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ABSTRACT 

The heart of sustainable development lies in the ability to secure a progressively better 

quality of life for communities while preserving the natural assets that contribute inputs 

and absorb the byproducts of development.  Because different regions around the world 

may have different regional development priorities, it is reasonable to expect that they 

could also have different priorities when they consider sustainable development.  This 

paper presents the concept of the sustainability footprint and formulates the concept in a 

model to evaluate how well civil engineering systems are doing with respect to 

sustainability.  The model is applied to data for the Atlanta and Chicago Metropolitan 

highway systems to illustrate how it can be used to assess progress toward sustainability.   
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LEARNING OBJECTIVES 

Upon completing this module, the student will be able to: 

 

1. Explain the concept of the ecological footprint 

2. Explain the concept of the sustainability footprint 

3. Formulate the concept of the sustainability footprint using calculus 

4. Apply the sustainability footprint model to evaluate system progress toward 

sustainability 
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1. SUSTAINABLE DEVELOPMENT PRIORITIES AND PROGRESS 
 

1.1 Background 

 

Sustainable development (i.e., development that meets the needs and aspirations 

of current generations while preserving the ability of future generations to meet their own 

needs and aspirations) is a stated objective for several regions, nations, municipalities and 

agencies today.  Operationally, when several initiatives to define and measure 

sustainability are considered, the heart of the matter lies in ensuring that economic and 

social development continues while preserving the natural and human environment, and 

ensuring that the impacts of development and environmental management are equitably 

distributed (see for example OECD 1999, Gudmundson 2000, NTREE 2003, Jeon and 

Amekudzi 2005).  In other words, in a sustainable world, society's demand on nature is in 

balance with nature's demand (www.footprintnetwork.org), at whatever quality of life 

(QOL) level or standard of living (SL) that society chooses to operate. 

 

The concept of sustainable development has also been applied broadly in making 

investment or resource allocation decisions for civil infrastructure facilities and systems: 

critical components of the basic building blocks of civilization.  For example, while 

transportation system sustainability has been defined in various ways, there is emerging 

consensus that a sustainable transportation system must be safe, efficient in providing 

accessibility and mobility, and in enhancing economic productivity, without impacting the 

natural environment negatively -- all in a manner that is equitable to those who use and 

are affected (either directly or indirectly) by the system, as depicted in Table 1.
1
   This 

paper uses transportation systems as the main example of infrastructure.  However the 

concepts presented are applicable to a broad range of infrastructure facilities and systems. 

 

 

2. FOUNDATIONAL UNDERPINNINGS IN THE LITERATURE 

 

2.1 Sustainability Frameworks for Infrastructure Decision Making 

 

Sustainable development paradigms for addressing civil infrastructure systems 

have framed the core issues using the tripartite framework of impacts on the economy, 

environment and society.  Several examples in the literature are framed to evaluate the 

economic, environmental and social impacts of particular infrastructure investment 

decisions or policies, e.g., transportation (Transportation Association of Canada, 1999), 

water and sewer systems (Ashley and Hopkinson, 2002) and wastewater treatment 

systems (Balkema et al. 2002).  Another class of frameworks can be identified that 

                                                 
1
 These are arguably necessary but not sufficient conditions for a transportation system to contribute 

significantly to regional sustainability, given that transportation (and other infrastructure systems) in 

general do not exist in isolation, and sufficient conditions would necessarily involve other biotic and abiotic 

systems that are naturally or humanly linked with the infrastructure system of interest (e.g., land use for 

transportation systems).  However, for the purposes of this paper, we articulate necessary conditions for a 

transportation system to contribute effectively to regional sustainability without getting into a discussion of 

what should constitute sufficient conditions. 

http://www.footprintnetwork.org/
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attempt to capture a fuller range of indicators and metrics that cause particular conditions 

affecting sustainability, the impacts of these causes and corrective actions that can be 

taken to address them.  The Pressure-State-Response (PSR) framework developed in 

Canada was originally proposed to analyze interactions between environmental pressures, 

the state of the environment, and environmental responses (OECD 1999).  Applied to 

infrastructure, such a framework would seek to identify related causes of critical 

environmental pressures and actions to address them.   

 

Pearce and Vanegas (2002) present a triaxial framework of technological 

sustainability, which seems to combine the core ideas of the impacts-based frameworks 

and linkages-based frameworks discussed above.  They conceptualize technological 

sustainability within a three-dimensional space in which the impacts of technological 

decisions are captured on (1) the ecosystem impact, (2) the resource base impact and (3) 

stakeholder satisfaction.  In this framework, they define the octant of sustainability as the 

space where stakeholder needs are met or exceeded, the resource base impact is zero or 

net positive, and the ecosystem impact is zero or net positive.  In other words, for a 

particular decision to be sustainable, its impacts would have to fall within the octant of 

sustainability. 

 

Another tool that has been used widely in discussions on sustainable development 

and systems sustainability is the Ecological Footprint.  Wackernagel and Rees (1996) 

introduced the concept of ecological footprints to measure sustainability roughly a decade 

ago.  By assessing the natural resources required by various human activities in terms of 

productive land, they carefully worked out a tangible and logical measure of 

sustainability in terms of human activities and land area.  The ecological footprint of an 

activity is the productive land and water area required to provide support for that activity.  

The ecological footprint is a resource management tool that measures how much land and 

water area a human population requires to produce the resources it consumes and absorb 

its wastes under prevailing technology (www.footprintnetwork.org).  There is a growing 

number of applications of the ecological footprint concept in infrastructure decision 

making.  For example, Chi and Stone (2005) present a methodology for measuring the 

ecological footprint of a county-level transportation network in current and future time 

periods; Carrera-Gomez et al. (2006) apply the ecological footprint to assess the 

sustainability of ports; Bastianoni et al. (2006) apply ecological footprint analysis to 

building construction; and Holden and Hoyer (2005) apply ecological footprint analysis 

to fuels (which are part of broader infrastructure systems).    

 

2.2 Quality of Life 

 

Another key component of our discussion below is the Quality of Life of the 

communities who use the infrastructure systems under consideration.  Quality of life is 

considered to be a function of multiple conditions, including biophysical, environmental 

and social conditions.  Thus, quality of life indicators include air quality, water quality, 

soil quality, shelter quality, nutrition, health, security, education etc.   

 

http://www.footprintnetwork.org/
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3. THE SUSTAINABILITY FOOTPRINT  

 

3.1 Defining the Sustainability Footprint 

 

As discussed in the previous section, the Ecological Footprint is a resource 

management tool that measures how much land area a human population requires to 

produce the resources it consumes and absorb its wastes under prevailing technology 

(www.footprintnetwork.org), and has been used widely in discussions on sustainable 

development and systems sustainability.  While useful, this measure fails to reveal 

explicitly the quality of life (or other standard of performance related to the system being 

considered, and in particular to the well being of the system users) linked to the present 

level of resource consumption and waste generation.  However, the quality of life or 

standard of living is a critical component of the measurement of sustainability because it 

begins to capture the value-added that a particular society is “purchasing” through the 

consumption of particular natural resources and generation of particular wastes.  

Therefore, if we consider two different countries (or other stakeholder entities) with the 

same ecological footprint per capita, we could say that the country with a higher quality 

of life is more efficient at generating an improved quality of life for its community from 

the environmental resources it is using up.   

 

3.2 Advantages of Using the Sustainability Footprint 

 

The explicit consideration of quality of life as a function of the ecological 

footprint does a number of things to improve our ability to measure progress toward 

sustainability or sustainable development: 

 

(1) We can begin to consider the rate of change of quality of life as a function of the 

ecological footprint.  Countries or other entities that increase their quality of life 

significantly with little or no change in their ecological footprint (or even a 

reduction in their ecological footprint) can be said to be making better progress 

toward sustainability or sustainable development.  On the contrary, countries or 

other entities that have experienced little or no change (or a decrease) in their 

quality of life with a simultaneous increase in the ecological footprint per capita 

can be considered to be moving away from sustainability or sustainable 

development. 

 

(2) The difficulties that arise when considering countries at different levels of 

economic development are reduced when we begin to look at the rate of change of 

quality of life as a function of how much is consumed in natural resources and 

generated as wastes to the environment.  In other words, we can begin to make 

more meaningful comparisons of true progress toward sustainable development or 

sustainability for entities at different levels of economic development when we 

consider how they are growing in their ability to provide an improved quality of 

life for their communities as a function of the expense of this growth to the 

environment (i.e., in natural resource consumption and waste generation). 

 

http://www.footprintnetwork.org/
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(3) Considering minimum standards for sustainable development becomes more 

feasible with a rate of change of quality of life as a function of the ecological 

footprint per capita.  The reason for this is such standards can be more explicitly 

tied to the rate of change of quality of life or standard of living even when we 

have entities with significantly different levels of quality of life or standards of 

living. 

 

(4) Objective limits can be used more readily as a basis for determining the limits of 

sustainable growth or development.  For example, one could postulate that the 

allowable rate of growth for any entity (as measured by an increase in QOL or 

standard of living) must not exceed that for which the consumption of natural 

resources e.g., fossil fuels in the case of transportation systems, can be 

regenerated or replaced through technical innovation. 

 

(5) It allows us to work with the status quo of the existing quality of life for different 

communities (i.e., nations, regions, cities, etc.) as the baseline for measuring 

progress toward sustainability.  Questions about how one compares developed 

economies (that are at notably higher levels of quality of life) with poorer 

economies (that have a generally lower quality of life) become more simplified to 

comparisons of the rate of change in quality of life (or standard of living) as a 

function of resource consumption and waste generation.  This is a useful construct 

given that debates about different quality of life levels are not terribly constructive 

because they lead nowhere helpful in particular: we do not expect economies with 

higher quality of life levels to ever decide to move to lower levels for the sake of 

uniformity in the quest for global sustainability.  Thus with this construct, we can 

assume that the intent for any community will always be to move up the quality of 

life ladder (rather than lower down the ladder).  And as we shift to a rate of 

change construct for characterizing sustainability, the discussion can now focus 

on what are the relative marginal gains in quality of life as a function of 

consumption of natural resources and wastes generation.  And irrespective of 

where an entity (i.e., city, state, or nation) is with respect to the average quality of 

life or standard of living at any point in time, the more pertinent issue becomes 

the rate of change of that quality of life or standard of living rather than the actual 

quality of life or standard of living, (even though the present quality of life 

remains contextually relevant and thus important).  This is particularly helpful 

because if a stakeholder entity at a relatively high average quality of life can 

sufficiently innovate technologically to justify significant upward movements or 

even leaps in quality of life with minimal changes in their rates of consumption 

and waste generation, then we can argue that such an entity will be moving more 

rapidly toward sustainability than another entity with a lower baseline quality of 

life that makes a relatively modest upward movement in quality of life in the same 

timeframe but with significant increases in resource consumption and waste 

generation.  Thus, in this construct, we can begin to talk about what constitute 

acceptable rates of change of quality of life with respect to resource consumption 

and waste generation, in order to maintain sustainable development.  And these 
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rates can be compared independent of where entities are found with respect to 

their quality of life baselines. 

 

(6) Distinct from the ecological footprint concept, this concept, which we will call 

“the sustainability footprint,” includes a measure of well being as well as 

environmental impact, and explicitly addresses quality of life as part of the 

imprint of development, which is logical.  Thus, we can attempt to estimate or 

measure the sustainability footprint of a particular infrastructure system, of a 

system improvement, policy or other change that affects the general quality of life.  

The authors find that this characterization enables a more effective accounting for 

the use of natural resources for development because it attempts to tie some 

benefit to environmental costs.  Thus, in the conceptualization of the 

sustainability footprint, quality of life is an intrinsic element of measuring 

sustainability because ultimately it quantifies or qualifies the nature and type of 

development that is occurring. 

 

Given the discussion above, we define the sustainability footprint as the rate of change of 

some measure of system performance, as it pertains to the well-being of the system users 

(e.g., quality of life), as a function of environmental costs associated with attaining that 

system performance (e.g., the consumption of natural resources and generation of wastes).  

This concept can be formulated mathematically.  The next section presents a formulation 

of the sustainability footprint concept using calculus. 

 

 

4. FORMULATION OF THE SUSTAINABILITY FOOTPRINT CONCEPT 

 

4.1 Formulation 

 

As defined above, the sustainability footprint can be characterized as the rate of 

change of some measure of system performance (e.g., quality of life) as a function of the 

environmental costs associated with attaining that system performance (e.g., the 

consumption of natural resources and generation of wastes).  A simplified 

conceptualization and formulation of the sustainability footprint concept is presented in 

Figure 1.  This conceptualization is developed for a major city or metropolitan area, e.g., 

the Atlanta Metropolitan Area, and focused on a particular infrastructure system e.g., the 

highway system, of the metro area.  The sustainability footprint captures the rate of 

change of quality of life contributed by the highway network to its community as a 

function of the impact of the highway system on the environment (through the 

consumption of natural resources and the generation of wastes that are added to the 

environment).  In this example, the % of congested hours in daily travel is selected as the 

measure of highway-related quality of life.  Gas consumption is selected as the natural 

resource indicator, while emissions are selected as the waste indicator.  It is important to 

understand that the performance indicators or measures selected are subject to the 

discretion of the analysts and decision makers, recognizing that they must align well with 

the overall vision and goals for metropolitan sustainability (see Jeon et al., 2007) because 

what gets measured is what ultimately gets managed.  Thus, the sustainability footprint 
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concept can be conceptualized using a different set of indicators so long as they include 

an element that captures system performance, e.g., the quality of life or standard of living 

of the community, another element that captures resource use or consumption, and a third 

element that captures waste generation and disposal: this can be viewed as a basic 

systems framework with system objectives, inputs and outputs. 

 

Consider Figure 1: two cities (or metropolitan areas) are presented as stakeholder 

entities (i.e., stakeholders of global sustainable development).  Their regional highway 

networks are characterized by the quality of life afforded by these networks to their 

respective system users, and this quality of life is measured as the “% of daily congested 

travel.”  In addition, the resource use for their highway systems is characterized by the 

average fossil fuel consumption per day or per annum, and the waste generation for their 

highway systems is characterized by the emissions generated per day or per annum by the 

respective vehicle fleets that use the two highway systems.  Thus, the problem of 

estimating the degree of sustainability or unsustainability involved with the development 

that has occurred between any two points in time, t1 and t2, is formulated as the change in 

the “% of daily congested travel” in the time interval between t1 and t2 as a function of 

fossil fuel consumption and emissions generated in that same time interval (t1 to t2).  In 

other words, this problem is formulated as the rate of change of quality of life (in this 

case “% daily congested travel”) with respect to resource consumption (i.e., fossil fuel 

consumption) and waste generation (i.e., emissions generation).  The formulation, 

depicted in Figure 1, is given below.  Quality of life is abbreviated as QOL in the 

formulation: 

 

 Let A and B be stakeholder entities: City A and City B (i.e., both stakeholders of 

sustainable development within a broader statewide context) (see Figure 1) 

 

 At any point in time tx, each city can be characterized by its location in the three-

dimensional X-Y-Z space of Waste Generation-Resource Consumption-QOL, 

which we can consider the X-Y-Z space of metropolitan sustainable development 

relative to the highway system. 

 

 Thus A1996 = (XA,1996, YA,1996, ZA,1996) is used to depict the location of City A in 

the X-Y-Z development space, of QOL-Resource Use-Waste Generation in the 

year 1996.  Likewise, B1996 = (XB,1996, YB,1996, ZB,1996) is used to depict the 

location of City B in the X-Y-Z development space in the year 1996. 

 

 Thus, the Sustainability Footprint (SF) of City A in the decade between 1996 and 

2006 can be formulated as the QOL change in City A as a function of resource 

usage and waste generation between 1996 and 2006, as shown below: 

 

o SFA, 1996-2006 =           dZA 

   ___________ 

 

       dYA * dXA 

    1996-2006 
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 For the highway network in this example, this formulation gets populated with the 

appropriate measures of performance to capture the sustainability contributions of 

the highway network in the period of interest.  It is important to understand that 

the performance measures chosen must be thought through carefully; however, 

while there may be superior performance measures for measuring certain specific 

outcomes relative to desired objectives, there is nothing like a correct measure of 

performance, but rather a more effective measure of performance for capturing 

progress toward some particular or specified goal(s).  A very important 

consideration in selecting performance measures in general is the understanding 

that what gets measured is what will get managed in due course of time. 

 

4.2 Important Considerations 

 

4.2.1   Temporal Granularity of the Analysis: The temporal resolution of the formulation 

is undoubtedly important relative to capturing the Sustainability Footprint over 

the period of interest.  In other words, if the formulation is done in one-year time 

increments over the entire 10-year period: i.e., 1996-1997, 1997-1998, 1998-1999, 

1999-2000 … 2005-2006, more accurate details about the SF in this period will be 

captured and in essence the overall SF calculated will more likely be closer to the 

actual SF, than the case where the temporal resolution is increased. 

 

4.2.2 Standards for Sustainable Development:  This formulation offers new possibilities 

for establishing objective standards for sustainable development in the sense that 

once a particular temporal resolution is accepted or identified as the minimum 

allowable temporal resolution for estimating the Sustainability Footprint, then 

minimum allowable standards for the rate of change of QOL as a function of 

resource consumption and waste generation can be established and used as a 

basis for evaluating progress toward sustainability, and for comparative 

assessments of the progress of different stakeholder entities toward sustainability. 

 

4.2.3 Sustainability Footprint Management:  This idea of minimum standards for 

sustainable development leads to the idea of Sustainability Footprint Management, 

in which different stakeholders can be allowed to relax the minimum temporal 

resolution for measurement in order to achieve standards over a longer period of 

time; but nonetheless achieve those standards like everybody else.  In other words, 

the concept of Sustainability Footprint Management recognizes that different 

stakeholders have different sustainable development priorities and so allows 

stakeholders to articulate how they plan to go about meeting (or exceeding) the 

minimum standards of sustainable development over an extended time frame in 

order to accommodate for their particular sustainable development priorities.  

Therefore, temporal flexibility can be afforded to stakeholder entities 

understanding that those entities with sustainable development priorities that align 

well with the issues under consideration will likely be the most eager entities to 

pursue sustainable development in these areas, while others may want to defer 
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these areas for some specified time period while they address their more urgent 

priorities. 

 

4.2.4 Sustainability Footprint Trading:  The idea of Sustainability Footprint 

Management (SFM) also introduces the possibility of Sustainability Footprint 

Trading (SFT), akin to the idea of carbon emissions trading, in other words a 

market basis for sustainable development.  In essence, if we can imagine a 

number of geographically contiguous stakeholders, then we can consider 

introducing temporal flexibility in evaluating progress toward sustainability such 

that certain entities that will not able to meet minimum sustainable development 

standards during a particular period of time can be allowed to continue to operate 

in the regime of other stakeholders who may exceed the standard sufficiently 

enough to accommodate for the failure of the others to do so.  In this case, the 

latter would have some debits of sustainable development that must be made up in 

the future while the former stakeholders would be accorded some credits of 

sustainable development that they can draw against in the future if necessary.  

This way, the sustainability footprint of the whole regime of stakeholders can be 

managed appropriately to meet overall standards that are determined in reference 

to basic sustainability principles such as the rates of generation of non-renewable 

resources, impacts of emissions on public health, minimum acceptable standards 

of living, social equity considerations, and other scientific (both natural science 

and social science) bases for sustainability.  Sustainability Footprint Trading 

would be more applicable at a higher level of decision making, e.g., when 

attempting to set standards for cities in order to reach metropolitan or statewide 

goals. 

 

4.2.5 Addressing Social Equity: The Sustainability Footprint also introduces some 

objectivity in assessing the distributive impacts of infrastructure investment 

decisions or policies.  In essence, the sustainability footprint can be applied to 

selected demographic groups in society and a comparative analysis performed to 

determine how close to or far away from the general population these different 

groups are.  It is also conceivable that a society can choose to adopt some 

minimum standards for the Sustainability Footprint below which no demographic 

group should be allowed to fall. 

 

4.2.6 Addressing Resource Efficiency:  The Sustainability Footprint can incorporate a 

quality of life indicator (or an index of quality of life indicators), a resource 

indicator (or an index of resource indicators), and a waste indicator (or index of 

waste indicators).  The efficiency of use of any resource, such as energy, will be 

captured by the aggregate use of the resource to generate said QOL benefits in the 

timeframe under consideration. 

 

 

5. CASE STUDY 

 

5.1 Sustainability Footprint Estimation 
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 This case study applies the sustainability footprint concept and formulation to 

assess the sustainability of the Atlanta Metropolitan and Chicago Area highway networks 

in the decade between 1990 and 2000 in a simplified example to illustrate the concept of 

sustainability footprints and explore the implications of applying this measure to address 

progress toward sustainability in infrastructure decision making.  The data used is from 

the Texas Transportation Institute‟s (TTI) Urban Mobility Report.  A slice or view of 

system sustainability is taken by considering the change in congested travel over this 

period as a function of fuel consumption and vehicle emissions for both networks.  We 

emphasize that the particular indicators selected can change depending on the particular 

slice or view of sustainability we want to consider and that we can consider multiple 

views in so far as we are capturing changes in infrastructure system performance (on 

some aspect of community quality of life) as a function of associated resource 

consumption and waste generation.  Table 2 summarizes the data used for the assessment.   

 

 

 Based on the XYZ space of Delay-Excess Fuel-Congested Travel, we estimate the 

sustainability footprints for the Atlanta and Chicago Metropolitan Areas as follows: 

 

o SFAtlanta, 1990-2000 =           ΔZA 

        ___________        [%VMT/ (Gal per Person*Person-Hrs)] 

 

           ΔYA * ΔXA 

       1990-2000 

 

=         (80-43)/[(21 - 7) *(52-55)]  

 

= 37 %VMT per [14 Gal per Person * -3 Person-Hrs] 

 

= -0.88 [%VMT/ (Gal per Person*Person-Hrs)] 

 

 

o SFChicago, 1990-2000 =           ΔZC 

        ___________        [%VMT/ (Gal per Person*Person-Hrs)] 

 

           ΔYC * ΔXC 

       1990-2000 

 

=         (80-69)/[(14 -9) *(25-17)]  

 

= 11 %VMT per [5 Gal per Person * 8 Person-Hrs] 

 

= 0.28 [%VMT/ (Gal per Person*Person-Hrs)] 

5.2 Discussion 
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 The simple example developed above depicts the evolution of Atlanta and 

Chicago in the 3D space of delay, excess fuel consumption and congested travel, during 

the period from 1990 to 2000.  The example shows a 37% increase in congested VMT at 

the expense of 14 additional gallons of fuel per person annually and a reduction of delays 

by 3 person-hours per year, in the Atlanta Metro Area.  In contrast, Chicago shows an 

11% increase in congested VMT at an expense of 5 additional gallons of fuel per person 

and an increase of delays by 8 person-hours per year.  One could interpret the raw rates of 

change as indicating a higher growth in congestion in Atlanta with a corresponding 

increase in fuel consumption but with a reduction in delays per capita.  The numbers 

show Chicago had a moderate increase in congested travel in comparison with Atlanta 

with a correspondingly moderate increase in fuel consumption, but a higher increase in 

delays per capita relative to Atlanta. 

 

 The example illustrates that in the case of an increase in congested travel, a lower 

value in the numerator is preferred whereas a higher value is preferred for decreases in 

congested travel (with a negative sign).  Likewise, for the denominator negative values 

for each element are preferred to positive values, and higher negative values indicate 

more progress toward sustainability.  Higher positive values indicate more rapid 

movement away from sustainability.  The component values of the expression shed more 

light on the stakeholder‟s movement toward or away from sustainability.  In this example, 

it seems that Chicago generally made modest movements away from sustainability in 

comparison with Atlanta, which made relatively larger movements away from 

sustainability; however, Atlanta made notable gains in reducing delays per capita. 

 

 This example also indicates that there is some value in considering the rates of 

change in the context of the absolute values of the parameters of sustainability.  Thus, it 

is clear from the data in Table 2 that while Atlanta starts off better than Chicago in 

congested travel and fuel consumption in 1990, in the period of analysis, it surpasses 

Chicago on both parameters.  Atlanta, however, manages to reverse the trend in 

increasing delays and begins to reduce delays in this period.  However, on an absolute 

scale Atlanta is still experiencing notably more delays than Chicago in 2000. 

 

A similar year-to-year analysis conducted on Atlanta and Chicago in this 3D-

space will show the effects of granularity and may affect the results in notable ways, 

particularly if there are trend reversals in any of the parameters during the analysis period.  

A 3D-plot of the data for the three parameters on a year-by-year basis would begin to 

show graphically the trends toward and away from sustainability during this period.  In 

essence, this problem can be captured by integration over the volume space bounded by 

the area defined by the Z-parameter over the XY-area. 

 

5.3 Implications 

  

The simple example presented above depicts how standards for sustainability 

could be set on the basis of the three parameters over a given time period, and different 

stakeholders allowed to meet those standards at their own pace relative to how well the 

issues under consideration align with their particular development priorities.  E.g., a 
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group of stakeholders could adopt a standard to be met in the next decade of reducing 

congested travel by a minimum of 10% with no net increases per capita in fuel 

consumption or delays.   

 

In addition, beyond using the sustainability footprint as a basis for standards 

setting, the footprint could be used as a basis for market trading to allow stakeholders 

with notable gains in any quarter to absorb the impacts of the failures of other 

stakeholders temporarily, with the allotment of credit and debit points relative to how 

much has been gained or incurred on the basis of the adopted standard.  

 

While these concepts have ample room for further development, what they do is 

to put forward a foundation on which to begin building discussions on objective 

standards for sustainability that offer the means to acknowledge differences in sustainable 

development priorities across different stakeholders and offer temporal flexibility in 

achieving these standards.  Such a decision making environment that embraces 

sustainability footprint management will offer stronger incentives for gaining consensus 

on standards and policies to achieve sustainability at a broader systems levels (e.g., 

regionally, nationally, globally, etc.) of decision making. 

 

5.4 Limitations of the Study 

 

This case study is intentionally simplified to ensure that we accomplish the intent 

of this module which is to advance the concept of sustainability footprints for 

infrastructure decision making, give credible examples of how this concept can be 

applied in the management of sustainability footprints, and begin to articulate the 

potential benefits of the full development and application of these concepts.  Thus, there 

is still much room for further development of the ideas presented in this paper.  In 

particular, the system effects of the phenomena addressed in any slice or view of 

sustainability are not considered in this study.  Further development of the concepts 

presented in this paper should include expanding the application to be more 

representative of the regional sustainability objectives related to the particular 

infrastructure system under consideration, including addressing the relevant system 

effects among the different parameters of sustainability under consideration.  In addition, 

future work should give thought to how to present the sustainability footprint to facilitate 

interpreting the results.  In particular, the denominator of the derivative may be negative 

or positive depending on the signs on the resource element of the footprint versus the 

waste element of the footprint, which may present difficulties in ranking footprints 

without knowing the separate values being contributed by the resource and waste 

elements. 

 

5.5 Data Availability 

  

 The evaluation of sustainability footprints can be data intensive and would 

typically involve culling data from a wide range of sources.  For transportation systems, 

various data sources would be potentially useful including the following: 

 The Urban Mobility Report, Texas Transportation Institute 



 

   

15 

 National Transportation Statistics, Bureau of Transportation Statistics 

 Economic Growth Data, U.S. Bureau of Economic Analysis 

 Database of over 600 variables relating to transportation, environmental systems 

and energy use, EarthTrends Searchable Database 

 American household expenditures, income, and family characteristics.  Statistics 

on consumer patterns, Bureau of Labor Statistics, Consumer Expenditure Survey 

 Highway Statistics, Information on U.S. Road Conditions, Highway Travel and 

Expenditures, U.S. Department of Transportation, Federal Highway 

Administration 

 Data on flow of goods by modes of transport, Bureau of Transportation Statistics, 

Commodity Flow Survey 

 Transportation statistics on fuel consumption, emissions, etc.,  U.S. Department of 

Energy‟s Transportation Energy Data Book 

 Demographic Data, U.S. Census Bureau Decennial Census 

 National level Highway Information, Highway Performance Monitoring System, 

U.S. Department of Transportation, Federal Highway Administration 

 National level Bridge Information, National Bridge Inventory, U.S. Department 

of Transportation, Federal Highway Administration 

 National Database of Statistics for the Transit Industry, U.S. Department of 

Transportation, Federal Transit Administration 

 

It is important to note that sustainability must be evaluated in the context of the 

prevailing community.  Thus, the particular urgent issues, visions, objectives and 

constraints of any community (e.g., nation, state, metropolitan area, city), would have to 

be considered in order to assess progress toward sustainability.  

 

6. SUMMARY AND CONCLUSION 

 

 The idea of ecological footprints has been used in discussions on sustainable 

development to capture the natural resources needed to support the development of a 

particular entity.  This paper applies and extends the concept of ecological footprints in 

the domain of infrastructure systems decision making by integrating a quality of life 

measure to capture the gains in “well-being” made at the expense of the environment 

when decisions to invest in infrastructure systems are made or policies are developed that 

impact these systems.  The motivation for this extension is to accommodate differences in 

sustainable development priorities across a range of stakeholders at different levels of 

economic development and hence with different constraints.  The sustainability footprint 

(SF) is defined as the rate of change of some measure of system performance, as it 

pertains to the well-being of the system users (e.g., quality of life), as a function of 

environmental costs associated with attaining that system performance (e.g., the 

consumption of natural resources and generation of wastes).  The SF concept is 

formulated using calculus and an example is presented where the SF is applied to 

evaluate the sustainability of the Atlanta Metro and Chicago Area highway networks in 

the time period between 1990 and 2000.  The results show that, on the condition of the 

availability of good quality data, objective and repeatable measurements can be made to 
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comparatively assess progress toward sustainability for different stakeholder entities.  

The results also show that objective standards for sustainable development can be 

adopted in the context of infrastructure decisions to promote sustainability.  The market-

based concept of SF management acknowledges that sustainable development priorities 

may be notably different across a range of stakeholders with different levels of economic 

development and so constraints, and thus introduces temporal flexibility in meeting 

sustainable development standards where stakeholders can obtain and trade credits and 

debits of sustainable development to promote the development of consensus on standards 

for sustainable development and advance the overall regime of stakeholders more rapidly 

toward sustainable development.  Applications of sustainability footprints and 

sustainability footprint management to infrastructure decision making offer a foundation 

on which to build a more objective system for the development of sustainability standards 

and the management of multiple stakeholders with different sustainable development 

priorities to achieve a common vision for sustainability that accommodates their unique 

constraints. 
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Table 1: Definitions of Sustainability from Selected Sustainable Transportation Initiatives (Jeon and Amekudzi, 2005) 

Source Funding Overview Definitions and Notes               

United States Department of 

Transportation (USDOT) 2003.  

Performance Report 2004 

Performance Plan, Washington 

D.C. 

(http://www.dot.gov/PerfPlan20

04/index.html) 

USDOT 

DOT has defined five strategic goal areas covering 

safety; mobility; economic growth and trade; human 

and natural environment; and national security.  For 

each goal a set of strategic outcome goals and a 

number of more specific performance measures are 

defined for use in the annual performance planning. 

The four strategic outcome goals for the environment are 

qualitative: (1) Reduce the amount of transportation-

related pollutants and greenhouse gases released; (2) 

Reduce the adverse effects of siting, construction and 

operation of transportation facilities; (3) Improve the 

sustainability and liveability of communities through 

investments in transportation facilities; and (4) Improve 

the natural environment and communities affected by 

DOT-owned facilities and equipment 

             

United States Environmental 

Protection Agency (USEPA) 

1999.  Indicators of the 

Environmental Impacts of 

Transportation. Updated Second 

Edition. Washington D.C. 

(http://www.epa.gov/otaq/tr

ansp/99indict.pdf) 

USEPA 

The reports attempt to provide a comprehensive 

overview of the full range of environmental impacts 

(including impacts on air, water, climate, natural 

habitats, and other endpoints) from transportation 

modes (including road, rail, air, sea), in a system-

wide perspective (including impacts from 

production, use and scrapping of vehicles and 

infrastructure). 

Sustainability is not mentioned.  The indicators, however, 

included transportation impacts in the following areas: (1) 

impacts on air, water, climate, natural habitats, and other 

endpoints (9 impacts); (2) impacts from all transportation 

system modes (road, rail, air, sea); (3) impacts from the 

major system elements (vehicles, infrastructure, partly 

fuels); and (4) impacts from several stages of the lifecycle 

of each element (including production, construction, 

use/maintenance and disposal). 

             

Transport Canada (TC) 2001. 

Sustainable Development 

Strategy 2001-2003. Ottawa. 

Canada.  

Moving on 

Sustainable 

Transportation  

(MOST) Program, 

Minister of 

Transport, Canada 

The reports are structured around a set of seven 

challenges, broken down into 29 commitments, 

again broken down into targets and performance 

indicators.  Three levels of indicators, reflecting 

different spheres of influence, include state level 

indicators (describing the state of the transportation 

systems in terms of sustainability), behavioral 

indicators (describing the behavior or activities of 

the actors and stakeholders whose actions matter for 

the state of the system), and operational indicators 

(describing indicators for operations and actions of 

Transport Canada itself). 

Transport Canada has adopted a set of principles that 

recognize sustainable development as among the highest of 

departmental priorities. 

1) Social Principles: Safety and Health, Access and 

Choice, Quality of Life 

2) Economic Principles: Efficiency, Cost Internalization, 

Affordability  

3) Environmental Principles: Pollution Prevention, 

Protection and Conservation, Environmental Stewardship 

4) Management Principles: Leadership and Integration, 

Precautionary Principle, Consultation and Public 

Participation, Accountability 

(http://www.tc.gc.ca/Finance/Dpr/0102/english/section_3_

3_3.htm) 

             

http://www.dot.gov/PerfPlan2004/index.html
http://www.dot.gov/PerfPlan2004/index.html
http://www.epa.gov/otaq/transp/99indict.pdf
http://www.epa.gov/otaq/transp/99indict.pdf
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Source Funding Overview Definitions and Notes              

Environment Canada 1991. 

Canada‟s Progress Towards a 

National Set of Environmental 

Indicators, State of the 

Environment Report 91-1.  

Ottawa. Canada. 

Minister of the 

Environment 

This report presents 43 preliminary indicators in 18 

issue areas with widespread stakeholder and media 

interest.  This uses a modified ‘Pressure-State-

Response’ framework, and also includes a fourth 

category related to the nature of human activity.  

The structure thus encompasses four sets of issues: 

ecological life support systems; natural resources 

sustainability; human health and well-being; and 

pervasive influencing factors. 

 

 

 

 

Progress on three fronts is presented with consensus: (1) 

economic development, social development, and 

preservation of the environment; (2) to move towards a 

sustainable state, and (3) that strong linkages exist between 

these dimensions. 

 

             

National Round Table on the 

Environment and the Economy 

(NRTEE) 2003. Environment and 

Sustainable Development 

Indicators for Canada.  Ottawa. 

Canada. 

(http://www.nrtee-

trnee.ca/eng/programs/Current_Pr

ograms/SDIndicators/ESDI-

Report/ESDI-Report-E.pdf) 

 

 

 

Environment and 

Sustainable 

Development 

Indicators  (ESDI) 

Initiative, Minister 

of Finance, Canada 

The NRTEE has developed a draft set of sustainable 

transportation principles that concern access, equity, 

individual and community responsibility, health and 

safety, education and public participation, integrated 

planning, land and resource use, pollution 

prevention, and economic well-being. 

 

Dealing mainly (but not exclusively) with the 

environment, the focus of the Environment and 

Sustainable Development Indicators (ESDI) Initiative is 

the long-term sustainability of Canada‟s development.  In 

effect, it has been an effort to improve and popularize the 

information available to Canadians to assess 

intergenerational equity. 

             

Ontario Roundtable on 

Environment and Economy 

(ORTEE) 1995.  Sustainability 

Indicators: The Transportation 

Sector.  Toronto. Canada. 

 

 

 

 

 

 

 

 

 

N/A 

The report develops and assesses indicators for 

evaluating the impacts of possible actions or 

measures on the sustainability of the transportation 

system in Ontario.  The framework adopted is based 

on a ‘Criterion-Influences-Actions-Measures’ 

system.  The conceptual model adopted is a 

computerized revised version of the „environment-

economy linkages model‟. 

(1) Produce outputs (emissions) at a level capable of being 

assimilated by the environment. 

(2) Have a low need for inputs of non-renewable resources 

(where non-renewable are used, their use will be for non-

consumptive investments and they will be recycled when 

no longer useful or needed). 

(3) Minimize disruption of ecological processes, land (and 

water area) use is also minimized as well as uses of 

sensitive habitats. 

 

 

 

             

http://www.nrtee-trnee.ca/eng/programs/Current_Programs/SDIndicators/ESDI-Report/ESDI-Report-E.pdf
http://www.nrtee-trnee.ca/eng/programs/Current_Programs/SDIndicators/ESDI-Report/ESDI-Report-E.pdf
http://www.nrtee-trnee.ca/eng/programs/Current_Programs/SDIndicators/ESDI-Report/ESDI-Report-E.pdf
http://www.nrtee-trnee.ca/eng/programs/Current_Programs/SDIndicators/ESDI-Report/ESDI-Report-E.pdf


 

   

19 

Source Funding Overview Definitions and Notes              

Transportation Association of 

Canada (TAC) 1999, Ottawa. 

Canada. (http://www.tac-

atc.ca/english/productsandservice

s/ui/exec.asp) 

N/A 

TAC presents 13 principles pointing to sustainable 

transportation systems and related urban land use in 

Canada in 1993.  A survey to monitor trends 

towards attainment of the principles can be 

considered as framing indicators or potential 

indicators to the extent that they provide appropriate 

quantitative responses. 

Sustainable transportation is defined as follows: 

 

(1) In the natural environment: limit emissions and waste 

(that pollute air, soil and water) within the urban area's 

ability to absorb/recycle/cleanse; provide power to 

vehicles from renewable or inexhaustible energy sources 

(such as solar power in the long run); and recycle natural 

resources used in vehicles and infrastructure (such as steel, 

plastic, etc.). 

 

2) In society: provide equity of access for people and their 

goods, in this generation and in all future generations; 

enhance human health; help support the highest quality of 

life compatible with available wealth; facilitate urban 

development at the human scale; limit noise intrusion 

below levels accepted by communities; and be safe for 

people and their property. 

 

3) In the economy: be financially affordable in each 

generation; be designed and operated to maximize 

economic efficiency and minimize economic costs; and 

help support a strong, vibrant and diverse economy. 

 

 

             

Litman, Todd. Victoria Transport 

Policy Institute (VTPI) 2003. 

“Sustainable Transportation 

Indicators”, Victoria, Canada 

(http://www.vtpi.org/sus-

indx.pdf) 

N/A 

Victoria Transport Institute presents a literature 

review on its approach and selection criteria for 

sustainable transportation indicators.  They offer an 

alternative perspective on the selection of transport 

indicators by focusing on access (the ability to reach 

goods, services or destinations) rather than on the 

transportation system‟s ability to „move vehicles‟ 

(by measuring traffic congestion for example). 

Sustainable development can be defined as, “providing for 

a secure and satisfying material future for everyone, in a 

society that is equitable, caring, and attentive to basic 

human needs.” 

Sustainable transportation requires using each mode for 

what it does best, which typically means greater reliance 

on non-motorized for local travel, increased use of public 

transit in urban areas, a reduction (but not elimination) of 

personal automobile use. 

Sustainable planning focuses on outcomes, such as the 

quality of access (the ability to obtain desired goods, 

services, and activities), rather than simply measuring 

quantity of mobility (such as travel speed or total mileage). 
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Source Funding Overview Definitions and Notes              

The Center for Sustainable 

Transportation (CST) 2002. 

Sustainable Transportation 

Performance Indicators (STPI), 

Toronto, Canada. 

Centre for 

Sustainable 

Transportation and 

the Government of 

Canada 

(Environment 

Canada and 

Transport Canada) 

The Center for Sustainable Transportation, Canada 

developed initial set of 14 sustainable transportation 

performance indicators (STPI).  They adopted four 

criteria to select the indicators: the indicators must 

be relevant to the definition, a time series, represent 

all of Canada, and come from a reliable source.  The 

direction of the graph representing time series 

numbers for each indicator shows whether progress 

has been made towards sustainable transportation or 

not. 

The Centre for Sustainable Transportation, a Canadian 

organization, defines a sustainable transportation system as 

one that: 

(1) Allows the basic access needs of individuals and 

societies to be met safely and in a manner consistent with 

human and ecosystem health, and with equity within and 

between generations; 

(2) Is affordable, operates efficiently, offers choice of 

transport mode, and supports a vibrant economy;  

(3) Limits emissions and waste within the planet ability to 

absorb them, minimizes consumption of non-renewable 

resources, reuses and recycles its components, and 

minimizes the use of land and the production of noise. 

 

 

 

             

Organization for Economic Co-

operation and Development (OECD) 
1999b.  Indicators for the 

Integration of Environmental 

Concerns into Transport Policies, 

Environment Directorate, Paris, 

France. 

N/A 

The document pertains to the integration of 

environmental concerns into transport policies 

through the development and use of indicators.  The 

indicators are structured according to three themes: 

sectoral trends of environmental significance; 

environmental impacts of the transport sector; and 

economic linkages between transport and the 

environment. 

The Environment Directorate of the Organization for 

Economic Co-operation and Development (OECD) has 

defined environmentally sustainable transportation as: 

 

"Transportation that does not endanger public health or 

ecosystems and that meets needs for access consistent with 

(a) use of renewable resources at below their rates of 

regeneration, and (b) use of non-renewable resources 

below the rates of development of renewable substitutes." 

 

 

 

Segnestam, Lisa 1999. 

Environmental Performance 

Indicators (second edition),  

World Bank, Environmental 

Economics Series, Paper No. 71  

(http://wwwds.worldbank.org/ser

vlet/WDSServlet?pcont=details&

eid=000094946_0001250540075) 

World Bank 

Environment 

Department 

The Bank‟s Environmental Economic and 

Indicators Unit (EEI) has prepared a manual on 

environmental performance indicators (EPIs).  This 

document discusses indicator frameworks, selection 

criteria for environmental project indicators, and 

issues to consider for various environmental areas. 

The World Bank economist Herman Daly defined general 

operational principles for physically sustainable societies 

(not especially for the transport sector) as follows: 

"Their rates of use of renewable resources do not exceed 

their rates of regeneration. 

Their rates of use of non-renewable resources do not 

exceed the rate at which substitutes are developed. 

Their rates of pollution do not exceed the assimilative 

capacity of the environment."  
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Source Funding Overview Definitions and Notes 

Procedures for Recommending 

Optimal Sustainable Planning of 

European City Transport Systems 

(PROSPECTS) 2003.  

Developing Sustainable Urban 

Land Use and Transport 

Strategies: Methodological 

Guidebook: Procedures for 

Recommending Optimal 

Sustainable Planning of European 

City Transport Systems 

 

 

 

 

European 

Commission's 

Energy, 

Environment and 

Sustainable 

Development 

Programme 

The purpose of the report is: (1) To present a 

coherent but flexible general approach to planning 

for a sustainable urban land use/transport system, 

building on the logical structure; (2) To offer 

innovative methods of carrying out the steps of that 

logical structure, especially regarding appraisal of 

land use/transport strategies with respect to 

sustainability, and optimization with respect to 

sustainability, and (3) To provide detailed advice on 

a number of issues in the planning process. 

A sustainable urban transport and land use system: (1) 

provides access to goods and services in an efficient way 

for all inhabitants of the urban area; (2) protects the 

environment, cultural heritage and ecosystems for the 

present generation, and (3) does not endanger the 

opportunities of future generations to reach at least the 

same welfare level as those living now, including the 

welfare they derive from their natural environment and 

cultural heritage. 

European Environment Agency 

(EEA) 2002.  Transport and 

Environment Reporting 

Mechanism (TERM) 2002 - 

Paving the way for EU 

enlargement: Indicators of 

transport and environment 

integration, Environmental Issues, 

Copenhagen, Denmark. 

 

 

 

 

European 

Environment 

Agency (EEA), 

European Union 

(EU) 

The report describes the progress the EU is making 

towards the integration of environmental concerns 

into its transport policies.  The aim is to monitor 

progress in three areas: the degree of environmental 

integration in the EU transport sector, progress 

towards transport systems that are more compatible 

with sustainable development, and the effectiveness 

of the adopted policy measures. 

Sustainable development may refer to systemic 

characteristics such as carrying capacities of the 

environment, or it may refer to interrelations between 

economy, society and the environment. 

             

Baltic 21 Series No 13/98: 

Indicators on Sustainable 

Development in the Baltic Sea 

Region (An initial Set): Baltic 21 

Transport Sector Report (no8/98). 

Annex 5: Indicators for 

Sustainable Transportation, 

Stockholm, Sweden 

(http://www.ee/baltic21) 

 

 

 

Ministry of 

Environment 

Baltic 21 selects indicators according to three 

different types of goals and measures: (1) Indicators 

with regard to primary goals for sustainable 

transport, (2) Indicators with regard to institutions, 

instruments, and measures, (3) Indicators with 

regard to the transport system and transportation 

activity 

The essential objective of Baltic Sea Region co-operation 

is the constant improvement of the living and working 

conditions of their peoples within the framework of 

sustainable development, sustainable management of 

natural resources, and protection of the environment.” 

Sustainable development includes three mutually 

interdependent dimensions - economic, social and 

environmental. 

             

http://www.ee/baltic21
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Source Funding Overview Definitions and Notes              

Department of Sustainable 

Development. 2003.  Achieving a 

better quality of life, Review of 

progress towards sustainable 

development, United Kingdom, 

(http://www.sustainable-

development.gov.uk/ar2002/pdf/a

r2002.pdf) 

Department for 

Environment, Food 

& Rural Affairs 

The U.K. presents the ten guiding principles: (1) 

Putting people at the centre, (2) Taking a long term 

perspective, (3) Taking account of costs and 

benefits, (4) Creating an open and supportive 

economic system, (5) Combating poverty and social 

exclusion, (6) Respecting environmental limits, (7) 

The precautionary principle, (8) Using scientific 

knowledge, (9) Transparency, information, 

participation and access to justice, and (10) Making 

the polluter pay. 

Sustainable development is about ensuring a better quality 

of life for everyone, now and for generations to come.  

This requires meeting four key objectives at the same time 

in the U.K. and the world as a whole: (1) social progress 

which recognizes the needs of everyone; (2) effective 

protection of the environment; (3) prudent use of natural 

resources, and (4) maintenance of high and stable levels of 

economic growth and employment. 

             

New Zealand Ministry of the 

Environment 1999, Proposals for 

Indicators of the Environmental 

Effects of Transport 

(http://www.mfe.govt.nz/publicati

ons/ser/transport-proposals-full-

jun99.pdf) 

New Zealand 

Ministry for the 

Environment 

The main purpose of the document is to provide the 

basis for agreement on the use of a core set of 

indicators to measure the environmental effects of 

transport.  The components of the framework are 

these: (1) root causes of transport activity, (2) 

indirect pressures, (3) direct pressures, and (4) state 

or effects indicators 

Supposed indicators are balanced between indicators of 

direct (for example, atmospheric emissions) and indirect 

(for example, development density, travel demand) 

transport pressures on the environment.  Pressure-State-

Response (PSR) framework was used for developing 

indicators. 
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Table 2: Sustainability Assessment Data for Atlanta and Chicago Metropolitan Area Highway Networks 

 

Sustainability 

Elements 

Selected 

Measures 

Year Atlanta Chicago 

Quality of 

Life Measure 

Congested 

Travel (% of 

peak VMT) 

1990 

 

43 69 

2000 

 

80 80 

Resource 

Consumption 

Measure 

Annual Excess 

Fuel Consumed 

(Gallons per 

Person) 

1990 

 

7 9 

2000 21 14 

Waste 

Generation 

Measure 

Annual Delay 

per Person 

(Person-

Hours)* 

1990 

 

55 17 

2000 52 25 

*Annual delay is used as a surrogate for vehicle emissions 

Source of data: TTI Urban Mobility Report 
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Figure 1: The Sustainability Footprint Concept and Formulation 
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