Whitter, 

2011)
3
 

1
-Federal Remediation Technologies Roundtable (FRTR) Screening Matrix and Reference Guide  

(http://www.frtr.gov/matrix2/top_page.html) 
2
-in-situ and ex-situ bioremediation treatments may also require pilot tests that the FRTR estimates 

between $25 000 to $ 50 000 independent of the volume to be treated.  
3
-Assumes bulk soil density = 1.6 to 1.7g/cm

3 

4
(Airforce Center for Engineering and Environment, 1999). 

5 
EPA, 1998 

 

The SDST was re-evaluated for each of the case studies based on the volume of 

soil to be treated using the maximum cost per cubic meter of treatment for northern sites, 

and the minimum value for the southern site (i.e., using the Toronto value for excavation 

and disposal as the price per unit at the southern case study). Assessment costs, project 

management and monitoring costs were not included in the cost estimate analysis as they 
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are considered to be equally applicable to all sites and not likely to introduce significantly 

different costs between southern and northern locations.  

Cost estimates for natural attenuation were problematic in terms of comparing 

them directly to the cost / volume method that was applied to the other technologies. 

Whereas the natural attenuation valuations were based on exclusively treating 

groundwater plumes typically following source removal or some other adjunct to natural 

attenuation. The SDST does identify natural attenuation as a viable remedy for soil and 

groundwater, but it was considered inappropriate to directly compare the costs of natural 

attenuation to the other remedies in this manner, although they are noted. Because the 

costs of natural attenuation are related to modeling and site assessment work which is 

done prior to the remediation phase, and on long term monitoring that would be required 

to at least some extent on all sites using the other remediation technologies,  a direct 

comparison of natural attenuation costs to the alternatives is not feasible. 

Analysis of Life Cycle Assessment Assumptions in the SDST 

Simplified LCAs have been developed for the remediation technologies in the 

Sustainable Decision Support Tool for pump and treat with and without an interceptor 

trench; multi-phase vapour extraction; in-situ bioremediation via oxidation; and a life-

cycle impact inventory (LCIA), but not a full LCA for excavation and disposal. Having 

confirmed with the tool’s developer that these available simplified LCAs were 

incorporated into the tool, the LCA for in-situ bioremediation was reviewed to determine 

whether the SDST might include any assumptions that would merit different 

consideration in an Arctic setting and with respect to the case studies. 
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Sensitivity Analysis 

Following the case study evaluations, a sensitivity analysis was undertaken on the 

tool in order to identify if there may be particularly sensitive inputs in the model which 

could alter the conclusion of a project’s net sustainability. The weighting scheme in 

worksheet 1.3 was evaluated by setting the level of stakeholder concern to “very high” 

for every indicator; the default setting for stakeholder level of concern is “low” and the 

federal government level of concern is only adjustable for customizable inputs. To 

evaluate the sensitivity of individual sustainability indicators, the customizable inputs for 

each technology on Case A were toggled between the minimum and maximum inputs and 

the net sustainability results were compared to the finding of the baseline evaluation.  
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Results and Discussion 

Interpretation of Results 

Although the diagrammatic nature of the Results worksheet in the tool is meant to 

allow for easy visual interpretation or results, the ability to accurately discern the largest 

and most balanced area can be subjective to the naked eye when results are similar. This 

presented an impediment to interpreting the tool’s results, and a more robust approach 

was required to complete this study.  For instance, when evaluated by visual 

interpretation, there was no clearly better option in both case study A and B (Figures 4 

and 5). Triangle diagrams for all baseline evaluations are in Appendix D. 

 

Figure 4: Triangle diagram for SDST results at case study site A 

 

 

Figure 5: Triangle diagram results for SDST results at case study site B. 
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The SDST can be described as an optimization model of a multi-criteria analysis 

tool . The criterion for optimal performance, or the ‘objective function’ of the SDST in 

the parlance of optimization theory (Sashihara, 2011; Linkov et al.,2005) is the standard 

of having the “biggest, most balanced triangle”. This however introduces the question of 

which is more important, a bigger or a well-balanced triangle? A big triangle may 

unevenly cover each of the thirds of the triangle diagram by strongly favoring one aspect 

of the sustainability model, while a very balanced triangle may perform equally poorly in 

each category, resulting in a small albeit balanced triangle. The bisecting lines of the 

triangle diagram represent the weighted results for each sustainability dimension and can 

be thought of as vectors that radiate from a central origin point into each element of 

sustainability, with the origin representing 0 and the apex of the triangle representing 

100% (Figure 6).  

 

Figure 6: Representation of sustainability dimensions as vectors moving from a shared origin. 

Performance in any given dimension increases as the value increases distance from the origin. 

 

The sum of the weighted averages for each dimension therefore provides a proxy 

for the total area of the triangle, when considered relative to the other remediation 

technologies. The total could therefore result in a relatively large, albeit skewed triangle, 

for instance if one indicator performed significantly better than another.  

However, since the intent of the tool is to evaluate sustainability which is defined 

for the tool as ‘equal’ performance in social, environmental, and economic spheres, then 
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balance is in fact the most important criteria related to the objective function, with size 

meant only to distinguish to be two or more triangles that may be similarly balanced. The 

difference between the largest and smallest of the vector values represents the degree of 

skew, which can be thought of as the degree of imbalance in the triangle, and therefore 

the extent of a technology’s un-sustainability. This analysis was used to mathematically 

determine the most sustainable option (as opposed to judging by appearance), as 

demonstrated below with the weighted data from Case Study A; in-situ bioremediation 

has the largest overall triangle, but the most balanced option with the least degree of 

skew, is excavation and biopiles (Table 4).  The relative performance of each remediation 

technology by size and balance is shown in Table 5 for all four case studies. 

Table 4: Sustainability performance for each remediation technology and calculation of biggest 

triangle (sum of indicators) and most balanced triangle (difference of high and low indicators) for 

study site A. Highlighted cells show the biggest and most balanced (least skewed). 

Option Treatment Environment Social Economic 
Biggest 

triangle 

Degree 

of skew 

1 
Excavation & 

Disposal 
51 42 81 174 39 

2 
In-situ 

bioremediation 
69 78 53 200 25 

3 
Excavation & 

landfarming 
62 46 75 183 29 

4 
Natural 

attenuation 
82 65 50 197 32 

5 
Excavation & 

biopile 
62 49 62 173 13 
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Table 5: Ranking of largest and most balanced triangles by remediation option for all four case 

studies in the baseline evaluation. 

 

Criteria  

Excavation 

& disposal 

In-situ 

bioremediation 

Excavation & 

landfarming 

Natural 

attenuation 

Excavation 

& biopiles 

Case A 

Size 4 1 3 2 5 

Balance 5 2 3 4 1 

Case B 

Size 4 1 3 2 5 

Balance 4 2 3 4 1 

Case C 

Size 3 1 2 4 5 

Balance 5 2 3 4 1 

Case D 

Size 3 1 4 2 5 

Balance 5 1 4 2 3 

 

Case Study Evaluations 

The results of the case study analysis showed a high degree of consistency in the 

three discreet sustainability dimensions (environmental, social and economic) as shown 

in Figure 7. In every run of the tool, in-situ bioremediation was the highest performer in 

the social dimension, excavation and disposal ranked highest in the economic dimension, 

and natural attenuation performed best in the environmental dimension. Natural 

attenuation also ranked highest for the environmental dimension in each of the custodian-

lead evaluations, although social and economic performance varied amongst the 

technologies during the custodian review phase of the study. Custodian results were not 

returned for Case Study B.  
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Figure 7: SDST results for baseline evaluation and custodian review for case study sites. Green= 

environmental, red = social, blue = economic. 

 

Overall, in-situ bioremediation was ranked as the first or second most sustainable 

remediation technology for each case study in the baseline evaluation. In the custodian 
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evaluations, Case B and Case D each favored natural attenuation, and Case A ranked 

phytoremediation highest, followed by a tie between natural attenuation and in-situ 

bioremediation.  

Bias in the SDST 

Given the extent of variability that is inherent due to site-specific conditions, the 

number of customizable inputs in the tool and the four unique operators in this study, the 

high degree of consistency for overall sustainability outcomes suggests an underlying 

bias in the tool and possibly amongst the reviewers. If the tool was completely objective, 

introducing different operators should have resulted in more varied outcomes, otherwise 

the tool suggests that there are only one or two technologies that are sustainable for all 

petroleum hydrocarbon-contaminated sites. The differences observed in the social and 

economic, but not the environmental dimensions between the custodian reviews and the 

baseline evaluation may be attributed to the higher number of customizable inputs 

available in the social and economic dimensions (compared to only 1 customizable input 

in the environmental dimension). Even with this limited ability to adjust the 

environmental dimension, the degree of site-specific variance would still be expected to 

result in different technologies performing better in the environmental domain for 

different sites, which does not appear to be the case. Alternatively, the high performance 

of natural attenuation in all case studies may reflect an institutional bias towards ranking 

choices that have been deemed ‘better’ for the environment over those that are 

economically conservative or socially conscious.  

An examination of the tool separate from any site-specific data reveals that the 

SDST does display an inherent bias towards technologies which fare better in the 



46 

 

 

environmental category. An average of each of the generic indicators for the three 

sustainability dimensions demonstrates the overall bias in the tool towards technologies 

that don’t disturb the surface, favoring natural attenuation and in-situ bioremediation in 

particular (Figure 8). Therefore, before any indicators can be adjusted one way or 

another, the tool is pre-disposed to valuing some technologies over others. The tool’s 

developer has noted that an assesment of the technologies on a generic level would 

introduce uncertainty since the site-specific inputs may be “decisive” (Golder, 2011), 

however the opposite is true for the technologies evaluated in this study. Having different 

operators complete the tool for the same case study would provide more insight into this 

bias, but it was not done for this study. 

 

Figure 8: Average of generic indicators of remediation technologies in the SDST for select 

remediation technologies not affiliated with any site-specific data. 

The Influence of Bias on In-situ Bioremediation 

Although the issue of inherent bias associated with the tool is not particular to its 

use in Arctic applications, the implicit assumptions within the tool may be more 

problematic when applied to remediation in Arctic climates. The southern case study (D) 
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showed similar results in both the primary and custodian evaluations; however the 

relatively high performance of in-situ bioremediation at all sites in the baseline 

evaluations merits closer scrutiny within the Arctic context. Northern environments have 

distinct climatic features that present unique challenges to managing and remediating 

contaminated soils and groundwater. For example, the presence of a dynamic active layer 

in the shallow subsurface is a significant geological feature that is not present outside of 

northern climates but has considerable implication for implementing in-situ treatments. 

The seasonal freezing and thawing of the active layer allows only seasonal access to 

shallow groundwater and soils while deeper groundwater systems can remain active all 

year (e.g. Roy and Bickerton, 2007).   

Given some of the known challenges associated with operating in an Artic setting, 

it is unclear if it is reasonable for in-situ bioremediation to have scored as highly as it did 

in the evaluations of cases A, B and C. The available literature does support the use of in-

situ treatments in cold climes from a technical perspective. However, the difficulties of 

keeping an in-situ treatment running in sub-zero temperatures in remote locations are not 

explicitly valued in the tool. There is a ‘logistics’ indicator in the economic component, 

which the sensitivity analysis did  identify as being responsive on  case C, however even 

though it altered the relative performance amongst the middle-ranked technologies, the 

largest and most balanced triangles remained in favor of in-situ bioremediation or 

excavation and biopiles respectively. 

Practitioners familiar with pilot studies of remediation technologies in northern 

settings have noted that logistical challenges appear to often surpass technical ones, 

particularly when the remediation activities are also performed in remote locations (pers. 
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comm..G. Bickerton, Environment Canada, January 26, 2012). Although the `logistics` 

indicator (ECONO –8) can be adjusted, the sensitivity analysis suggests the tool is 

relatively insensitive to this factor at extreme values. In addition, recent critical reviews 

(Petri, Siegrest and Crimi, 2007; Wilson, 2008) examining particular in-situ technologies 

have raised serious concerns regarding the efficacy and performance claims of in-situ 

technologies in general.  The actual success rates of various remediation technologies 

may be an important factor that is presently not addressed with the current decision 

framework of the tool; currently all remediation technologies are implicitly considered to 

have the same chance of performing a successfully remediation (or alternatively an equal 

risk of failure or complications). The tool should be completed using technologies that 

are technically feasible, but there are no constraints identified in the tool to using these 

technologies where technology is not the limiting factor. 

Decoupling Between Sustainability Dimensions 

The interpretation of the triangle diagrams is predicated upon each of the 

sustainability dimensions responding independently from one another, which illustrates 

an important point about the tool’s functionality that should be explored for both northern 

and southern applications. The sensitivity analysis revealed that changes to any one 

indicator impacted only the outcome for the sustainability dimension to which it applied. 

Decoupling in optimization tools is problematic, because it means that there is no 

provision in the tool to compensate for poor performance in one aspect with high 

performance in another (Linkov et al., 2005). This does validate the internal consistency 

of the tool`s manifestation of sustainability -which is equal performance in all the three 

pillars- but whether balance is the paramount aspiration where remediation projects is 
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questionable. There may by instances where environmental performance is very high, but 

it is either expensive or doesn`t result in high employment benefits, as was the case for 

natural attenuation in case Study B, and case study C which had 95% performance in the 

environmental pillar. In other cases, remediation may be compelled regardless of the 

expense or secondary environmental impacts, for instance when land is deemed culturally 

significant, such as areas that are considered sacred to aboriginal people. The social 

indicator “Cultural Heritage” can impact the degree of skew towards the social 

dimension, but there is no mechanism by which the tool would take certain options off 

the table.  It is likely that in some instances, certain technologies would never be 

considered to begin with, but the argument is not meant to be specious. Users of the tool 

should be prepared to consider technologies that have very high performance in the 

environmental category when social and economic performance is not extremely low, but 

the latter should probably not be true (e.g., the solution performs minimally for 

environment but is cheap). There are fixed constraints that should be established in the 

tool to protect the public interest, and these may very well mean favoring solutions that 

are less environmentally or socially impactful with less emphasis on financial costs. A 

minimum threshold for performance in any given category may be useful.  As the 

department responsible for the environment and co-chair of the FCSAP program, it is 

incumbent upon Environment Canada to establish policies that determine its position on 

environmental performance in the SDST, as well as to adopt an accepted definition of 

sustainability to establish its position on this point. 
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Integration of the Quantitative Indicator in the Economic Scale 

Applying the quantitative costs to the economic indicator did not yield different 

net results than the generic criteria in the baseline evaluations. However applying the 

same cost estimates to the custodian-lead reviews did result in the tool’s endorsement of 

different remediation options; the addition of a quantitative indicator in cases C and D 

resolved the tensions between the biggest and most balanced triangles by recommending 

technologies that were maximized in both aspects. Conclusions about the custodian-

review assessments are limited however since case B did not return results, case A 

elected to supplement phytoremediation for excavation and biopiling, and for cases C and 

D natural attenuation, which was excluded from the cost analysis, was identified as the 

preferred remedial option, using the ‘biggest’ triangle standard (Table 6). The full 

quantitative assessment results are included in Appendix E. 

Table 6: Quantitative and generic analysis for the SDST for the custodian reviews: C and D. 

Case C Cost ($) 
Weighted economic 

indicator, Generic 

Weighted economic 

indicator, Quantitative 

Excavation & Disposal 1,260,000 48 47 

In-Situ Bioremediation 140,000 56 50 

Excavation & 

Landfarming 

140,000 44 38 

Excavation & Biopiles 210,000 56 52 

Biggest triangle 

 

Natural Attenuation Excavation and 

Disposal 

Most balanced triangle 

 

Excavation and 

Disposal 

Excavation and 

Disposal 

Case D 

 
Cost ($) 

  

Excavation & Disposal $120,000 72 70 

In-Situ Bioremediation $45,000 61 60 

Excavation & 

Landfarming 

$150,000 55 46 

Excavation & Biopiles $174,000 64 58 

Biggest triangle 

 

Natural Attenuation In-situ Bioremediation 

Most balanced triangle 

 

In-situ Bioremediation In-situ Bioremediation 



51 

 

 

Examining the individual indicators in the baseline evaluation does pose some 

interesting questions regarding the tool’s cost assumptions since the cost indicator for 

excavation and disposal was adjusted by -3 percent overall for all three northern sites, but 

only marginally reduced by -1 percent overall for the southern site, even though the cost 

inputs were a magnitude of order more expensive for the northern sites. These values 

represent the weighted averages of the net economic outcome, but the raw data reveals a 

trend in the tool’s treatment of expenses related to particular technologies (Table 7). 

Table 7: Generic and quantitative un-weighted scores for ECONO-1 indicator in baseline evaluations 

and custodian reviews (excluding natural attenuation). 

 Excavation & 

Disposal 

In-situ 

Bioremediation 

Excavation & 

Landfarming 

Excavation & 

Biopiles 

Raw generic score 33 66 66 33 

Raw quantitative scores 

CASE A 0 80 80 71 

CASE A Custodian 0 80 80 71 

CASE B 0 80 80 71 

CASE C 0 80 80 71 

CASE C Custodian 25 20 20 0 

CASE D 18 59 7 0 

CASE D Custodian 18 59 7 0 

 

Cost estimates for excavation and disposal at the three northern sites had a greater 

influence on the raw value for the economic indicator than did the southern site, dropping 

from 33 to 0, verses 33 to 18. Similarly, the cost estimates for in-situ bioremediation and 

landfarming increased relative to the generic assumptions. The cost inputs for these two 

technologies were the same per site, based on the estimate cost of $100/m
3
 (Table 3), and 

the tool responded in kind. The quantitative indicator therefore appears to function within 

its intended parameters, and as the case for excavation and disposal indicates, establishes 

the generic cost of this technology at somewhere less than $126,000.  

However, once the cost is sufficiently high, the indicator becomes ‘0’, and no 

matter the cost increase, the indicator cannot go any lower. This is problematic in terms 
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of evaluating technologies in a northern context, since as the data shows that excavation 

and disposal is likely to be a very high-cost alternative, but the tool would equally value 1 

million or 10 million dollars. Furthermore, since $126,000 dollars is valued less 

favorably by the tool in the quantitative mode than the generic setting, the valuation of 

excavation and disposal is likely too high in the generic setting. Notably, these 

differences were not translated into differing results once the raw scores were weighted 

into the overall economic valuations. 

Case C is the only instance in which the cost indicators were valued differently in 

the quantitative analysis between the baseline and custodian-lead evaluations. A review 

of the two analyses shows that the custodian selected only 5 economic indicators as being 

applicable to the site, compared to the baseline review which opted for 8 of the 9 

indicators (Table 8). This demonstrates that the accuracy of the sustainability dimensions 

are dependent on the number of selected fields that are applicable to the site since the net 

result is calculated as a weighted average. This may be particularly problematic in Arctic 

settings where many of the indicators are not considered by the land-owners to be 

relevant to their site. 

Table 8: Selection of applicable economic indicators in baseline evaluation and custodian review of 

case C. 

Indicator Baseline Evaluation Custodian Evaluation 

Technology Cost ■ ■ 

Litigation Potential ■ □ 

Nuisance to Normal Operations ■ □ 

Property Reuse ■ □ 

Environmental Reserve □ □ 

Local Economic Benefits ■ □ 

Technology Reliability ■ ■ 

Logistics ■ ■ 
Technological Uncertainty ■ ■ 
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Life Cycle Analysis in the SDST 

 The review of the LCA for in-situ bioremediation performed by Golder in the 

development of the SDST found that the largest contributor (83%) to energy use and 

greenhouse gas (GHG) emissions was the pumps and fan coils required to push the 

remedy to the contaminated zone, while GHGs related to transportation represented only 

9% of the total CO2 equivalents (Appendix D). This operations value is expected to be 

consistent regardless of location, and dependent wholly on the volume of contamination. 

Volume of contaminated soil was an input in Version 2 of the SDST, but it has been 

removed from Version 3, and even though the case study results did have different 

outcomes in Version 2 vs. Version 3, it is not possible to discern what aspects of Version 

3 may have contributed to the difference. The transportation distance in the LCA study 

was 422 km (Golder, 2011) which is comparable to the distance from Yellowknife in 

Case A, although transportation in the latter is only by air travel and barges- not by roads 

as were evaluated in the LCA. Transportation to the more remote sites in Case B and 

Case C would be many times higher than either Golder’s case site for the life cycle 

analysis or Case A, and Case D would be much lower since it is within the limits of a 

large urban centre. The SDST however does not include a sustainability indicator related 

to distance, although it does include an indicator for “Greenhouse Gas Emissions” (ENV-

11), which in this study performed equally across all case sites for the in-situ 

bioremediation option, with a score of 66, meaning that “the technology has limitations 

that slightly decrease its efficiency”. Therefore, the environmental benefit from in-situ 

bioremediation is likely overestimated for Arctic or very remote sites, since the LCA 

attributed only a small fraction of greenhouse gas emissions to transportation (Appendix 
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D). The developer acknowledged that under some circumstances the relative impact of 

LCA contributors could be bigger than the tool currently calculates, but doesn’t specify 

what indicators would change, or to what magnitude. 

Sensitivity Analysis 

Adjusting the scoring for the customizable inputs to their individual maximum 

values on case A resulted in individual sustainability indicators increasing from 4% to 

25%, and this adjustment was consistent regardless of remediation technology, except for 

excavation and biopiles, which varied in some indicators by an additional ±1% (Table 9). 

The ‘Cultural Heritage’ indicator was not evaluated for case A, as it was non-applicable 

for that site, so it was compared relative to the baseline evaluation for case C. 

Table 9: Sensitivity analysis for customizable indicators in the SDST. 

Sustainability Indicator 

Default weighting 

(Worksheet 1.3) 

Relative % difference in indicator 

outcome between 0 and 100 scoring 

inputs  

Soil Vapour Intrusion 1 4 

Public Benefits 1 7.8 

Cultural Heritage 1 7.8 

Federal Government’s Image 3 23.2 

Innovation 1 7.75 

Litigation Potential 1 8.2 

Nuisance to Normal Operations 1 8.6 

Environmental Reserve 3 25 

Local Economic Benefit 2 16.2 

Logistics 1 8.2 

 

The relative percent difference in the outcome for any indicator was more affected 

by the default weighting criteria established in the Selection and Weighting worksheet 

than the user inputs between 0 and 100 in the Technology Evaluation worksheet. It’s 

important to note that the individual indicators are averaged and weighted, so given the 

relatively small percent difference for any given indicator, the value of the mid-range 

performance indicators is questionable, when a high/low functionality might suffice. 
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As discussed in the Methodology, the weighting function of the tool favors the 

federal government such that when the stakeholder level of concern is set at “very high”, 

the overall weighting is adjusted to either high or very high but stakeholder concern is 

only assigned the maximum weighting if the federal government agrees that the indicator 

is of “very high” importance (Table 1). With respect to the sustainability outcomes, 

setting the level of importance to stakeholders as “very high” for every indicator in the 

case studies adjusted the individual indicators in each sustainability dimension, but did 

not alter the recommended technology when applying the ‘least degree of skew’ filter 

except for case C, which resulted in an endorsement of landfarming over the previously 

selected in-situ bioremediation, and Case A, which had a tied result that equally endorsed 

excavation and biopiling with natural attenuation and also recommended natural 

attenuation in the ‘biggest triangle’ analysis (Table 10).  

Table 10: Most sustainable remediation technologies in the baseline evaluation and in the scenario 

which ranks the level of stakeholder concern as "very high" for all sustainability indicators. 

  Case A Case B Case C Case D 

Biggest  

triangle 

Technology 

recommended in the 

baseline evaluation 
In-situ Bioremediation 

Technology 

recommended in 

adjusted weighting 

analysis 

Natural 

Attenuation 
In-situ Bioremediation 

Least 

degree 

of skew 

Technology 

recommended in the 

baseline evaluation 

Excavation and Biopiles 
In-situ 

Bioremediation 

Technology 

recommended in 

adjusted weighting 

analysis 

Excavation 

and Biopiles / 

Natural 

Attenuation 

Excavation 

and Biopiles 
Landfarming 

In-situ 

Bioremediation 

 

Therefore it appears that the weighting factors can only exert a slight degree of 

influence over the net sustainability evaluation, and then only if the stakeholder level of 

concern is established to be “very high” for each and every indicator.  
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In addition to being limited with respect to adjusting weighting, changing the 

weighting in this worksheet did not substantially alter the net sustainability outcomes, 

which may be an indication that the scale is too small. It seems almost arbitrary to have a 

weighting dynamic where outcomes are either neutral (x1), or twice or three times as 

important (x2, x3). The tool could just as easily apply an order of magnitude difference 

with 1, 100 and 1000 times importance. Using the current weighting scale does provide 

boundaries which constrain subjectivity however there is a limit to the magnitude of 

importance that can be reflected for any given criteria with the current weighting system 

and it therefore may not accurately reflect the relative importance of an indicator to either 

set of stakeholders. 

This observation is general to the tool and does not speak particularly to its 

application in an Arctic setting, but the relatively weak ability of stakeholder concerns to 

sway outcomes in both the ‘level of concern’ correction and the user inputs on individual 

sustainability indicators suggests that cultural and economic considerations in particular 

may be under-represented in the tool (because only 1 environmental indicator is subject 

to tweaking). While it is potentially necessary for the federal government level of concern 

to have some ability to over ride others, the notion that stakeholder input is not 

particularly influential to the tool’s outcome is in contrast to the spirit of the Brundtland 

commission’s notion of sustainability, which some have argued represents a 

deontological approach to inter-generational ‘fairness’ (Howarth, 1995). This is 

particularly relevant amongst vulnerable segments of the Canadian populace such as 

residents of the Arctic.  
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Conclusion and Recommendations 

Overall, using the SDST was relatively straightforward and demonstrated that 

existing site data was able to be used by both custodians who are very familiar with the 

contaminated sites as well as a third party. However, selection of applicable indicators 

varied between these two groups, and provision of a proper justification for excluding 

any given indicator should be a strict requirement for the tool’s use by the federal public 

service since the uncertainty of the tool’s outcome increases with each neglected 

indicator. Users of the tool for Arctic projects may find this challenging as there are some 

indicators which may legitimately have no value in most Arctic settings (e.g., ‘Traffic’), 

therefore a cut-off in each sustainability dimension below which the tool’s results are 

nonsensical should be established by the tool’s developer. 

Interpretation of the tool’s results was shown to be difficult when results were 

close, and subjective to the user’s definition of sustainability. Shifting the tool from an 

optimization model towards an outranking style of a multi-criteria analysis tool would 

provide a clearer preference for one or two remediation options (Linkov et al., 2005) 

although this would require compensation between indicators which is not currently a 

function of the tool.   Version 3 of the tool does include a breakdown of each indicator’s 

relative performance in the three sustainability dimensions, which is a useful 

communication tool, however the tool would benefit from incorporating a mathematical 

comparison in the Results worksheet which explicitly identifies the most sustainable 

technology. This will require some policy decisions within Environment Canada and the 

federal custodial departments since the ability to off-set performance in one dimension 

for another is a more realistic interpretation of how the tool will be applied, and it is 
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desirable to have limits in this regard. Also, it is not unforeseeable that the tool may be 

perverted in order to identify the remediation technology which performs best in only one 

of the three sustainability dimensions, such as economic efficiency which is an outdated 

understanding of sustainability, and contrary to the tool’s intent. 

The tool’s inherent bias towards in-situ technologies must be recognized by users 

and is an impediment to use in Arctic contexts where permafrost alters the behavior and 

assumed efficacy of groundwater technologies. The inclusion of permafrost as a 

detriment to the in-situ technologies in the tool should be accounted for before any of 

these technologies are assessed with the tool for Arctic sites. Although the developer of 

the tool cautions that remediation technologies should be selected which are applicable at 

the site, there is no caveat in place for permafrost settings, which could easily be built 

into the ‘Technology Train’ function of the tool in Version 3. 

Decoupling between individual indicators and broader sustainability outcomes is 

not ideal for an optimization framework such as the SDST however as discussed, the 

concept of off-sets in the broader sense (between sustainability dimensions) is a matter 

that requires policy endorsement. Coupling between some key indicators however are 

recommended, for instance linking offsite migration with litigation potential and project 

duration. Analyses with the SDST on northern and southern case studies using the tool 

shows that it would be beneficial to adjust the magnitude of influence for some indicators 

that demonstrated constraints when applied to real sites, such as logistics, costs, and 

emission of greenhouse gases, all of which are likely to be particularly higher for 

remediation projects in Arctic settings. The most influential factor that would accurately 

reflect the challenges of Arctic remediation work is distance from a major centre, which 
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is not explicitly valued and not able to be sufficiently represented in the potential proxy 

indicators of greenhouse gas emissions, logistics or cost. In addition, the inclusion of both 

volume of contaminants (which appeared in earlier versions of the tool) and most 

importantly, distance to large centers, is recommended to more accurately reflect the 

impacts of greenhouse gas emissions, costs and logistics.  

The weighting schemes in the tool were determined to be generally limiting in 

their ability to accurately convey the magnitude of influence of logistics, greenhouse gas 

emissions and costs in Arctic sites, and were further found to be relatively insensitive and 

therefore not able to represent more extreme circumstances which are routinely factors of 

Arctic projects. Broadening the range of both the overall weighting (1, 2 or 3) and the 

individual performance of the indicators would improve this in the tool. In addition, the 

current weighting mechanism discounts the importance of stakeholders relative to the 

federal government, and should be modified such that the maximum weighting is 

allocated when a stakeholder identifies an indicator to be of “very high” importance. 

It is desirable for the federal public service to have one sustainability tool which 

can be universally applied at sites across Canada, but there are several limitations that 

would need to be addressed before the tool can be used in the Arctic, or at least 

recognized so as to avoid misinterpreting the results of the Sustainable Decision Support 

Tool. Ultimately, the tool is not meant to be applied as a singular verdict in selection of 

remediation technologies, but rather incorporated into a broader sustainable decision 

making framework and to that end the most beneficial use of the tool may be in its ability 

to facilitate communication between federal custodians and stakeholders regarding what 

the optimal solution is for managing a federal contaminated site. The tool provides 
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contaminated sites managers with ordered data about the stakeholder’s preferences, 

preventing one-sided and ad hoc decision making. 
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Appendix A 

Applicable Site Indicators in the Sustainable Decision Support Tool 

■ – Applicable  □ – Non-applicable 
 

  CASE A Custodian 

CASE A  

CASE B CASE C Custodian 

CASE C 

CASE D Custodian 

Case D 

ENV-1 Soil Quality ■ ■ ■ ■ ■ ■ ■ 

ENV-2 Soil Vapour Intrusion ■ ■ □ □ □ ■ □ 

ENV-3 Groundwater Quality □ □ □ ■ ■ ■ ■ 

ENV-4 Free Product ■ □ ■ □ □ ■ □ 

ENV-5 Surface Water Quality ■ □ □ ■ ■ ■ □ 

ENV-6 Impact on Drinking Water □ □ ■ □ □ □ ■ 

ENV-7 Off-site Migration ■ ■ ■ ■ ■ ■ ■ 

ENV-8 Quality of Physical Environment ■ ■ ■ ■ ■ ■ ■ 

ENV-9 Impacts on Terrestrial Life ■ ■ ■ ■ ■ ■ □ 

ENV-10 Impacts on Aquatic Life ■ □ ■ ■ ■ ■ ■ 

ENV-11 Greenhouse Gas Emissions ■ ■ ■ ■ □ ■ ■ 

ENV-12 Residual Waste ■ ■ ■ ■ ■ ■ ■ 

ENV-13 Natural Resources ■ ■ ■ ■ ■ ■ ■ 

ENV-14 Energy Consumption ■ ■ ■ ■ ■ ■ ■ 

ENV-15 Water Consumption ■ ■ ■ ■ ■ ■ ■ 

SOC-1 Public and Worker’s Safety ■ ■ ■ ■ ■ ■ ■ 

SOC-2 Project Duration ■ ■ ■ ■ ■ ■ ■ 

SOC-3 Quality of Life During Project ■ ■ ■ ■ □ ■ ■ 

SOC-4 Public Benefits □ □ ■ ■ ■ ■ □ 

SOC-5 Cultural Heritage □ □ □ ■ ■ □ □ 

SOC-6 Federal Government’s Image ■ ■ ■ ■ ■ ■ □ 

SOC-7 Traffic ■ ■ ■ □ □ ■ □ 
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SOC-8 Impact on Landscape ■ ■ ■ ■ ■ ■ □ 

SOC-9 Innovation ■ ■ ■ ■ ■ ■ ■ 

ECONO-1 Technology Cost ■ ■ ■ ■ ■ ■ ■ 

ECONO-2 Litigation Potential ■ ■ ■ ■ □ ■ ■ 

ECONO-3 Nuisance to Normal Operations ■ ■ ■ ■ □ ■ ■ 

ECONO-4 Property Reuse ■ ■ ■ ■ □ ■ ■ 

ECONO-5 Environmental Reserve ■ □ ■ ■ □ ■ □ 

ECONO-6 Local Economic Benefits ■ ■ ■ ■ ■ ■ □ 

ECONO-7 Technology Reliability ■ ■ ■ ■ ■ ■ □ 

ECONO-8 Logistics ■ ■ ■ ■ ■ ■ ■ 

ECONO-9 Technological Uncertainty ■ ■ ■ ■ ■ ■ ■ 



3 

 

 

Appendix B  

Scores and Rationale for Customizable Inputs  

CASE A 

 

 Excavation & Disposal In-situ Bioremediation Excavation & 

Landfarming 

Natural Attenuation Excavation & Biopiles 

Soil Vapour 

Intrusion 

90 90 90 50 90 

Soil under the building will still 

contribute to vapour concerns with 

risk mgmt option 

bioremediation, vapours 

would be quickly 

consumed 

rotating soils will 

reduce vapours quickly 

vapours would reduce as 

sources did, somewhat more 

slowly than in-sute 

bioremediation 

same as exc. & landfarm 

Public Benefits 50 50 50 50 50 

Cultural Heritage N/A N/A N/A N/A N/A 

Site is occupied by buildings that will remain in same function after remediation. Therefore, cultural benefits are neither improved or degraded. 

Federal 

Government’s 

Image 

100 100 100 50 100 

A main goal of FCSAP is to improve the gov'ts image however any remediation would tend to do that; with perhaps the exception of natural attenuation which 

may be viewed as a 'do nothing' approach to some people. 

Innovation 90 50 50 0 50 

natural attenuation can be considered 'innovative' by the definition provided in the Tool, which describes methods that reduce degradation or consumption of 

natural resources. 

Litigation Potential 90 50 50 0 50 

Litigation is not completely avoided by excavation and disposal because there remains contamination under the building which is inaccessible. 

Nuisance to Normal 

Operations 

0 33 0 100 0 

33 = "significant nuisance to normal operations" in version 3 of the tool. 

Environmental 

Reserve 

100 50 100 0 50 

Local Economic 

Benefit 

100 50 100 0 100 

Logistics 50 0 50 100 50 

This community is accessible by boat or airplane only; however in comparison to far northern sites, logistics are not unconquerable. Barging to nearest disposal 

community for soil is approximately 300 km. Also, landfarming and biopiling has access to local employees to work on the site. 
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CASE B 

 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour Intrusion N/A N/A N/A N/A N/A 

Public Benefits 50 50 50 50 50 

Site will be ceded to the adjacent public airport following remediation offering a social benefit. Land use will still be limited to commercial, so only '50' rather than 100 

Cultural Heritage N/A N/A N/A N/A N/A 

 

Federal Government’s 

Image 

100 100 100 0 100 

 

Innovation 0 100 50 50 50 

 

Litigation Potential 100 50 50 0 50 

 

Nuisance to Normal 

Operations 

50 50 33 100 33 

As the site is already abandoned, nuisance will not be a significant factor. However, ex situ on site treatments will cause disruption for entities who are wishing to store fuels and 

other materials at the site as is currently the case (3rd party, agreed to by custodian). Therefore excavation and treatment options are scored as '33': "significant disruption to 
operations" 

Environmental 

Reserve 

100 50 100 0 50 

Local Economic 
Benefit 

100 50 100 0 100 

Logistics 50 0 50 100 50 

The site is within a small community on the coast of the Beaufort Sea.  



5 

 

 

CASE C 

 

 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour Intrusion N/A N/A N/A N/A N/A 

Public Benefits 100 100 100 100 100 

The site is a national park, so there are broad public benefits, however there is a slight restriction due to the presence of a North Warning Station on site. Outside the operational 

DND property, access and benefit to the site remains unfettered. Therefore, site will be scored as '100' benefit w/o restriction. 

Cultural Heritage 100 100 100 100 100 

There are 13 archaeological sites in the area..However, If remediation does not disrupt identified areas, cultural heritage should be preserved and in some cases, improved. 

Federal Government’s 

Image 

100 100 100 0 100 

A main goal of FCSAP is to improve the govt’s image however any remediation would tend to do that; with perhaps the exception of natural attenuation which may be viewed as a 

'do nothing' approach to some people. 

Innovation 0 50 50 50 50 

Excavation is not innovative some innovation with in-situ 

treatment 

some innovation some innovation due to reduction 

of use of natural resources 

 

Litigation Potential 100 50 90 0 90 

removal of contaminants should effectively remove litigation potential, whereas leaving them in place may provide time and opportunity for contaminants to migrate or for 
stakeholders to feel that nothing is being done and pursue legal action. 

Nuisance to Normal 

Operations 

50 50 33 100 33 

Excavation projects will cause disruptions to site operations at the NWS; land farming especially will cause surface disruption while soil attenuates and requires turning etc. 

Environmental 
Reserve 

100 50 100 0 50 

Local Economic 

Benefit 

100 50 100 0 100 

local employment opportunities to operate excavation equipment (applies to disposal and landfarming); in-situ treatment will have some benefit, but less once remediation is 

underway; natural attenuation will have very little benefit to local employment. 

Logistics 0 50 100 0 50 

Barging to remove soil from this very remote location is an extremely complicated logistic approach. Excavation with landfarming is the same (presuming that this factor results in 

ultimate landfill and/or off-site disposal for landfarmed soils). 
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CASE D 

 

 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour Intrusion 100 90 100 50 90 

excavation will remove potential for vapour intrusion pathways 

Public Benefits 50 50 50 50 50 

even with full excavation and remediation, the land use will remain restricted as an industrial / commercial property due to its continued use as an airport. 

Cultural Heritage 50 50 50 50 50 

even with full excavation and remediation, the land use will remain restricted as an industrial / commercial property due to its continued use as an airport. 

Federal Government’s 

Image 

0 50 0 50 0 

It is conceivable that on this highly industrialized, and urban site that remediation would go unnoticed, and it is not likely that contaminants at the site are a high concern to 

potential stakeholders. In fact, remediation may be viewed negatively as a disruption to normal operations. Therefore, all non in-situ options are scored as having a detrimental 

impact to the govt's image. 

Innovation 0 100 50 50 50 

Litigation Potential 100 50 50 0 50 

Litigation may be a real concern on this site due to migration onto neighboring properties, however groundwater movement appears to be stagnant (flat). 

Nuisance to Normal 
Operations 

0 33 100 0 100 

Nuisance is a real concern at this site; activities will restrict normal functioning of the site and space is geographically confined. 

Environmental 

Reserve 

100 50 100 0 50 

Local Economic 

Benefit 

100 100 100 0 100 

employment opportunities would be equal except for natural attenuation due to close proximity of experts in remediation technologies. 

Logistics 50 100 0 100 0 

logistical complications in this instance are due to restrictions in space. Excavation is considered less complicated than landfarming and biopiling because once excavation is 

complete, space is no longer needed. The in-situ options are considered to be non-logistically complicated due to limited surface land use needs. 
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CASE A – Custodian 

 

 
 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour 

Intrusion 

90 50 90 50 90 

Public Benefits N/A N/A N/A N/A N/A 

Site has no social function. 

Cultural Heritage N/A N/A N/A N/A N/A 

Nothing of cultural significance in previously disturbed areas 

Federal 

Government’s 
Image 

50 50 50 0 100 

No effect on image No effect on image No effect on image May be thought of as doing 

nothing. 

May be +ve impact on image for 

using alternate methods. 

Innovation 0 50 0 0 100 

No innovation Some innovation No innovation No innovation Significant innovation in using 

phytorediation at this site 

Litigation Potential 50 90 50 90 90 

Material hauled off site increasing 

litigation potential 

Material remains on site Material hauled off site 

increasing litigation 
potential 

Material remains on site Material remains on site 

Nuisance to Normal 

Operations 

0 50 0 100 100 

interruptions to site operations due to 

heavy construction equipment and time 

frame involved. 

Some nuisance to site 

operations during set up and 

take down. 

Interruptions to site 

operations due to heavy 

construction equipment 

and time frame involved. 

No nuisance anticipated. No nuisance anticipated. 

Environmental 

Reserve 

N/A N/A N/A N/A N/A 

No environmental reserve at this site. I'm not 100% sure what is meant by this. I assume protected spaces? 

Local Economic 

Benefit 

50 0 50 0 0 

Some local benefit due to construction 
spin offs. 

Probably no local economic 
benefit as technology is quite 

specific. i.e. Bob's local 

excavation company would 
not be used for this. 

Some local benefit due to 
construction spin offs. 

No local economic benefit No local economic benefit 

Logistics 0 50 0 100 100 

Many logistical complications due to 

remoteness of site 

Some logistical 

complications due to 
remoteness of site. 

Many logistical 

complications due to 
remoteness of site 

No logistical complications No logistical complications. 
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CASE C - Custodian 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour Intrusion N/A N/A N/A N/A N/A 

Public Benefits 100 0 0 50 0 

Cultural Heritage 100 0 0 50 0 

Federal Government’s 
Image 

100 0 0 100 0 

Innovation 0 0 0 50 0 

Litigation Potential N/A N/A N/A N/A N/A 

Nuisance to Normal 

Operations 

N/A N/A N/A N/A N/A 

Environmental Reserve N/A N/A N/A N/A N/A 

Local Economic Benefit 50 50 50 0 50 

Logistics 0 50 100 0 50 
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CASE D- Custodian 

 

 

 

 

 Excavation & Disposal In-situ Bioremediation Excavation & Landfarming Natural Attenuation Excavation & Biopiles 

Soil Vapour 

Intrusion 

0 90 90 50 90 

There is no contamination with 8 m of a 

slab on grade 

bioremediation, vapours 

would be quickly consumed 

rotating soils will reduce 

vapours quickly 

vapours would reduce as sources 

did, somewhat more slowly than 

in-sute bioremediation 

same as exc. & landfarm 

Public Benefits 0 0 0 0 0 

Site is located in an area where the public has no access.  The site is on the airside of the hangar operations.  There is no public or community benefits from this project. 

Cultural Heritage 50 50 50 50 50 

The site is occupied by a large hangar building and will remain as such after the project is completed.  The site has no cultural heritage significance. 

Federal 

Government’s 
Image 

50 50 50 50 50 

The site is in a secured area that is airside at an airport.  There is little or no public knowledge of this site.  Therefore, the Federal Government's image is not at risk.   

Innovation 0 0 0 0 0 

No innovative elements were looked at for this project. 

Litigation Potential 50 50 50 50 50 

There is a potential for litigation at the site by the landowner if the remediation does not proceed. 

Nuisance to Normal 

Operations 

50 50 50 50 50 

There is a potential for impacts to flight operations at the site due to remediation works. 

Environmental 

Reserve 

0 0 0 0 0 

The technology selected will not reduce the environmental reserve of the site. 

Local Economic 
Benefit 

0 0 0 0 0 

There are no anticipated spin-off benefits to the local community. 

Logistics 100 100 100 100 100 

anticipated logistical complications. 
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Appendix C 

Instructions to Custodians for Completing the SDST 
Hello XXXX 
 
Here, as discussed is the SDST that I would like you to use to evaluate the XXXX site as a case 
study for my M.Sc. (actually I’ve given you both version 2 and 3, in case you want to get your 
Technical Support to install office 2007 for version 3 if you don’t have it…it won’t work properly 
without it). 
 
Basically, I’d like you to fill out the tool as if you were using it to select a remedial option – even 
if you already have for this site, just imagine that you’re evaluating the following options for the 
site: 
 
-dig & dump (excavation and off-site disposal) 
- in-situ bioremediation 
-excavation and landfarming 
-natural attenuation 
-excavation and biopiles 
 
These are the options I’m evaluating with the tool. HOWEVER, please feel free to substitute 
excavation and biopiles for any other option that you might consider for your site.  
 
Also please make note of anything that just doesn’t make sense for your site. 
 
You’ll note that there are a number of customizable inputs in the tool. As you make decisions on 
these inputs, please record the reason for your decision. 
 
-please ignore the weighting criteria worksheet for now (1.3). 
 
AND most importantly…CALL ME IF YOU HAVE QUESTIONS – and please give me some indication 
if you’ll be able to do this by the end of the month. 
 
Thank you once again for participating in this research. 
Jody 
****************************************************************************** 
 
Hi XXXXX, 
 
I have attached a chart here for you to track the scores you assign in the Technology Evaluation 
tab as well as a spot for the justification/rationale and the outcomes. 
 
Also, if you and/or XXXX are available for a call, we can go over the tool sheet by sheet 
together – Tuesday or Wednesday afternoon perhaps? 
 
Tx, 
Jody 
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Tab 1.1 – Site Description. This is more than just an info page, it requires inputs in order for the 
tool to function, particularly related to contamination depth, soil type, presence/absence of free 
phase etc. You are not required to complete the section on remediation objectives or project 
stakeholders, but for my purposes, it would help. You’ll see that you can select the area of 
contamination, Also, although version 3 of the tool gives the option to select more than one 
contaminant, for simplicity’s sake I am only looking at the Petroleum Hydrocarbons. 
 
Tab 1.2 – You don’t have to ‘do’ anything on this tab. This is an overview tab of the tool criteria; 
it shows what the range in variability is for each criteria, e.g., if you have free product the range 
of technical feasibility for remediation options is between 0 and 100.  
 
Tab 1.3 – Selection and Weighting – here you have to do some work. The far left column has 
each of the indicators for the tool, sorted by environmental, social and then economic. *some of 
these criteria may be excluded* for instance, if you do not have groundwater on your site, or if 
you feel that ‘cultural heritage’ is not a legitimate criteria for your site, or if you don’t have free-
phase, you could select “non-applicable” in the drop down menu underneath each indicator. (it 
may not appear to be a drop-down at first, but if you click on the grey box beneath the criteria, 
you’ll see it can change from ‘applicable’ to ‘non-applicable’). 
 
The next two columns determine the relative importance and weight of each criteria. You’ll note 
that the Federal Government Importance criteria are pre-set –please don’t adjust them– the 
level of stakeholder concern on the other hand is pre-set as all “low to moderate priority”. If you 
would like to adjust this section, it could be very telling in terms of your knowledge of the site 
and its particulars vs. mine.  
 
I would be very interested in knowing if you feel a certain parameter is of a different priority to 
your stakeholders, or YOU as a stakeholder so please feel free to change those numbers, and 
importantly --*** please document why***. 
 
Tab 1.4 Technology Evaluation (in version 3 this is tab 1.5). Please select, in the drop-down 
menu’s of “Option 1 to Option 5” the following remediation techniques:  

1) Excavation and Disposal 
2) In Situ Bioremediation 
3) Excavation and Landfarming 
4) Natural Attenuation 
5) Excavation and Biopiling *** OR another remediation technique that you would like to 

use that is available in the drop down menu.  
 
Based on the data you’ll have inputted up to this point, many of the generic and semi-generic 
criteria will have already automatically been filled out. However, there will remain a number of 
Custom Inputs that will direct you to “choose a score”. The scores can be found by hovering 
your mouse over the indicator in the far left hand column. For example, if you selected Soil 
Vapour Intrusion as a relevant criteria at your site, then you would be presented with the option 
to score between 0 and 100 for each remedial option. E.g., “excavation and disposal” would 
result in a score of 100, because the remediation would completely risk manage the issue of soil 
vapour intrusion.  
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ECONO-1 – on Tab 1.4 there is an input that is quantitative where you can indicate how 
expensive the remediation project is, if you have that information. If you do not, that’s okay.  
 
Tab 1.5/ (1.6 in version 3)  – Results. You can see how your technologies fared, based on the 
inputs you selected.  
Tab 1.7 – Version 3 only – the results are broken down by Environmental, Social and Economic. 
 
Thanks for your assistance, and good luck, 
 
Jody Klassen  
Head, Contaminated Sites  
Environmental Protection Operations Directorate 

Environmental StewardshipBranch 

Environment Canada   
Government of Canada 

Website www.ec.gc.ca  
  
Hi guys, 

 

I had a question from another project manager who is reviewing a site 

for me, and I wanted to share the response for your information. 

Thanks, 

Jody 

 

************** 

 

Question: if an indicator is of high importance to the Inuvialuit but 

the site investigation and/or HHERA showed contaminants below criteria 

or below detection or no risk do I choose applicable or not applicable? 

 

 

Answer: 

-if one stakeholder has concern, but another does not - you should 

represent the highest concern expressed by the stakeholders (e.g., 

there may be instances where you have an overriding environmental 

concern even though the stakeholders don't - for instance if you wanted 

to protect a species that was routinely hunted). I don't know if this 

will have a significant impact on the outcome of the tool, but that 

will be very interesting to see, as it represents a critical component 

of integrated decision making. 

 

That is actually a really difficult question to ask, because I have 

observed (and it sounds like you have as well) that risk perception can 

be vastly different from actual risk. I recently saw a talk where a 

local aboriginal was hired to communicate the conclusions of a risk 

study to his community; he could not convince the community that it was 

okay to consume fish and moose near a site, despite the fact that the 

HHERA showed no risk associated with that activity. Why? Because in 

that case perception over-ruled the evidence, and sometimes that can 

become an entrenched concept. 

 

Thanks - and I will share your question and my response with the other 

project managers who are assisting me, of course without divulging any 

specific names/ site details. 

 

http://www.ec.gc.ca/
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Sincerely, 

 

Jody Klassen 

 
Hello, 
 
Once again I have a little information for you about the Sustainable Decision Support Tool that 
you are completing on behalf of my research project for my M.Sc. 
 
I have been informed by the developer of the tool that if you are using version 3 of the tool (the 
newer version of the model which works on Office 2007), and you are evaluating one 
contaminant only, as per my instructions (Petroleum Hydrocarbons), then you must select 
“There is no secondary contaminant” from the drop down menu on tab 1.1. 
 
If you leave it blank it doesn’t assume there is no secondary contaminant, it actually introduces 
a glitch in the programming. This is not a component of Version 2 of the tool, so if you are using 
that one, you may disregard this message. 
 
I hope this hasn’t caused any of you undue stress or problems trying to complete your 
assessment.  
 
As always, my sincere thank you for being involved in this research. 
 
Jody Klassen 
Head, Contaminated Sites  
Environmental Protection Operations Directorate 
Environmental StewardshipBranch 
Environment Canada  
Website www.ec.gc.ca  
  

http://www.ec.gc.ca/
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Appendix D 

Simplified LCA Results for In-situ Bioremediation in the GolderSET Tool. 
 

 

 

 

 Energy Greenhouse Gas 

Emissions 

Residual Materials 

Phases    

Construction 

-Transport 

-machinery 

 

0.24% 

0.05% 

 

0.87% 

0.19% 

 

0.00% 

Operation 

-Nutrients 

-Transport 

-Equipment 

 

0.68% 

0.90% 

96.46% 

 

3.47% 

3.55% 

85.47% 

 

0.66% 

0.00% 

0.00% 

Demobilization 

-Transport 

-machinery 

 

0.21% 

0.15% 

 

0.77% 

0.55% 

 

0.00% 

0.00% 

Total 98.71% 94.87% 0.66% 
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Appendix E 

 

Baseline Evaluation Triangle Diagrams 
 

CASE A 

CASE B 

CASE C 

CASE D 
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Appendix F 

Quantitative Analysis Results for SDST 

      Primary Evaluation Custodian Analysis 

CASE A 

Volume of Soil 

(m
3
) 1500 

Generic Economic 

Score 

Quantitative Economic 

Score 

Generic Economic 

Score 

Quantitative Economic 

Score 

  Cost per m
3
 Cost         

Excavation and Disposal $900.00 $1,350,000.00 81 78 38 50 

in-situ bioremediation $100.00 $150,000.00 53 54 56 61 

Landfarming and disposal $100.00 $150,000.00 75 76 32 45 

Excavation and Biopile $150.00 $225,000.00 62 66 56 no cost estimate for phyto 

Most sustainable option 

selected by the tool 

Biggest triangle In-situ Bioremediation in-situ bioremediation Phytoremediation In-situ bioremediation 

least skewed triangle Excavation and Biopile excavation and biopiles 

Excavation and 

Disposal Excavation and Disposal 

              

CASE B 

Volume of Soil 

(m
3
) 5320         

  Cost per m
3
           

Excavation and Disposal $900.00 $4,788,000.00 86 83 

no custodian results 
in-situ bioremediation $100.00 $532,000.00 54 55 

Landfarming and disposal $100.00 $532,000.00 78 79 

Excavation and Biopile $150.00 $798,000.00 65 68 

Most sustainable option 

selected by the tool 

Biggest triangle In-situ Bioremediation in-situ bioremediation     

least skewed triangle Excavation and Biopile excavation and biopiles     

              

CASE C 

Volume of Soil 

(m
3
) 1,400.00         
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  Cost per m
3
           

Excavation and Disposal $900.00 $1,260,000.00 82 79 48 47 

in-situ bioremediation $100.00 $140,000.00 57 59 56 50 

Landfarming and disposal $100.00 $140,000.00 73 75 44 38 

Excavation and Biopile $150.00 $210,000.00 69 72 56 52 

Most sustainable option 

selected by the tool 

Biggest triangle In-Situ Bioremediation in-situ bioremediation Natural Attenuation excavation and disposal 

least skewed triangle Excavation and Biopile excavation and biopiles 

Excavation and 

Disposal excavation and disposal 

              

CASE D-SOUTH Volume of Soil (m
3
) $1,500.00         

  Cost per m
3
           

Excavation and Disposal $80.00 $120,000.00 86 85 72 70 

in-situ bioremediation $30.00 $45,000.00 70 69 61 60 

Landfarming and disposal $100.00 $150,000.00 73 69 55 46 

Excavation and Disposal $116.00 $174,000.00 64 62 64 58 

Most sustainable option 

selected by the tool 

Biggest triangle In-Situ Bioremediation in situ bioremediation Natural Attenuation in-situ bioremediation 

least skewed triangle In-Situ Bioremediation in situ bioremediation 

In-situ 

Bioremediation in-situ bioremediation 

 


