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Abstract

One of the ongoing chdlenges in the quest to make our built environment more
sugtainable is defining what sustainability means in terms understandable to and measurable by
built environment decison makers. This paper illustrates one gpproach to developing a
comprehensve and exhaudtive definition of sustaingbility for the built environment: deriving
domain-specific variables from fundamenta principles and condraints that govern how Earth
systems work. The paper uses the concept of systems to define characteristics and critical
congraints of both the Earth as a whole and built facilities in particular. These condraints
provide a basis for identifying conditions which must be met in order for a built facility sysem to
be sustainable. The contribution of the paper is a decision space based on required sustainability
conditions that can be used to evauate facility dternatives in terms of their relative sustainahility.
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Introduction

Throughout recorded higory, humans have congructed built facilities to shelter
themselves and their possessions and to meet a variety of needs critica to human survival and
prosperity. While the impeacts of these facilities on therr environment have not dways been
immediatdy apparent, their cumulative effects on our planet over time have become increasingly
difficult to deny. In response to these effects, sustainability has emerged as guiding paradigm to



creste a new kind of built environment: one that meets the needs of humans in the present
without limiting the ability of future generations to meet their own needs[1].

Within this paradigm, researchers and practitioners from many fields have begun to
identify a variety of ways to improve the sudangbility of the built environment. These
improvement options span the entire scope of facility scaes, types, and life cycle phases,
ranging from gting fadlities to maximize solar energy gain or increase trandt accesshility, to
ingaling water-saving fixtures, to careful decondtruction of facilities and recovery of ther raw
materid components. Inherent in these many approaches is a broad variety of perspectives on
what varigbles are important to define and measure the sustainability of built facilities[2]. One of
the mogt sgnificant chalenges for applying sustainahility to built environment systems is defining
exactly what conditions must be met in order for a facility to be sustainable. These conditions
then provide a basis for comparing dternative sates of a facility to support sustainable decision
meaking, alocation of resources, and planning.

Objective and Approach

The objective of this work is to illustrate a systematic approach to developing a
comprehensve and exhaudive framework of sustaingbility for the built environment: deriving
domain-specific variables from fundamentd principles and condraints that govern how Earth
systems function. This paper examines the parameters that can be used to define sustainability,
identifies key thresholds that represent the boundary between sustainability and unsustainability
for a system, and describes a decison space using the parameters as dimensions that can be
used to represent the relative sugtainability of facility sysems. The research defines variables of
built environment sustainability based on a sequence of the following actions.

1) Identify Earth-scale conditions that must be met in order for the Earth system to be

considered sustainable

2) Scdetheseglobd conditions to smdler technologicd systems (snce the behavior of

technologica systems contributes to the net behavior of the globa Earth sysem asa
whole)

3) Define continuua and thresholds for each condition that represent the spectrum of

possible system states for that condition

4) Condruct a decison space for comparison of dternaives by combining the

continuaa that describe system conditions for sustainability

The outcome of this approach is a decison space that can be used to compare the
performance of different facility system dates in terms of the key parameters that define its
sudtainability. By modeing facility sysem dtates and placing them within the decison space,
facility decison makers have a basis for comparing dternatives in terms of the degree to which
they improve the sustainahility of the facility asawhole.

In the context of this paper, the built environment is conceptudized as the set of Al
facilities congtructed by humans to meet their needs and aspirations. Each facility, in conjunction
with its users and Site, can be considered as a system, defined as “a set of eements standing in
interrdation” [3]. Facility sysems can then be defined as the set of physica dements



(foundations, structure, enclosure, finishes, etc.) comprising a built facility, the ste on which it
gtands, plus the stakeholders who impact or are impacted by the existence of the facility. So
defined, facilities meet the definition of systems and exhibit the properties of emergence (the
system as awhole has properties which its parts by themsalves do not); hierarchical organization
(where the dements that comprise the system themsdlves are comprised of other sub-edements,
each with different levels of emergent properties); communication (the transfer of matter, energy,
or information among system dements that permit the system as a whole to function); and
contral (the ability of the system to perform and maintain its integrity under different conditions
or demands).

Developing Parameters to Define Sustainability

In order to develop a set of parameters to comprise a unified framework of the concept
of sustainability for systems, the first step is to differentiate among the possible scales on which
operationdization can occur. This section examines two scades for which susainability is a
relevant concept: the globd systems scade and the technologicad systems scade (of which built
facility sysems are one type). Understanding the congraints of sustainability on aglobd scaeis
useful before conddering the parameters that govern the concept on smaler scaes, snce
ultimately the condraints of the globad scde govern the behavior of smaler sysems aswell.

Thelssue of Scale in Defining Sustainability

In the context of this paper, the term “technologicd systems’ refersto systems smadler in
scae than the entire globa system. These scdes lie dong a continuum of system sizes, and are
discussed here since they represent a way to classfy current discussons of sustainability in the
literature and to distinguish between differing objectives used to achieve sustainability.

The largest levd of andlyss generdly consdered in the sustainability literature is the
globa scale of andyss. Andysts who take this perspective [4] look at the system of Earth asa
whole, with inputs of solar radiation from the sun and outputs of waste heat. At this level, issues
such as surviva of the human species, equity among humans, and maintaining resource bases
and ecosystems are meaningful.

Coupled with naturdly exiding entities such as plants and animds, manmade
technologies comprise the technologicd systems humans use to meet their needs and
aspirations. Humans, as the creators and users of technologies, are dso entities within these
gystems. It is these subsystems of the globa Earth system — influenced, created, or manipulated
by humans to meet their needs and aspirations — of which built facilities are a part. At the
technologicd level of andyss, meaningful issues include the degree b which technologica
systems serve the purpose for which they were designed, the direct and indirect impacts those
systems have on natura ecosystems, and the flows of matter and energy that result from system
creation, operation, and decommissioning.



Sustainability at a Global System Scale

In developing a unified framework of sustainability, basic laws of thermodynamics
govern the globd system and the naturd and manmade systems that comprise it. After the laws
of thermodynamics, human-related objectives add to the richness of the concept, resulting in
three fundamenta objectives of sustainability. The following sections describe the significance of
these objectives and congtraints.

Thermodynamic Foundations: In order for any system to be sustainable, there must
be no net loss of the sum total of matter and energy circulating within the system. Such adateis
possible for the system defined as Earth, since energy lost as thermd radiation from the Earth
can be offset by solar radiation absorbed from the sun.

In addition to conservation of matter and energy, the state of entropy within the system
must be stable in order for the system to survive into perpetuity [5]. In al systems, entropy
increases with every expenditure of energy, and can only be offset in one system by a greater
sacrifice of entropy in some other system; therefore, the net entropy of the universe is continudly
increasing toward a ate of disorder [6]. For the Earth system, however, the amount of energy
received by Earth from the sun exceeds the amount of energy lost as therma radiation (the
difference is commonly caled the solar energy budget [7]), and is used to offset increases in
entropy resulting from trandformetions of matter and energy within the Earth syssem. Thus
sudainability istheoreticaly possible for the system defined as Earth, aslong as the Earth system
consumes less energy than is supplied by the solar energy budget. To remain within this budget,
two globa objectives of sustainability can be identified:

1) Ecosystem Degradation— Minimize degradation of natura ecosystems (Snce they

are the mechanism for capturing the solar energy budget via photosynthess)

2) Resource Consumption— Minimize the gain in entropy as aresult of consumption

related processes.

These basc physicad condraints represent objectives that correspond to congraints within
which actions on Earth must remain in order to be sustainable.

The Human Component: In describing how humans are affected by actions to
increase sudainadbility, it is necessary to condder issues of inter-generationd (between
generations) and intra-generationd (within generations) equity [8], as wdl as the sdlf-interest of
those whose task isto achieve sustainability. Three basic objectives can be identified:

1) Mativation for Initistors — Maintain standards of living a least as high as the

onesthat currently exist

2) Intergenerational Equity — Leave the Earth in at least as good a condition as it
presently exists

3) Intragenerationd Equity — Bring everyone else up to a least a decent standard
of living.

The firg of these gods, maintain sandards of living a least as high as the ones which
currently exist, is borne of practicd congderations. By definition, no rationdly sdf-interested



person will voluntarily sacrifice his or her own standard of living without some compensating
benefit of equa or greater utility [9]. Moreover, reliance on such congtructs as conscience or
guilt to motivate human behavior to become more sustainable is unwise, since such motives tend
to be gengdly unrdiable and often sdf-extinguishing [10]. Therefore, in order to foster
acceptance of any proposal for sustainability, assurances must be included that those who
change their lifestyles to achieve sustainability will benefit as aresult of their commitment.

The second god, leave the Earth in & least as good a condition as it presently exidts, is
amed at achieving intergenerationa equity. By leaving the Earth as good as or better than a
present, decison makers ensure that future generations will not only have the same st of
resources with which to work, but aso the accumulated body of lessons learned that humans
have developed as a result of our life experiences. The phrase at least as good has been
interpreted in various ways in the sustainability literature, ranging from leaving the nonrenewable
resource base completey unchanged from its present state [11], to using nonrenewable
resources as hecessary provided that adequate subgtitutes are created [12]. Adopting the more
conservative view, the ultimate god should be to drive to leave resource bases and natura
ecosystems as unchanged or improved as possible while working toward achieving the first and
third gods.

The third god, bring everyone ese up to a least a decent standard of living, is
concerned with the issue of intragenerationd equity. In defining what comprises a decent
dandard of living, this paper sipulates the following interpretation with respect to setting a
threshold of acceptability [13]: surviva of the human species “with aquaity of life beyond mere
biologicd survivd”. To what level beyond mere biologicd survivd is a question that is largely
culturaly dependent. In Stuations where the biologica surviva of humean individuds is currently
infeasible, taking action to improve living conditions to the point of surviva is afirg step toward
intragenerationd equity. In other Stuations such as in developed countries, living standards are
generdly far above the minimum required for basc human surviva, ad fal under the firgt
congtraint discussed earlier: Motivation for Initiators.

Achieving intragenerationa equity isimportant not only because of ethical congderations
for the wefare of people in developing nations, but also because humans cannot hope to
develop common goas and a coordinated course of action for achieving sustainability when
people are concerned for their very surviva and lacking in basic human rights [14]. Common
gods and coordinated action are required to achieve sustainability because no action within the
Earth system is entirely without ramifications for other entities and processes in the syslem. Due
to the contextua nature of sudtainability, actions which seem rationd and sustainable to one
party acting in isolaion may actively conflict with the rationd actions of other parties in the
interconnected red world [15]. Thus, globa objectives and cooperative actions are needed to
reach a date of sustainability, and achieving some degree of intragenerationd equity is essentia
to dicit that cooperation [16].

Sustainability at a Technological Systems Scale

Three fundamenta objectives of sustainability for technologicad systems follow from the
thermodynamic and anthropocentric objectives of sustainability developed in the previous



section. In making decisons with respect to sdecting a sustainable course of action or
technology for a given context, decison makers should strive to meet the following objectives:

1) Minimize negative impacts to resource bases, while
2) Saidying human needs and aspirations both now and in the future, and
3) Caudng minimd negative ecologicd impacts.

The following sections explore each of these fundamenta objectivesin more detall.

Minimizing Resource Consumption: The use or consumption of matter and erergy
resources should be minimized because consumption of these resources inherently involves
increasing the entropy of materids and energy, rendering them of lower utility for future use
[17]. By subjecting materials and energy to consumption processes, we decrease their potential
utility to current and future generations. Therefore, consuming as little matter and energy as
possbleisafundamenta objective of sustainability at atechnologicd levd.

Satisfying Human Needs and Aspirations. For the same reasons tha judify
maintaining current sandards of living to achieve sugtainability, including human stisfaction asan
objective is important: most humans will not actively accept the measures necessary to change
the gtate of the world unless their needs are (or remain) satisfied as a result of those changes.
Thus, maintaining human satisfaction and satisfying basc human needs (i.e,, those needs that
must be met for biologicd survivd—air, water, food, and shelter) and aspirations (desires
beyond biologica surviva needs) is an objective for the sustainability of a human system or
technology.

Minimizing Negative Impacts to Ecosystems. Findly, the degree to which a
technology causes negaive or podtive ecologica impacts is an important factor for
technologicd system sugtainability, Snce the environment conssts of ecosystems whose ongoing
hedth is essentid for human survival on Earth [18]. Sugtainability of the human race requires that
ecosystems be protected and preserved in a reasonable state of hedth through maintaining
biodiversty, adequate habitat, and ecosystem resilience. Decison makers must therefore seek
to minimize ecologica destruction resulting from the creation and deployment of technologies,
and to preserve the hedlth of ecosystemsthat are impacted by those technologies.

A Unified Framework of Sustainability for Systems

To increase the utility of sustainability objectives for problem solving and decison
making, decison makers need a method to systematicaly evauate systems with respect to those
objectives. Toward that end, this section examines how the objectives of sustainability
developed in the previous sections can be expanded into a decison space representation of
sugtainability for generd systems at globa and technological leves

The Global Earth System

From the objectives of sustainability developed in the first part of this paper for the
Earth system as awhole, three primary parameters can be used to define sustainability:



*  Human Species (Surviva/Prosperity)
*  Resources (Consumption)
* Ecosystems (Impacts)

For each of the three parameters, the following subsections present a continuum of
vaues divided in the center by athreshold of sustainability, i.e., avaue a which the system goes
from being unsugtainable to sustainable in terms of that varigble.

The Human Species Parameter: The first variable, the Human Species, is based on
the anthropocentric objectives of sustainability. Vaues for the Human Species variable can be
represented dong a continuum (Figure 1), where the threshold of sustainability is biologicd
survivd for the human species[19].

Vaues for the Human Species Parameter to the right of the sustainability threshold
represent a sate of sustainability beyond the minimum requirements, and include satisfaction of
human needs and aspirations beyond the requirements for mere biologica survivd. Vduesto the
left of the sugtainability threshold represent a state of unsugtainability for the Earth system, and
include those conditions under which the basic requirements for human biologicd survivd are
not being met a a species levd.

The Resources Parameter: The second parameter, Resources, is based on the
thermodynamic objectives of sustainability described in the first part of the paper. Vauesfor the
Resources parameter can be represented aong a continuum (Figure 2), where the threshold of
sugtainability is consumption of resources equd to the regeneration rate of the resource base
[20]. Regeneration rate is the level a which a base of renewable resources can generate a
supply of those resources without damaging its ability to provide that leve of supply in the
future.

In terms of nortrenewable resources, the concept of regeneration rate has led to many
disputes. By definition, nonrrenewables have a zero or negligible regeneration rate, and
according to sustainability principles should not be used at al lest they be depleted. One
convincing argument to the contrary is that if non-renewables are never to be used, then thereis
no reason to arbitrarily preserve them [21]. A subgtitute definition of regeneration rate for non-
renewables is the amount of nor-renewable resources which, when consumed, are replaced by
an equivaent investment in natura or technologica subgtitutes [22].

Along the continuum of the Resources parameter, vaues to the right of the sustainability
threshold represent a state of sustainability beyond the minimum requirements, and include
harvest of resources for human use at a leve which is less than the regeneration rate d the
resource base. These vaues might be achieved & aglobd level by either regtricting consumption
to levels less than natura regeneration rates, or by supplementing naturad regeneration with
human technologicd interventions so as to increase the net regeneration rate to levels greater
than consumption rates. Vaues to the left of the sustainability threshold represent a state of
unsudtainability for the Eath system, and include dl conditions under which resource
consumption exceeds natura or humansupplemented regeneration rates.



The Ecosystems Parameter: The third parameter of sustainability, Ecosystems, is
based on the biologica objectives of sustainability described earlier, and is related to resource
consumption due to the fact that humans are currently reliant on natura ecosystems for
regeneration of the resource base, assmilation of human wastes, and transformation of solar
radiation into usable products and services via the mechaniams of photosynthesis. Given this
symbiatic rliance of humans on naturd ecosystems, vaues for the Ecosystems parameter can
be represented aong a continuum (Figure 3), where the threshold of sustainability isthe carrying
capacity of ecosystems for humans.

Carrying capadity is the maximum number of organiams of a particular type that an
ecosystemn can support without experiencing degradation of its capacity to regenerate itself and
thus support reduced numbers of organisms in the future [23].

Vaues for the Ecosystems parameter to the right of the sustainability threshold represent
a date of sudanability beyond the minimum requirements, and include limiting impacts to
ecosysems to a levd which maintains ther carrying cepacity above the level required by
humans. Vaues to the left of the sustainability threshold represent a state of unsustainability for
the Earth system, and include those conditions where ecosystems are impacted to a point
beyond which they can maintain their carrying capacity, i.e., they can no longer support the
influence of humans without damage, and they begin to degrade.

A Composite Representation of Sustainability for the Global Earth System:
Figure 4 shows a triaxid representation of the parameters of globa sustanability. The
intersection of the three axes represents the thresholds of sustainability for each parameter, i.e,
the conditions under which the globd Eath sysem shifts from being unsudanadle to
sudtainable. This representation provides a convenient means of visualy comparing sustainability
states.

The pogtive region for each axis, i.e., the upper right octant of the three-dimensond
pace, represents the spectrum of possibilities for desirable states of the globa Earth system in
terms of sugtainability. The following three thresholds define a state of sugtainability for the
globd Earth sysem:

1) Human Species Survivd = Basic needs met
2) Resource Consumption = Regeneration rate

3) Ecosystem Impact = Carrying capacity
Technological Systems
In pardld to the globad objectives of sustainability, three parameters of Humans,

Resources, and Ecosystems emerge as being important in determining the sugtainability of
technologica systems. At atechnologica level, the parameters become:



Stakeholder Satisfaction
Resource Base Impacts of the System
Ecosystem Impacts of the System

The following subsections present a continuum of vaues for each parameter, divided in
the center by a threshold of sugtainability where the technologica system goes from being
unsugtainable to sustainable in terms of that parameter.

The Stakeholder Satisfaction Parameter: The firsg varidble in technologicd
sugtainability, Stakeholder Satisfaction Impacts, is based on the anthropocentric objectives of
sugtainability described eerlier, and ties into the question of who is being sudained a a
technological systems leve — System Stakeholders. Vaues for the Stakeholder Satisfaction
parameter can be represented dong a continuum (Figure 5), where the threshold of
sudtainability is biologica surviva of the sysem dakeholders, i.e, a gate in which the basc
human needs of system stakeholders are met.

As with the Human variable in the globd sugtainability representation, vaues for the
Stakeholder Satisfaction parameter to the right of the sustainability threshold represent a state of
sugtainability beyond the minimum requirements, and include satisfaction of stakeholder needs
and aspirations beyond the requirements for mere biologica surviva. Vaues to the Ieft of the
sugtainability threshold represent a state of unsustainability for the technological system, and
include those conditions under which the basic requirements for stakeholder biologica surviva
are not being met.

The Resource Base Impacts Parameter: The second parameter, Resource Base
Impacts, is based on minimizing negative impacts to resource bases. Vdues for the Resource
Base Impacts variable can be represented dong a continuum (Figure 6), where the threshold of
sugtainability is zero net resource base impact caused by the system. This state can occur either
when the negative impacts of the systern on resource bases equa the positive impacts, or when
there are no resources being used by the system.

The entropy gain as aresult of the resource flows through the system is dso of interest.
In the case of a built facility sysem which consumes matter and energy, the inevitable gain in
entropy resulting from that consumption can be offset by influxes of matter or energy from
outside the global system, i.e., the solar energy budget.

Vaues to the right of the sustainability threshold represent a state of sustaingbility
beyond the minimum requirements, where the sysem acts as a host for other systems in its
environment. This region of the continuum represents a net terrestria resource flow into the
system which is less than zero, i.e., a net pogtive outflow of resources from the system without
depleting resources within the system, which serves as input to other systems. An example of
this type of system is a sustainably managed forest in which timber is extracted from the sysem
a arate less than or equa to its renewd rate. Vaues to the left of the sustainability threshold
represent a state of parasitism for the system, and include al conditions where the system takes
more from its environment than it gives back.

The Ecosystem Impacts Parameter: The find parameter for technologica
sugtainability is the Ecosystemn Impacts parameter. Vaues for the Ecosystemn Impacts variable
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can be represented dong a continuum (Figure 7), where the threshold of sustainability is neutra
or no impact on ecosystems as aresut of the operation of the technologica system.

Vdues to the right of the sustainability threshold represent a State of sudtainability
beyond the minimum reguirements, and include Stuations where the system results in net positive
impacts to ecosystems indde and outside the system such as restoration of damaged
ecosysems. Vaues to the left of the sustainability threshold represent a state of unsustainability
for the technologica system, and include Stuations where the net ecological impact of the
technology is negative.

A Composite Representation of Sustainability for Technological Systems.
Figure 8 shows atriaxid representation of the parameters of technological sustainability, where
the intersection of the three axes represents the thresholds of sustainability for each parameter.

The postive region for each axis represents the spectrum of possibilities for the
desrable gates of technologica sysemsin terms of sustainability. The following three thresholds
define a date of sustainability for the technologica systems:

1) Stakeholder Satisfaction = Basic needs met
2) Resource Base Impact = No or neutral impacts
3) Ecosystemn Impact = No or neutral impacts

Sustainability for Built Environment Systems

The next gep in trandating sugtainability into an operational modd for built facilitiesisto
identify variables for each parameter that are meaningful in the context of built facility sysems.
The following sections describe a modd of facility systems that can be used to accomplish this
task.

Scale and Boundary

To classfy the possible impacts a facility syslem could have on the three parameters of
sudanability, we mug firs define a representation of a faclity sysem with a meaningful
boundary to digtinguish it from its context. The boundary of the facility sysem can be
conveniently defined as the lega boundary of the Site, and the scale of andysis is defined as the
steand dl of the structures, direct stakeholders, ecosystems, and resource bases present within
the ste boundary. This boundary and scale of anadysis was selected because:

The lega boundary of the Site represents the limits of the owner’ s direct control;
Thisscdeisthe amplest hierarchicd level where dl of the system’ s emergent
properties for Stakeholder Satisfaction become meaningful.

According to systems theory, emergent properties are those attributes that exist for a
system as awhole, but not for its individua parts [24]. From the standpoint of a built facility,
some properties of stakeholder satisfaction such as thermd comfort are not meaningful for
individud building materiads, or even for building sysems in isolation from one another. In
generd, one cannot understand how the system affords the emergent property of therma
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comfort by looking only at the HVAC system. Rather, one must congder the facility asawhole,
including but not limited to the enclosure and the roof, the supporting structure, and the exterior
landscaping and environment. Thus, the most relevant scde of andyss for understanding these
emergent propertiesis the facility and its Ste as a complete system. The combined objectives of
direct owner control and incorporation of relevant emergent properties can only be met by a
fedlity-levedl scde of analyss. Figure 9 provides a graphica representation of the entities and
flows between the entities for typical facilities a this scale.

Key Facility and Context System Variables for Stakeholder Satisfaction

The firs sugtainability parameter to be consdered is Stakeholder Satisfaction. As
described earlier, the sustainability of technologica systems scopes consderation of human
satisfaction to direct, or intrasystem, stakeholders. The set of intra-system stakeholders
includes residents/tenants, maintenance staff, owners, devel opers, and others within its boundary
who are directly impacted by the facility system.

Determining what influences the satisfaction of direct stakeholders with respect to the
facility is necessary. Firgt and foremogt is to establish what is meant by the term satisfaction.
One can not only measure levels of stakeholder satisfaction based on expectations for built
environment performance, but dso the rdative importance of these expectations across the
gpectrum of possible needs that built facility systems could meet [26]. The hybrid combination
of these pergpectives provides a foundation for measuring stakeholder satisfaction as afforded
by built environment systlems. Accordingly, the following variables determine the Stakeholder
Satisfaction parameter of sustainability:

Degree to which stakeholder expectations of the facility are being met.
Relative importance of expectations to the stakeholder.

Key Facility and Context System Variables for Ecosystem and Resource Base | mpacts

The next gep is to identify driving variables for ecosystem and resource base impacts.
The boundary of the sysem is useful to delineate two mutudly exclusve and collectively
exhaudtive categories of impacts caused by the facility system: intra- system impacts and extra
System impacts [27].

Extra-System Impacts of Facility Systems on Ecosystems and Resour ce Bases:
According to the built environment sysem mode (Figure 9), the only way afacility sysem can
impact its context is via the two-way flows of matter, energy, or information across the
boundary of the system. Asilludrated in Figure 10, these flows vary across the life cycle of the
fedlity, with flows of metter into a typica throughput facility sysem being greste in the
congtruction and operation phases of the building life cycle, and flows of matter out being most
sgnificant a the end of thelife cycle or during operation if the facility generates products [28].

From the perspective of the context of the facility system, each unit of flow across the
boundary exerts either a positive, negative, or neutral impact on the source or sink of the flow in
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the system’ s context. This impact exerted by the flow on the source or sink system has a certain
degree of sgnificance based on the nature of the flow and the properties of the source or Snk
system.

Three key facility and context system variables are part of the mapping of extra-system
impacts to the resource base and ecosystem parameters of sustainability:

Amount of cross-boundary flow of matter or energy
Unit impact exerted by flow on source/sink system
Significance of unit impacts to the source/snk system

Intra-System Impacts of Facility Systems on Ecosystems and Resour ce Bases:
The remaining impacts caused by afacility sysem are felt within the bounds of the system itsdlf.
These mpects are reflected in changes in the quantity and qudity of the ecosystems and
resource bases on gte. From a perspective outside the system, fecility systems can add to,
maintain as congdant, or deplete their initid ongte quantities (and qudities) of resources or
ecosystems. In terms of the qudity of onste ecosystems and resource bases, facility systems
can have intra- system impacts when resources within the boundary of the system are consumed
by other entities within the system.

In the case of throughput fadilities, the main causes of negative intra-system impact are
the destruction or displacement of on-Site ecosystems by the system stakeholders and their
dructures. For example, an owner may decide to ingtd| a paved parking lot in an area currently
occupied by an ecosystem, destroying vegetation and displacing fauna during congtruction, and
causing negative impacts to groundwater from stormwater runoff after the lot is indaled. This
action will have negdtive intra-system ecosystem impacts. To offset these impacts, the owner
could attempt to restore an ecosystem on another part of the site, or try to mitigate the negative
impacts of the paved area by using porous paving materia to reduce runoff.

For source facilities, the main driver of negative intra- system impactsis the consumption
or excessve export of onSte resource bases. For example, a source system such as alogging
fadlity may impact its intra- system resource base by actively cutting trees and exporting them
from the dite a a rate faster than they can be restored [29]. Thislossis reflected in the status of
the on-site resource base by the fact that there are fewer remaining trees after logging has taken
place. It has implications not only for future avalability of trees on the dte, but aso for the
capacity of the dt€'s ecosystems to perform load-bearing services to other systems, such as
absorbing rainfdl. Ingead, a more likely possbility is that the rain will run off the Ste to locd
dreams, carrying with it precious topsoil, clogging the stream courses, and creating a Situation of
even further degradation.

Likewise, resource base impacts are often severe for sink systems. For example,
performing a massenergy baance on a landfill facility system shows that sgnificant quantities of
matter accumulate within the facility systlem over time [30]. Since the typicd landfill does not
have any mechanism for reducing the entropy of the waste depodited within it, continued influxes
of high-entropy waste accumulate within the system and eventudly overwhem the capacity of
the system to absorb more inpuit.
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Intra- system impacts are felt within the facility system as increases or decreases in the
capacities of basdline ecosystems and resource bases to generate or absorb flows of matter and
energy. By ddfinition, they are mogt significant for source and sink facility systems, and less
ggnificant for typica throughput systems. In evauating the impacts of afacility sysem to on-gte
ecosystems and resource bases, the objective is to cdculate the differences between some
baseline and the current or predicted post-action state. Intra-system impacts are a function of
two principd varigbles:

Change in ecosystems or resource bases within the system
Significance of that change, in the cortext of the source/sink system

Mapping Key Variables of Facility Sustainability onto Sustainability Parameters

In summary, the key variables that define facility sustainability can be dassfied in terms
of how the exisience and operation of the facility system cresates impacts both within itself and
outside its boundary in its context (Table 1).

Implications for Built Facility Systems

Given the classfication of variables that can be used to estimate rdlative or absolute
vaues for the three sustainability parameters of built facility systems, we can begin to see how
the three-dimensiona decison space developed in the firgt part of the paper could be used to
compare the rdaive sudanability of different dates of a facility syssem. Figure 11 shows an
example of how dternaives can be visudly compared within “sustainability space’ to determine
which of severd dternatives provides the grestest increase in sustainability for a facility system.
Figure 1la illudrates how a basdine date of sustainability can be established for a facility
sysem — the datus quo dae of the facility sysem is represented in terms of how well
dtakeholder satisfaction is achieved and the facility’s present level of impacts on resource bases
and ecosystems. This basdine state provides a point of referencein Figure 11b for representing
sustainability states corresponding to facility performance in terms of the three parameters after
implementation of four different dternatives. The finad phase of andyss, shown in Figure 11c,
involves mapping the predicted facility sustainability states onto a comparison vector to
determine which one provides the grestest increase in sustainability, assuming that the desire of
the decison maker is to uniformly maximize increese in dl three dimensons a once. In
implementation, the scales of the axes could be stretched or compressed to reflect weightings of
the three parameters appropriate to the decision making environmen.

The benefit of using this goproach isthat it provides away of comparing and prioritizing
aterndtives based on their relative impacts to the sustainability of a facility sysem in a context-
sensitive fashion. On the other hand, precise caculation of vaues for the varigbles liged in
Table 1 poses a chalenge for even the most well-documented facility operation. While research
is ongoing to develop better calculational methods and data sources for using this modd,
sgnificant additional work must be done before the model can be used on a widespread basis.
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Until suich data exists, however, the three-dimensond decison space of sugtainability
parameters provides a visua point of reference for comparing dternatives in terms of the
fundamenta system stability congtraints derived in this paper. As such, it affords both decison
makers and researchers an operational point of departure for interpreting the meaning of
sugtainability with respect to built facility systems.

Despite the a variety of atempts in the literature [32], there is still no consensus on how
to comprehensively and uniformly define the concept of sugtainability as it pertains to the built
environment, nor is there consensus on what aspects of the built environment should be
conddered in evauating the sugtainability of a built facility. The framework developed in this
paper is one possble solution to this problem. By deriving domain-specific variables from
fundamenta principles and condraints of the Earth system as a whole, the approach described
in this paper focuses on articulaing sustainability parameters on a generdizable scale and then
identifying what attributes of built facility sysems affect those parameters. As such, the
goproach provides a garting point to develop a quantitative modd of built facility sustainability
that, by incorporating increasing levels of detail, identifies measurable varigbles to exhaudively
define sugtainability for built fadilities
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Tables

Table 1: Classfication of Key Variables Defining Fecility Sustainability
Intra-System | mpacts Extra-System | mpacts

Stakeholder o Stakeholder expectations met Covered by attending to Extra

Satisfaction * Rdative importance of System Resource Base and

stakeholder expectations Ecosystem Impacts

Resource Base | » Changeinintra-systemresource | « Resourceflow into/out of facility

I mpacts bases system

 Sgnificance of change  Unit impact exerted by flow on
source/sink system

Sgnificance of unit impact

Ecosystem » Changeinintra-system * Resource flowsinto/out of facility
I mpacts ecosystems system
» Sgnificance of change  Unit impact exerted by flow on

source/sink system
Sgnificance of unit impact

Figure Captions

Figure 1: Continuum of Vauesfor the Globa Human Species Parameter
Figure 2: Continuum of Vauesfor the Globa Resources Parameter
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Figure 3: Continuum of Vauesfor the Globa Ecosystems Parameter

Figure 4: Triaxia Representation of Globd Sugtainability

Figure5: Continuum of Vaues for the Stakeholder Satisfaction Parameter

Figure 6: Continuum of Vaues for the Resource Base Impact Parameter

Figure 7: Continuum of Vaues for the Ecosystem Impacts Parameter

Figure 8: Triaxid Representation of Technologica Sustainability

Figure 9: Entities and Hows of aBuilt Facility System [25]

Figure 10: Resource Flows and their Impacts over the Life Cycle of a Typicd
Throughput Facility

Figure 11: Prioritizing Candidate Projects according to Sustainability Increase [31]

Figures

Human Species

(Survival): Biological
Survival
. Basic N M .
Basic N eeds (BasicNeeds Met) Basic Needs
Unmet | Exceaded

Unsustainable | Sustainable
Figure 1: Continuum of Vaues for the Globad Human Species Parameter

Resources (Consumption):

Regeneration

Rate Surplus
Overharvest | Remaining

- . .
Unsustanable | Qistanable

Figure 2: Continuum of Vauesfor the Globa Resources Parameter

Ecosystems (Impact): _
Carrying
Capacit
. pacty Excess
Degradation | Capadty

Unsustanable | Qistanable

-

Figure 3: Continuum of Vauesfor the Globa Ecosystems Parameter
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Figure 4: Triaxia Representation of Globa Sugtainability

Stak ehol der Satisfaction: _
Basic

] NeedsM et
Basic N eeds Basic Needs

Unmet | Exceeded
Unsust anable | Qistanable

Figure5: Continuum of Vaduesfor the Stakeholder Satisfaction Parameter
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Resource Base | mpact:

Symbiosis

Parasitism | Enhancement
-

- - e
Unsustanable | Sustainable

Figure 6: Continuum of Vaues for the Resource Base Impact Parameter

Ecosystem Impact:

Zero/Neutral
. Impact o
Net Negative Net Positive
Impact | Impact

Unsustainable | Sustainable

Figure 7. Continuum of Vaues for the Ecosystem Impacts Parameter
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Figure 8: Triaxid Representation of Technologica Sugtainability
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Figure 9: Entities and Hows of aBuilt Facility System [25]
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