The Development of an Integrated Model for Assessin Sustainability of Complex
Systems

Gayathri Babarenda Gamage(Presenter)

Ph.D. Candidate, Department of Civil and EnvirontaenEngineering, School of
Engineering, University of Auckland, 20 Symondse8tr Auckland, New Zealand.
gaya.gamage@gmail.com

Dr. Carol Boyle

Associate Professor, Department of Civil and Envmental Engineering, School of
Engineering, University of Auckland, 20 Symondse8tr Auckland, New Zealand.
c.boyle@auckland.ac.nz

Dr. Ir. Ron McDowall

Management and International Business Departmextdulfy of Business and Economics,
University of Auckland, Owen G Glenn Building, 12a®on Road, Auckland, New Zealand.
r.mcdowall@auckland.ac.nz

ABSTRACT

Synergetic interaction of factors such as finanoianagement, supply chain management,
process management, research and developmerggstratarketing and sales, employee and
customer relations, etc. contribute to businessess: Aligning business with principles of
sustainable development (SD) is considered a wdntavgoal by many in the SD arena. One
significant advantage with the alignment is theeptil for enhanced resilience to shocks
that may disturb income generating activities. Heosve there is growing awareness that
sustainability of the Earth as a system needs tocdmsidered when attempting to sustain
business. This awareness may be significant forsthreival and well being of the human
species in the long term. Assessment of sustaihalslan essential step in determining if
action taken is sustainable. Early research inasubility assessment was based on
reconciling the three pillars (environmental, sbaiad economic). Today there are numerous
indicators (single and composite) for measuringdotp in the three pillars though current
thinking emphasises the need for system thinkirigerathan the reductionist concept of
pillars. Most existing indices/methods measure Isi@gpects of sustainability and the more
integrated indicators are aimed at national or gldével assessments. A review of existing
indicators, methods and models within the contéxdtamplex system sustainability showed
that no single existing index, method or model &hke to assess sustainability of complex
systems. This is because most fail to account édonptex system characteristics such as
system dynamics, interconnections and interdepameRiof system components, a system’s
ability to learn and remember, emergence of noeblkliours, co-evolution, etc. This paper
presents the methodology used to develop a new Infodeassessing sustainability of
complex systems based on risk.

1. INTRODUCTION

A complex system consists of large populations rdependent, interacting and self-
interested agents where behaviour of the whole ataoe explained by the behaviour of the
individual parts (Sawyer, 2005). Examples of compgstems include the weather, political
parties, stock market, etc. (Nonaka and Nishigu2d@1; Gell-Mann, 1994). From complex
system theory stemmed Complex Adaptive System (GA&)ry where a CAS is a system
that is complex and adaptive giving it the abitibychange and learn thus increasing chances
of its survival. The Earth system is an exampleao€AS (Holland, 1995; Norberg and
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Cumming, 2008), and organisations are CAS witha Barth system (Waldrop, 1992). The
adaptive cycle (Figure 1) is the “fundamental wiidynamic change” in a complex system
(Gunderson and Holling, 2002). It describes thecgss of development and decay of a
system and contains within it four phases — exglimih (r), conservation (K), releas@)(
and reorganizationoj (Holling and Gunderson 2002). This work also lioes three
properties of an adaptive cycle: 1) Inherent padkrfor change; 2) Internal degree of
connectedness, flexibility, or rigidity; and 3) Tlaelaptive capability or resilience of the
system.

The word “panarchy” was coined to represent theneadf adaptive cycles which are nested
hierarchically within each other (Holling, 2001; &lerson and Holling, 2002). Figure 1
illustrates the most important adaptive cycle mmig of sustainability where sustainability is
defined as “the capacity to create, test and miairidaptive capability”. According to Levin
(1998), complex systems are resilient as they trebisnge or change slowly. Basically, a
system maintains stability because it is protedigdslow conservative changes in larger
systems above it, while being energised by fastemnges in smaller systems below it.
Critical conditions within levels can cause distaps between levels and destabilise the
system. The “revolt” and “remember” cycles are #igant at times of change. “Revolt”
occurs at the&) phase where a level in the panarchy experiencasla@pse. The cascading
effect can cause disruptions to larger and smbdiggls triggering a crisis. The “remember”
cycle draws information, energy or resources froma slow and larger levels to facilitate
renewal.

Figure 1: Panarchy — revolt and remember cycles (Hting et al., 2002a)

1.1 The Research
The objective of the research was to develop a htbdeis able to assess sustainability of a
CAS by taking properties of CAS, such as the adgaptiycle, into account. The research
method for developing the model is as follows:
» Step 1: Review complex systems theory to determine théchageria required for
sustainability;
» Step 2:Review existing sustainability assessment modadsnaethods to determine if
they assess sustainability according to the caitenind in step 1;
 Step 3: Develop a new model to assess sustainability lggmting the most
appropriate existing models so as to capitalis¢heir strengths, minimise individual
weaknesses in addition to meeting the criteriastmtainability; and
» Step 4:Test the new model on case study products.



This paper presents the final model developed et Stwhere the risk assessment (RA) and
Life Cycle Assessment (LCA) are the two methodsgrated. Steps 1 and 2 which lead to
the choice of RA and LCA are briefly outlined hexed are expected to be presented in
subsequent papers. Some results from Step 4 ctoube in Babarenda Gamage and Boyle
(2006), Babarenda Gamage and Boyle (2008) and BalartGamage et al. (2008).

2. CHARACTERISTICS OF COMPLEX ADAPTIVE SYSTEMS

According to Holling et al. (2002, pp 396), sus#ditity “is maintained by relationships
among a nested set of adaptive cycles arrangeddymamic hierarchy in space and time —
the panarchy”. Identifying characteristics of coeypbkystems and how they interact may be
useful for sustainability of complex systems (Raski al., 2002) given that “sustainability is
the capacity to create, test, and maintain adag@pability” (Holling et al., 2002b, pp 403).
Having an understanding of complex systems is fogmt for policy making towards
changes for sustainability (Munn, 1995). Therefangjerstanding the patterns and function
of complex systems, and thus making appropriatengd® in some areas (e.g. product
development (McCarthy et al., 2006) and organisalichange (Dooley, 1997), etc.) may
help increase resilience and adaptive capacitylift$pl1996; Gunderson and Holling, 2002;
Walker et al., 2004) and, thus, human survival. Tharacteristics of CAS need to be
addressed or at least acknowledged in order torstaohel sustainability of the complex
system. Following that, they also need to be adaks/hen assessing sustainability. Some of
the significant characteristics of complex systeres given in Table 1. Note that there are
many more characteristics such as randomness (Banalet al., 1997), crosscutting
hierarchical interaction (Arthur, 1997), fractalnaiour (Morales-Matamoros, 2010), edge
of chaos/out-of-equilibrium dynamics (Arthur, 1997angton, 1991), feedback loops and
learning (Arthur, 1996), etc.

Table 1: Characteristics of complex adaptive system

Characteristic | Description of Characteristic Reference
Aggregation Complexity emerges from the interactions of agen| Holland (1992),
(Holism) systems. Arthur (1995)

Agents interacting in nohrear ways such that tl

Nonlinearity ; : : Holland (1992)
outcomes of interactions are not proportionate.
Flows, local . . .
. . Agents are organised into networks where interas|Holland (1992),
interactions, . : ; )
. can trigger other interactions. Levin (1998)
connectivity
Holland (1992),
. . Agents evolve to fill certain niches and the gre#te| Levin (1998),
Diversity

variety of agents, the stronger the system can be. [Kinzig et al.
(2002)

Dispersed interaction of agents acting in para#sllt
Emergence in patters that emerge which informs the behavail
the agents as well as the behaviour of the system.

Arthur (1997),
Holland (1998)

Systems are part of the environment and exist w
: . ; Kauffman (1980)

. their environment hence as the environment cha

Co-Evolution Ghersa et al.

the systems also changes and when the sy (1994)

changes, the environment is also changed.

"Order for free" -there is no command and conf
Self hierarchy but there is constantogganising in ordertwaldmp (1992),
organisation y 9 9 Kauffman (1980)

determine the best fit in the environment in whilh




system functions.

Agents and connectiorege not fixed in time but mg
be dynamic and change as conditions change.

Dynamic resulting pattern reflects change, learning Holland (1995)
adaptation.
The capacity to maintain function by absorbGunderson and
Resilience shocks. It is also the ability for renewal and

Folling (2002)

organisation

Significant characteristics of complex systems ased as criteria to evaluate existing
sustainability assessment methods and models. Vhkiation is aimed at determining
whether existing methods and models are able tesasSAS; and failing that, to identify
methods and models that are able to take into atcmme of the characteristics of CAS.
The criteria used to evaluate existing methodsraadels are:

1. Take complexity of the system into account by:
Recognising the existence of multiple agents astesy levels;
Recognising interconnections and interdependencies;
Taking system dynamics into account (time and gpace
Recognising system limits or thresholds;
Recognising resilience and adaptive capacity; and

f. Being holistic; and

2. Be based on science where appropriate.

The second criterion was added to help achievasioevalidity.
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3. EVALUATING SUSTAINABILITY ASSESSMENT METHODS AND MO DELS

The criteria above were used to evaluate 26 egistinstainability assessment methods.
These methods consist of analytical tools (e.gt besefit analysis, etc.), indicator based
methods (e.g. Living Planet Index, Well Being Indeatc.) and integrated methods
(Ecological Footprint, triple bottom line (TBL), ®}). The evaluation results showed that
while the existing methods and models were sucgkasfassessing the aspects of a system
for which they were designed, they are unsuitatmedckling complex systems hence do not
assess true sustainability. They do not incorpaatrigh of the necessary criteria thus fail at
being holistic. The evaluation also highlighteduaniber of potential methods and models that
may be beneficial if integrated as a new modelhEaxisting methods and models, all of
which have at least two of the seven criteria nesgsfor assessment of complex system
sustainability were analysed further. These metlamdsmodels include risk assessment (RA)
(analytical tool); ecosystem resilience (integratedthod); Sustainable Process Index (an
indicator); Life Cycle Assessment (analytical tooBroduct Sustainability Index (an
indicator); Ecological Footprint (integrated methiolarometer for sustainability (integrated
method); and Sustainability Assessment by Fuzzyiuatian (SAFE) (integrated method),
and may hold the key to assessing sustainabilibpofplex systems.

Generally, all of these tools may be integratecetiogr and some of these tools may be
extended in terms of their boundaries and scomné&ble them to include characteristics of
complex systems that are just beyond their reaoh.ekample, LCA may be extended to

allow for the social and economic dimensions taahalysed thus improving its abilities in

terms of becoming a more holistic tool. Choosing tmost appropriate methods for

integrating was based on factors such as whether:



* The assessment methods have been standardised,;
» Literature as guides exist and are readily avatabl
e Itis used for education, planning and policy depehent;
» Databases for the methods exist;
» Research with respect to the assessment methad itasown academic journal (i.e.
indicating whether there is high volume of reseancprogress);
* The assessment methods and their results are wideignunicated and accepted,;
« The assessment method comprises of the necessargctdristics to be integrated
(i.e. if there have been previous attempts to nattegy; and
* The assessment methods complement each other.
The results of the evaluation showed that LCA an8l Rad many of the required
characteristics and thus appropriate for integnatio

4. NEW MODEL FOR ASSESSING SUSTAINABILITY

The basic framework for the new model is given iguFe 2. Since LCA and RA have been
standardized, the standards (ISO 14040, ISO 14@¥3,NZS 4360-2004,ISO/IEC
31010:2009) together with handbooks (Guinée et28l02; Baumann and Tillman, 2004;
etc.) can provide information and instruction omsoof the elements to be addressed for
parts of this model.

A:Goaland scope (establish context)

l

B: Inventory

Inventory analysis

l

C:Impact assessment

Identify risks

l

D: Analyse risks

F: Communicate and consult
G:Monitorand review

Evaluate risks

l

E: Potential risk treatment

Figure 2: Sustainability assessment framework inteating LCA and RA



In terms of the practical implementation of the mlodhe extent of the study can be defined
with respect to the expectations of the practitoaed commissioner of the study. The
audience of the results depends on the purposbkeottudy. For example, if the study is
conducted for improvement of a product, then thdience can range from the Board of
Directors of the company to the design team wheglen level buy-in may be useful for
changes to occur. The model is to be applied tmallSand Medium size Enterprise (SME)
but should be transferable to any product systehe 3implest (reduced) version of the
model is given in Figure 3. This is equivalent ttriple bottom line type model where the
environment, social and economic systems have teRrced into three separate systems. A
further reduction of the streamlined model in FegBrcan be undertaken by concentrating on
one type of system risk. However, this would detbatpurpose as the reductionist approach
fails to account for the complexity by neglectitg tinterconnections and interdependencies
with respect to the other systems.

Time

Environmental risks

Environmental Impactsource

. Social risk
impacts local/global clatrisks

LCA

Economicrisks

Figure 3: Streamlined sustainability assessment -educed to three systems

While the model in Figure 3 may allow the idengtfion of risk in different systems, it does
not allow these risk events to be connected wighatiner systems. Often, a risk in one system
propagates into another, but this model would net dble to make the appropriate
connections across different system levels. Thisleh@an be modified according to the
strong sustainability model (Brekke, 1997; Neuma®603) as shown in Figure 4.

Time
[ @

Environmentalrisks

Social risks

Environmental Impactsource
., mp

LCA .
impacts local/global Economic risks

Figure 4: Streamlined sustainability assessment

Since the version of the model given in Figure drtst off with one set of data, i.e.
environmental data for LCA, it is still a streanddhversion. However, while this is still a



streamlined version, it is able to trace the irdarections among the risks from the
environmental, social and economic systems. Inrdaepgrade this model to a full holistic
version, social and economic data are requiresfag.i Figure 5 shows the pathways for full
sustainability assessment. Data concerning the ystems are used to calculate impacts for
each system with respect to spatial differentiatibmis is done separately up until the RA
stage where risks are identified and analysed hegetith the interconnections. This model
would entail the use of three separate databaael,smilar to those required for the models
in Figure 3 and Figure 4. While the assessment imndégure 5 can accommodate most of
the interconnections among the systems at theagskssment stage, it still separates the three
systems at the beginning thus remains to be rezhistito some extent.

Time
[ °
Environmental Impact source Environmental risks
LCAdata —» — P
impacts local/global
Social risks
- Impact source
Social LCAdata |— Socialimpacts —» P
local/global
Economic risks
LCCdata —» Economicimpacts —» Impact source
local/global

Figure 5: Sustainability assessment comprised of sgamlined assessments per system

A fully integrated sustainability assessment waelguire the interconnections at each step to
be taken into account. l.e. the inputs and outptied! the relevant data would be integrated
into a single inventory; the connections amongdifferent types of impact categories would
be made via cause-effect chains together with éspective locations of the impacts; and
subsequently, the resulting set of risks would &@glight the interconnections among the
various systems together with time (Figure 6). EbBok in the figure represents complex
interactions. This is not the same as adding teesasnent of the three systems separately as
interaction of inputs and outputs would be at gpde@and holistic level where there is little or
no segregation of systems. As with the reducedaresf the model, the practitioner is able
to choose which systems will be included in theeassient as per the goal of the study. The
choice of input data (inventory), the type of imiza.e. impact categories) and risks to
assess (i.e. environmental, social or economicgbedds upon the goal of assessment. The
main difference between this model and the eaolhes is that this would be able to illustrate
the interconnections more effectively and holistljckom beginning to end.



Risks

Environmental risks

Environmental, Socl Fisk

. ocial risks
Inventory Social an_d Impactsource
Economic local/global

impacts Economicrisks
® - ®
Time

Figure 6: Complete sustainability assessment

5. RESULTS FROM THE MODEL
The model results in three levels of risk or threlntification that are connected through
different system levels. The three levels of rigkes

1. Risks from smaller lower level systems (micro Igvaisks within the product system

as well as risks to the product system from systeahsw;

2. Risks from the larger upper level systems (macrel)eand

3. External risks from random disasters — risks franemgence.
The risks can be categorised according to the inmprand outgoing threats as shown in
Figure 7. The outgoing risks (arrows in black) el the threats associated with the impacts
found at the impact assessment step of LCA andistonfsexternal or global risks affecting
the larger systems. The incoming risks (arrowsedl) indicate the risks to the inner systems
propagating from larger upper level systems. Thaluation of the identified risks and the
subsequent treatment of those risks are expectad sustainability of the complex system.

Complex system - Environment
I I I I I I
)\ \Z \Z \Z v \
Societal system
| | | I ]
v v v -
Economic system -+
4 L IR
B A e R
<t = £
<«}— Productsystem 1 5 15
<t = £
<t €—1— — >
o I ! I 1
< | —1>
A A A A A 4
—

Figure 7: Incoming and outgoing risks related to te CAS



6. CONCLUSIONS AND FUTURE WORK

The final model presented in the chapter is a lklylnodel that uses the results of one
component of the assessment, the LCA, as input fdatanother component (RA). The
model progresses from a reduced version consisfisyeamlined assessments with respect
to the systems chosen for assessment, to a holistgion which encompasses all three
relevant systems (environmental, social and ecocjorfrom initiation (inventory) to
completion (risk evaluation).The model follows th€A steps with integrated inventory up
until impact assessment spanning all three systiéen which the impacts are analysed to
determine the risks from the chosen impact categofThe impact are also analysed to
determine the significant sources of the impacts flaow these impact sources can threaten
the system. There are various ways of streamliireg assessment, ranging from using
separate data records in the inventory to redutiagisks according to each system. Failure
of the streamlined assessment is expected duestoedligence of interconnections. Future
work may consist of practical implementation of ta# model, together with investigating
whether mitigation of identified risk would indekzhd to sustainability.
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