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ABSTRACT 

Environmental sustainability has become important considering limited natural resources and an 

ever increasing consumption.  Sustainability assessment is a complex procedure which is used to 

quantify and measure sustainability of a system.  It needs to be performed in an organized and 

coherent manner to avoid unintended negative consequences.  A systems-level, overarching, 

integrated model coupled with underlying process models would provide structure to 

sustainability assessment of coupled systems, thereby making the procedure more effective.  

The first objective of the study is to illustrate such a systems-level, overarching, framework 

using a simple, idealized, hypothetical model of a watershed as an example.  The essential 

elements of underlying process models are utilized in building a simple, System Dynamics (SD) 

model, which is integrated at the overarching level.  Orientors and indicators are used to assess 

sustainability. 

Two additional scenarios are modeled in order to improve system sustainability: technological 

advancement by implementing a rainwater use policy in the existing watershed model; and 

human behavior modification by coupling a social model with the existing watershed model.  

This demonstrates the effectiveness of the System Dynamics modeling approach in integration of 

multiple, varied systems. 

The second and ultimate objective of this study is to propose a generic framework for the 

overarching, systems-level model, providing a definite structure but allowing others to define 

their own model elements and relationships.  This would enable more effective sustainability 

assessment of coupled complex systems. 
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1. Background and Objectives 

1.1. Need for a Quantitative, Overarching Framework 

1.1.1. Inability of current techniques to perform a multi-system integrated assessment 

Our lives are enmeshed in complex systems.  For example, engineered water systems are 

embedded in the natural hydrologic system, both of which are constrained by complex, 

urbanizing watersheds.  Attempts to improve the sustainability of complex systems are thwarted 

by the law of unintended consequences, where intervention in one part of a system results in 

unanticipated and often undesirable consequences in another part of the same system, or in 

closely coupled systems.  Indeed, as emphasized by Sterman (2012), “the consequences of our 

actions spill out across time and space and across disciplinary boundaries, but our universities, 

corporations, and governments are organized in silos that focus on the short term and fragment 

knowledge.”  Thus, in order to truly assess and enhance sustainability, cause-and-effect 

relationships that span several complex systems need to be taken into account.  This is not 

possible with currently available procedures, but it should eventually be possible with the 

development of a quantitative, overarching, systems-level framework that can be used to assess 

and enhance sustainability. 

                   

 

 

 

 

 

 

 

1.1.2. Inability of current techniques to include social dynamics effectively 

The Brundtland Report’s frequently quoted definition of sustainable development is (Brundtland, 

1987): “Development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs.”  Another common interpretation of sustainability 

requires that sustainable solutions balance environmental, economic and social criteria, as shown 

in Figure 1.1.1.  Commonly used sustainability assessment frameworks such as ecological 

footprint, material and energy flow analysis, process life-cycle assessment, and economic input-

output life cycle assessment cannot easily be coupled with the social system (Hester and Little, 

2013), even though it is clear that accounting for and modifying human behavior will play a 

Fig. 1.1.2:  Six sectors of a societal 

system, aggregated into three sub-systems 

of sustainability (after Bossel, 2007). Used 

under Fair Use, 2014.                                                                                     

 

Fig. 1.1.1: Venn diagram showing three 

key criteria of sustainability 
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critical role in achieving sustainability.  In contrast, System Dynamics (SD) (Ness et al., 2006) is 

a framework that can integrate across environmental, economic and social sectors, account for 

spatial and temporal aspects, and track cause-and-effect relationships that span several complex 

systems. 

1.1.3: Inadequacy of currently defined indicators 

Sustainability assessment frameworks require indicators (defined in Section 2.2) to quantify 

myriad aspects of sustainability.  Although a wide range of indicators is in use, the vast majority 

of cases only focus on a narrow dimension of sustainability (Hester and Little, 2013).  For 

example, water use is assessed without attention to carbon emissions and vice-versa (Berger and 

Finkbeiner, 2010; Levasseur et al., 2010; Godskesen et al., 2011).  Indeed, many water 

management indicators are lumped quantities that preclude assessment of temporal and spatial 

variability (Jansson et al., 1999; Spatari et al., 2011).  This blinkered approach is doomed to 

result in unintended consequences.  In contrast, Bossel (1999, 2007) proposed an approach that 

begins with the fundamental needs of living systems (either humans or ecosystems) known as 

orientors, and then systematically derives a comprehensive set of sustainability indicators.  This 

approach spans six broad sectors of a societal system that are interrelated and map onto the three 

classic sub-systems of sustainability (Figure 1.1.2), establishing meaningful connections amongst 

the environmental, economic and social sub-systems.  

1.2. Objectives 

Comprehensive sustainability assessment requires the integration of multiple systems, including 

social systems, along with the definition of a comprehensive suite of indicators.  This report 

proposes using System Dynamics as a modeling tool for designing a common framework to 

evaluate sustainability, using as an illustrative example the integration of a water resources and a 

social system for coupled sustainability assessment.  This report further suggests how the 

framework might be used to integrate a large number of different systems, with sustainability 

assessment as the primary objective. 

1.2.1. An illustrative approach to developing a quantitative, overarching framework for 

sustainability assessment. 

The illustrative approach is presented in a step-wise, systematic fashion while providing a 

detailed explanation of the sub-objectives, which are: 

i. Develop a simple, idealized watershed System Dynamics model that exhibits the 

spatial and temporal nature of watershed processes. 

ii. Define a simple set of orientors and indicators which are used to assess 

sustainability of the watershed. 

iii. Integrate technology advancement in the form of rainwater use into the model as a 

possible solution for improving sustainability. 
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iv. Design and couple a simple social model with the watershed model and use it to 

predict changes in human behavior as an alternative to technology advancement 

for sustainability improvement. 

1.2.2. A generic framework for coupling a large number of systems. 

The second and ultimate objective of the research is to propose a generic framework which can 

be used to couple a large number of varied, complex systems.  This will enable future research 

by providing a well-structured and organized approach to sustainability assessment for multiple 

systems.
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2. Introduction to Basic Concepts 

2.1. Introduction to System Dynamics 

System Dynamics has been defined as ‘A powerful methodology and computer simulation 

modeling technique for framing, understanding, and discussing complex issues and problems’ 

(Radziki and Taylor, 1997).  An SD model can be represented using a few basic elements, 

including ‘Stocks’, ‘Flows’ and ‘Parameters’.  A ‘Stock’ represents the accumulation or level of 

the working substance whereas a ‘Flow’ influences the rate of change of the ‘Stock’.  A 

‘Parameter’ represents a variable/constant on which the value of Stocks and Flows depends. 

 

Fig. 2.1.1: System causal loop diagram 

Figure 2.1.1 is a causal loop diagram, which is the blueprint of a System Dynamics model, and 

represents the logic used to build the model.  It captures the interactions in the system and thus, 

provides an understanding of the system structure and logic.  After a causal loop diagram is 

developed, the construction of the model is undertaken.  

 

Fig. 2.1.2: System model 

Fig. 2.1.2 represents the system model, which captures the structure and logic presented in the 

causal loop diagram.  The interactions in the causal loop diagram are incorporated in the model, 

usually in the form of multiple simultaneous ordinary differential equations.  Since the idea of 

systems thinking and System Dynamics modeling was conceived by J.W. Forrester in the 1960s 
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(Forrester, 1971), substantial work has been done, resulting in the use of SD modeling for a wide 

range of applications in different fields of science and technology, management as well as 

commerce.  For example, System Dynamics has been used to model watersheds (de C. Leal Neto 

et al., 2006; Li and Simonovic, 2002; Elshorbagy et al., 2005), electrical and electronics systems 

(Georgiadis and Besiou, 2008), ecosystems and resources (Xi and Leng Poh, 2013), business 

management (Roberts, 1981), as well as economic and social systems (Stave, 2002).  It has been 

applied to the assessment of water resources sustainability (Sahely and Kennedy, 2007; Liu et al. 

2008; Gonzalez-Mejia et al., 2012), but not in the systematic hierarchical orientor approach 

proposed by Bossel (1996), which will be introduced in Section 2.2. 

2.2. Introduction to Orientors and Indicators 

 

Fig. 2.2.1: Using orientors and indicators to assess sustainability (Bossel, 1999). Used under Fair Use, 2014. 

Parameters representing interests, values, criteria or objectives, that orient/influence actions or 

decisions, either directly or indirectly, are referred to as orientors (Bossel, 1999).  Bossel, 

focusing on autonomous, self-organizing systems (which include ecosystems and human 

systems), defined basic orientors as existence, effectiveness, freedom of action, security, 

adaptability, coexistence, and psychological needs (for human systems).  The basic orientors are 

independent of one another, but are abstract, and as shown in Figure 2.2.1, need to be translated 

into more concrete operational orientors.  In this hierarchy, sustainability is the “supreme” 

orientor (Figure 2.2.1) for any human system or ecosystem, with the need for coexistence 

expressed as one of the basic orientors.  Sustainability indicators, which are used to measure the 

extent to which the orientors are satisfied, are derived from the operational orientors to ensure 

consistency with the ultimate goal of sustainability.  For example, if ‘Health’ is considered as an 

orientor for the human body (the system), it has corresponding indicators in the form of ‘Heart 

Rate’ and/or ‘Blood Pressure’ (Bossel, 1996).  Only when the ‘Blood Pressure’ and/or the ‘Heart 

Rate’ are measured, would a doctor be able to make a definite statement about the ‘Health’ of the 

patient.  Given the initial focus on environmental sustainability, this research concentrates on 

operational orientors and indicators that relate to water, and their effects on human systems and 

ecosystems. 
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2.3. Introduction to Agent Based Modeling 

A modeling paradigm quite different from SD is agent-based modeling (ABM).  The primary 

goal of an agent-based model is to describe the interaction of autonomous agents or entities in 

the system (humans being the most common example) and the interdependence of individual 

agent behavior on overall system behavior and vice-versa (Kelly et al., 2013).  A formal, 

universally used definition for an ‘agent’ is unavailable, but it is most frequently defined as an 

actor or decision maker with heterogeneous characteristics (characteristics different from other 

agents in the system).  An agent can be an individual or a group, depending upon the required 

level of detail.  The principle of “emergence” from an individual (microscopic level) to the 

overall system (macroscopic level) is another key aspect of ABMs.  Economist Jeffrey Goldstein 

(1999) quotes philosopher G.H. Lewes (1875): "Although each effect is the resultant of its 

components, we cannot always trace the steps of the process, so as to see in the product the mode 

of operation of each factor.  In the latter case, I propose to call the effect an emergent.  It arises 

out of the combined agencies, but in a form which does not display the agents in action … Every 

resultant is either a sum or a difference of the co-operant forces … [and] is clearly traceable in its 

components … the emergent … cannot be reduced either to their sum or their difference” 

(Goldstein, 1999).  Agents in ABMs exhibit this concept of emergence and are programmed not 

only to interact with each other to produce a result in overall system behavior, but also possess 

the capability to learn from one another and modify their own behavior with time.  ABMs also 

allow for construction of a model even in the absence of information about the global behavior of 

the system.  Discretization is a key feature of an ABM; however, for a system which cannot be 

adequately represented using a limited number of agents, processing time and processing power 

for the ABM can be very high compared to other modeling approaches (Kelly et al., 2013).  

Since ABMs provide a high level of discretization, they are more suited to systems based on 

individualistic decision making (Parunak et al., 1998). 
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3. The Illustrative Approach 

3.1. The Watershed Model 

3.1.1. System Dynamics watershed modeling literature review 

With the future of clean water on the Earth at stake, water resources and watershed sustainability 

research is important.  For example, sustainability assessment projects have been undertaken 

from the North American prairie watersheds (Li and Simonovic, 2002) to the Yellow River basin 

in China (Xu et al., 2002).  Some of the research concentrated on a very specific geographical 

area and very specific hydrological situations.  For example, focusing on the sustainability of 

reclaimed watersheds after disturbances due to tar sands mining in Alberta (Elshorbagy et al., 

2005), modeling socio-economic impact of different environmental flows in the Weihe River 

basin (Wei et al., 2012) or the simulation of hydrological processes in reconstructed watersheds 

(Elshorbagy et al., 2007).  Other work catered to a generalized model of a watershed or a water 

resources system, including important hydrological processes and the factors affecting them.  For 

instance, water resources planning and management in Yulin city in China (Wang et al., 2011), a 

System Dynamics model for environmental management of Septiba Bay Watershed in Brazil (de 

C. Leal Neto et al., 2006) or a generalized System Dynamics approach to water resources 

management (Winz et al., 2009). 

3.1.2. Equations and components of the basic watershed model 

The model developed here is a simple, highly idealized, hypothetical illustrative representation 

of a watershed with the processes and factors (natural as well as man-made) affecting it.  As 

shown in Figure 3.1.1, the model examines the interaction between multiple elements affecting 

the total amount of water in a watershed. 

Precipitation delivers water to the watershed where it is used for agricultural, industrial and 

domestic purposes.  The size of the population determines how much water is used, and the 

population is allowed to grow, with birth and death rates assumed constant.  Precipitation, the 

major input to the system, is assumed to decrease over the period of interest.  Water is withdrawn 

from both the reservoir and the groundwater stocks. 
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Fig. 3.1.1: The basic watershed model 

Equation (3.1.1) represents precipitation (P, in m
3
 per year):  

 ( ) 1.65 ,P p t A= × ×   (1.2.1) 

where a precipitation lookup function (p(t)) returns a fractional value, which is used in 

conjunction with initial precipitation (assumed to be 1.65 m per year) and the total area of the 

basin (A, in m
2
).  Equation (3.1.2) represents irrigation (I, in m

3
 per year):  

 0.15 ,I AA= ×   (1.2.2) 

where AA (m
2
) is agricultural land area. It is assumed that, on average, land is irrigated 0.15 m 

per year.  

Equation (3.1.3) calculates Domestic Water Supply (D, in m
3
 per year):   
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 113.5  ,D PP= ×   (1.2.3) 

which depends upon the population (PP) of the watershed.  It is assumed that, on average, each 

person consumes 113.5 m
3
 per year.  Industrial Water (In, in m

3
 per year) is represented by 

equation (3.1.4):  

 
5( ) 3.4 10  ,In in t= × ×   (1.2.4) 

where the industrial water lookup function (in(t)) returns a factor which is used in conjunction 

with a baseline value for industrial water use (3.4×10
5
 m

3
 per year). 

Water in the watershed is divided into three ‘stocks’ as shown in Figure 3.1.1 (catchment, 

groundwater and reservoir) which are connected to each other by various ‘flows’.  The flow of 

water in the river (r, in m
3 
per year) is:   

 (0.25( ) ) ,
P

r FA AA BA
A

= × + +   (1.2.5) 

where it is assumed that 100% of the precipitation (P) that falls on the built-up area (BA, in m
2
) 

and 25% of the precipitation that falls on agricultural (AA, in m
2
) and forest area (FA, in m

2 
) 

drains into the river.  Equation (3.1.6) represents the built up area 

 / 0.012 ,BA PP=   (1.2.6) 

required to house the total population, assuming a population density of 0.012 persons per m
2
. 

Equation (3.1.7) describes evapotranspiration from the basin (E, m
3
 per year): 

 0.57 ,E A= ×   (1.2.7) 

where 0.57 m per year of evapotranspiration (44% of pan evaporation) is assumed. 

It is assumed that inflow to and outflow from the groundwater aquifer is from the catchment, and 

that all the precipitation into the system flows into the catchment stock.  Percolation (or 

groundwater recharge) into the groundwater aquifer depends linearly on precipitation in the 

catchment.  The shallow groundwater flow (flow from Groundwater stock to the Reservoir stock) 

into the reservoir is further dependent on the percolation into the aquifer.  There is also an 

overflow from the reservoir which drains water to an estuary.  Percolation is assumed to be 33% 

of Precipitation whereas Shallow Groundwater Flow and Deep Groundwater Flow (flow out 

from the Groundwater stock) are assumed to be 40% and 23% of Percolation respectively.  This 

is in accordance with the assumption of a simple, highly idealized, hypothetical representation of 

a watershed. 
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Fig. 3.1.2: Parameter results for the basic watershed model 

3.2. Addition of Orientors and Indicators 

3.2.1. Defining orientors for the watershed model 

The sustainability of the system is quantified by means of orientors and indicators.  Orientors are 

measures of the sustainability of the system whereas indicators are actual system parameters 

which are mapped to the orientors.  In this simple system, the orientors (and their respective 

indicators) are Domestic Supply Security (level of water in groundwater aquifer), Irrigation 

Supply Security (level of water in reservoir), Ecological Sustainability (flow of water in the 

river) and Quality of Life (ratio of built-up area to forest area).  The Overall Orientor satisfaction 

is the sum of the individual orientors, in this case all equally weighted.  A higher Overall 

Orientor satisfaction represents a more sustainable system.   
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Fig. 3.2.1: Addition of orientors and indicators to the basic watershed model 

Figure 3.2.2 shows individual and overall orientor satisfaction, where the individual values are 

normalized relative to the minimum required level.  Thus, for the system to be considered 

sustainable, the individual orientors have to be maintained above a value of 1.  The orientors are 

defined in Equations (3.2.1) through (3.2.4).  Equation (3.2.1) defines Quality of Life (QL): 

 

If  ( / ) 0.01,  Then 1

If  ( / ) 0.1,  Then 1

20
If  0.01 ( / ) 0.1,  Then 1 ( )  ,

BA FA QL

BA FA QL

BA
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< =

> =

×
< < = + ×

  (1.3.1) 
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where QL tends to zero for a very low (signifying too little urbanization) as well as a very high 

ratio (signifying too much urbanization) of BA to FA.  Quality of life is assumed to be higher 

when there is a good mix of built-up and natural environments (values of the ratio BA to FA 

lying between the upper and lower limits assumed in the equation).  Equation (3.2.2) describes 

Irrigation Supply Security (IS): 

 
10

1  ,
2.3 10

R
IS = +

×
  (1.3.2) 

where an ideal level for the Reservoir (R, in m
3
) is assumed to be 2.3 × 10

10
 m

3
.  Equation (3.2.3) 

defines Ecological Sustainability (ES): 

 
10

1  ,
1.1 10

r
ES = +

×
  (1.3.3) 

where an ideal flow in the river (r, in m
3
 per year) is assumed to be 1.1 × 10

10
 m

3
 per year.  

Equation (3.2.4) represents Domestic Supply Security (DS): 
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1  ,
3.8 10

G
DS = +

×
  (1.3.4) 

where an ideal level for the Groundwater stock (G, in m
3
) is assumed to be 3.8 × 10

9
 m

3
.  Finally, 

equation (3.2.5) defines the Overall Orientor Satisfaction (OS) with individual orientors 

weighted equally (25%):  

 0.25 0.25 0.25 0.25OS DS ES QL IS= × + × + × + ×   (1.3.5) 

 

3.2.2. Orientor satisfaction results for the watershed model 

The watershed model, shown in Figure 3.2.1, was run for a period of 100 years and orientor 

satisfaction results are shown in Figure 3.2.2:   
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Fig. 3.2.2: Orientor satisfaction results for the watershed model 

As shown in Figure 3.2.2, the only orientor to drop below 1 is Domestic Supply Security.  This is 

because the stock of groundwater has dropped below the minimum required level.  The system is 

therefore considered unsustainable, and some changes are needed.  Another aspect of Figure 

3.2.2 is the sudden spike in the quality of life.  By definition, the quality of life orientor is low for 

low ratios of built-up area to forest area as well as for high ratios of built-up area to forest area.  

Hence, ideal values for this orientor result when the ratio of built-up area to the forest area has a 

moderate value, as defined by equation 3.2.1.  Due to this, the graph of Quality of Life shows a 

spike where the value of the ratio of BA to FA is between the defined upper and lower limits. 

Overall, these results are based on a highly idealized representation of a watershed, but they 

clearly demonstrate the flexibility of System Dynamics and its ability to simulate temporal 

dynamics of complex systems.  They also demonstrate the visual nature of System Dynamics, 

which makes it easier for interdisciplinary groups of researchers to understand when decisions 

are being made on weighting the various orientors, and during discussions about how to make 

complex systems more sustainable. 

Along with insights into the watershed processes and the factors affecting them, the watershed 

model also provides a sense of the direction of the earth’s clean water future.  As is apparent 

from the orientor satisfaction results (Figure 3.2.2), the current system must be changed to avoid 

the steep decline in the overall orientor satisfaction.  There are several possible approaches to 

achieve these changes, but for the purpose of this research, two were chosen. 



 

11 

 

I. Zhou Rainwater Use Model 

This approach employs a technical solution to the decline in overall orientor 

satisfaction: Rainwater Use.  One of four approaches evaluated to improve energy 

efficiency (Zhou et al., 2013) of an urban water system, rainwater use was chosen 

to demonstrate the use of technological advancement for improving sustainability.  

II. Diffusion of Innovation Social Model 

This approach employs a social solution to the decline in overall orientor 

satisfaction: Human Behavior Modification.  Based on pioneering work by 

Rogers (Rogers, 2003), the social model was designed and coupled to the 

watershed model to evaluate the difference in orientor satisfaction following 

changes in human behavior. 

3.3. Technological Advancement 

3.3.1. Rainwater use 

As discussed in the previous section, one possible way to prevent the decline in orientor 

satisfaction is technological advancement.  The basic watershed model was modified to 

incorporate rainwater use.  The rainwater model is a separate, stand-alone model that has been 

modified to serve as an addendum to the basic watershed model. 

A few changes in the structure and design of the basic watershed model (Fig. 3.2.1) were made 

in order to incorporate rainwater use.  It is assumed that there is an outflow from the reservoir 

and groundwater stocks (in a ratio of 70 to 30) to the ‘Waterworks’ stock from which the water 

for public and domestic use is distributed.  The water for irrigation and industrial use is assumed 

to be withdrawn from the reservoir only.  

After being used, the irrigation water is discharged directly into a natural water sink, such as a 

lake or a river, without treatment.  The water used for public works is discharged directly, as is 

half the water (50%) used for household purposes.  The wastewater treatment plant treats half the 

water from household use before discharging it to the sink.  The industrial water is treated on-site 

by the industrial wastewater treatment plant and is then discharged to the sink.  Rainwater is used 

to augment the household water supply from the waterworks and reduce the required output from 

the waterworks sector. 
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Fig. 3.3.1: Basic watershed model with rainwater use implementation 

Equation (3.3.1) represents the flow of water from the waterworks to households (WW-

Household, in m
3
 per year):  

 WW-Household 114 RainPP= × −   (1.4.1) 

where this flow is augmented by rainwater (Rain, 8×10
8
 m

3
 per year) use policies.  Rainwater is 

assumed to be a different variable from Precipitation, since only a fraction of precipitation to the 
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watershed is assumed to be collected and used directly.  It is assumed that rainwater use does not 

affect precipitation.  Equation (3.3.2), on the other hand, represents Public Water Use (in m
3
 per 

year): 

 Public Water Use WW-Household Rain= +   (1.4.2) 

which is assumed equal to household water demand.  Equation (3.3.3) represents the flow of 

water from the household that is directly discharged (Household-DD, in m
3
 per year):  

 Household-DD 0.5 (WW-Household Rain)= × +   (1.4.3) 

where it is assumed to be half the demand.  Similarly, equation (3.3.4) represents the flow of 

water from household that is sent to the wastewater treatment plant (Household-WWTP, in m
3
 

per year):  

 Household-WWTP 0.5 (WW-Household Rain)= × +   (1.4.4) 

where it is assumed to be half the demand. 

3.3.2. Orientor satisfaction results after implementation of rainwater use 

 

Fig. 3.3.2: Orientor satisfaction results upon implementation of rainwater use model 

Red Line – Results post implementation of rainwater use model 

Blue line – Results for the basic watershed model 
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Due to the inclusion of the rainwater use model, a significant difference in the orientor 

satisfaction results is noticeable as compared to the basic watershed model results.  As shown in 

Figure 3.3.2, an improvement in domestic supply security leads to a significant difference in the 

overall orientor satisfaction.  The use of rainwater represents a possible solution to enhance the 

sustainability of the watershed system. 

3.4. Modification of Human Behavior by Coupling Social Model 

3.4.1. Introduction to social modeling 

Agent-based modeling is a fairly recent approach to system modeling and simulation (Parunak, 

Savit and Riolo, 1998).  Typically, agent-based models are suitable for modeling systems 

needing high discretization with heterogeneity.  However, it is increasingly being used to model 

social aspects of environmental problems.  For example, it has been used to predict land-use 

changes in coastal areas caused by land tax changes (Filatova et al., 2011) as well as recreational 

fishing management in Ningaloo Marine Park, Western Australia (Gao and Hailu, 2013) and also 

for stimulating changes in management policies in Australian rangelands (Gross et al., 2006) as 

well as to depict the relation between effective learning of pastoralists and effective rangeland 

management (Janssen et al., 2000).  ABMs have also been applied to understand environmental 

feedback as a result of land use decisions, which in turn affects future land use decisions (Le et 

al., 2012) as well as bird population modeling which depends on land use changes due to natural 

and anthropogenic factors (Mathevet et al., 2003). 

As described earlier, agent-based models are frequently used to represent social processes, but as 

shown by Borshchev and Filippov (2004), these can be converted into equivalent System 

Dynamics models.  For the purpose of this research, the basic principles of ABM such as 

autonomous decision making and discretization have been implemented in a SD modeling 

approach.  The social decision making model is based on Everett Rogers’ ‘Diffusion of 

Innovation’ theory (Rogers, 2003), which explains the rate and timeline of adoption of a novel 

idea or technology by a large number of people.  The primary objective of the coupling of a 

social model to the watershed model is to account for environmental awareness among the 

population.  Thus, environmental awareness is considered to be a novel idea which propagates 

through the population with the rate of propagation based on Rogers’ theory.  This requires the 

division of the population into two groups: an Environmentally Aware Population and an 

Environmentally Unaware Population, which are inter-connected by a flow of ‘people’ which is 

referred to as ‘Awareness’. 
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Fig. 3.4.1: Adopter Categorization on the Basis of Timeline of Innovation Adoption 

(After Rogers, E. M. (2003)). Used under Fair Use, 2014. 

 

Rogers’ theory states that the population can be divided into five categories depending upon the 

time required to adopt the innovation or the novel idea after its introduction (Figure 3.4.1).  

These five categories are: ‘Innovators’, ‘Early Adopters’, ‘Early Majority’, ‘Late Majority’ and 

‘Laggards’.  These five groups successively adopt the innovation, resulting in a normal 

distribution curve showing the percentage of population represented by each of the five groups. 

3.4.2. Model parameters and equations 
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Fig. 3.4.2: Social Model 
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Fig. 3.4.3: Watershed-Social model coupling 
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These factors have a maximum value of 1 (indicating the best possible state) and a minimum 

value of 0 (indicating the worst possible state).  Here, an arbitrary value of 0.5 is assigned to 

each of the variables.  

Equation (3.4.1) represents Awareness (A, people per year):  

 

(Compatibility with existing practices+Trialability

+Relative Advantage+Simplicity+Observable Results)

( 1 2 3 4) 1000 ,

A

EUPD EUPD EUPD EUPD

=

× + + + ÷

  (1.5.1) 

where its value is dependent on the terms ‘EUPD1’, ‘EUPD2’, ‘EUPD3’, ‘EUPD4’. The 

constant 1000 signifies that only a fraction of the base population becomes aware every year.  

These terms signify the four categories of adopters (the general public, who adopt the new idea 

or technology, divided into five groups) apart from innovators (the category of people 

responsible for introducing the idea or technology or responsible for earliest adoption of the 

technology) presented in Rogers’ theory. 

EUPD1, EUPD2, EUPD3, EUPD4 are assigned the value carried by the variable 

‘Environmentally Unaware Population’ (EUP) at 2, 4, 6, 8 units of time ago respectively.  These 

terms can be represented mathematically in the form of Equations (3.4.2), (3.4.3), (3.4.4) and 

(3.4.5) respectively, or 

 
1( 2) ( )

FOR  2, 1 0

EUPD t n EUP t n

n EUPD

= + = =

< =

  (1.5.2) 

 
2( 4) ( )

FOR  4, 2 0

EUPD t n EUP t n

n EUPD

= + = =

< =

  (1.5.3) 

 
3( 6) ( )

FOR  6, 3 0

EUPD t n EUP t n

n EUPD

= + = =

< =

  (1.5.4) 

 
4( 8) ( )

FOR  8, 4 0

EUPD t n EUP t n

n EUPD

= + = =

< =

  (1.5.5) 

The births and deaths are modeled around a separate stock of ‘Total Population’ 

 Births DeathsPP = −   (1.5.6) 

Equations (3.4.7) and (3.4.8) represent births and deaths per year in the population. 

 
14.6

Births
1000

PP= ×   (1.5.7) 
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4

Deaths
1000

PP= ×   (1.5.8) 

The birth and death rates of 14.6 and 4.0 per 1000 are typical values.  The Environmentally 

Aware Population (EAP) and Environmentally Unaware Population (EUP) can be represented 

as:  

 (Births Deaths) Awareness
EUP

EUP
PP

= − × −   (1.5.9) 

 (Births Deaths) Awareness
EAP

EAP
PP

= − × +   (1.5.10) 

The definition of Quality of Life (QL) (equation 3.2.1) has been modified to incorporate 

environmental awareness:  

 

If  ( / ) 0.01,  Then 1

If  ( / ) 0.1,  Then 1

20
If  0.01 ( / ) 0.1,  Then 1 ( )  ,

BA FA QL

BA FA QL

PP BA
BA FA QL ql t

FA EUP

< =

> =

× ×
< < = + ×

×

  (1.5.11) 

3.4.3. Orientor satisfaction results after implementation of social model 

The social model presented in Figure 3.4.2 was coupled to the watershed model as shown in 

Figure 3.4.3 and the orientor satisfaction results upon simulation are shown in Figure 3.4.4. 
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Fig. 3.4.4: Orientor satisfaction results post implementation of a social model. 

Green- Coupled social-watershed model; Blue- Basic watershed model 

 

The significant difference between orientor satisfaction results before and after the coupling of 

the social and watershed model reinforces the importance of modification of human behavior for 

improvement in the sustainability of the system.  As shown in Figure 3.4.4, the biggest 

difference is in domestic supply security, which leads to an improvement in the overall orientor 

satisfaction.  The results show how a System Dynamics framework can be used to effectively 

integrate social processes when assessing sustainability.  However, modeling a real situation 

might involve multiple inter-linked systems, in addition to the social and environmental systems, 

which would require a logical generic framework which would enable easy linking of models.  

To this end, a generic framework, which provides a preliminary sense of how sustainability 

improvement in multiple linked systems might be achieved, has been developed in the following 

section. 

 

  



 

21 

 

4. Generic Framework for an Overarching Model 

4.1. Literature Review on Overarching Frameworks 

As discussed in Section 1.1, for comprehensive sustainability analysis of complex systems, an 

overarching framework that enables coupling and analysis of multiple complex systems is 

needed.  However, this overarching framework must enable a highly structured coupling of 

complex systems and quantitative assessment of sustainability.  The Auckland Sustainability 

Framework (ASF) is an overarching framework designed to quantitatively model the 

sustainability of key processes in the city of Auckland, which takes into consideration various 

short and long term development goals for the city and analyzes multiple hypothetical scenarios 

for achieving these goals (Auckland Regional Growth Forum, 2007).  The process of designing 

the ASF, however, was described by Frame (2008) as “Messy” and the outcome as “Clumsy” 

(Frame, 2008). 

Another example of a higher level overarching framework is MORCE (Model Of the Regional 

Coupled Earth System), which couples five models: an atmospheric model, an oceanic model, a 

hydrologic and vegetation model, an atmospheric chemistry model and a marine 

biogeochemistry model, and applies it to climate studies in vulnerable regions (Drobinski et al., 

2012).  Overarching frameworks have also been developed for integrated catchment management 

in the Don catchment area in Northeast England, U.K. (Holzkamper et al., 2012) and for 

sustainability analysis of agricultural systems using SAFE, a hierarchical model (Van 

Cauwenbergh et al., 2007).  

While all these models establish a tiered structure to some degree, they do not facilitate easy up 

scaling from the underlying process level to the overarching systems level.  They also establish 

complex ties in the process level (the underlying level), making it hard for a non-specialist to 

understand and tailor the model to suit their own needs.  Another crucial characteristic expected 

of an overarching framework is its ability to easily incorporate new underlying systems into the 

model, without disturbing the overall structure of the model, which is not possible in the models 

reviewed.  These models have a fixed objective and a fixed number of underlying process 

models, without any real scope for expansion of the objectives and inclusion of new process 

models into the system. 

4.2. Two-tier Model Concept 

Developing a quantitative, overarching, systems-level framework is an ambitious task.  The 

success of the approach will depend on the ability to include a meaningful level of detail at the 

systems level.  A tiered structure, as shown in Figure 4.2.2, with essential mechanistic features of 

the underlying processes teased out, up-scaled, and integrated into a common framework at the 

overarching systems level, can be utilized as an effective starting point for overarching 

framework design.  Since only the essential features of the underlying processes are up-scaled 

and not the entire model, up-scaling of models can be accomplished by interdisciplinary groups 

with basic knowledge of the various sectors.  Figure 4.2.1 (modified from Borshchev and 
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Filippov, 2004) illustrates the difference between models at the underlying process level and 

models at the overarching systems level. 

 

Fig. 4.2.1: Levels of abstraction associated with three modeling paradigms (after Borschev and Filippov, 2004). 

Used under Fair Use, 2014. 

A good up-scaling example is C-ROADS (Climate Rapid Overview And Decision Support), a 

simulation model that provides policymakers and educators with the ability to explore the likely 

consequences of greenhouse gas emission policies (Sterman et al., 2013).  The model is 

grounded in sound science and is calibrated to climate data and state-of-the-art general 

circulation models.  Thus, the general circulation model lies at the underlying process level with 

a simpler, yet mechanistically valid, System Dynamics model at the overarching systems level. 

 

 

Fig. 4.2.2: Two tiers with models at underlying process level and overarching systems level. 

The advantage of having a two-tier approach, that maintains the underlying process-based 

models, is that “process” engineers and scientists can continue to develop and validate their 

working models.  At the same time, however, a new generation of specially-trained “systems” 

engineers and scientists, who are familiar with models at both the process and the systems level, 

will facilitate communication between the two levels (the dashed vertical arrows in Figure 4.2.2).  
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As new models are developed at the systems level, they can be coupled to the existing systems 

models (the solid horizontal arrows in Figure 4.2.2) with relative ease, allowing cause-and-effect 

relationships that span several complex systems to be taken into account.  Models at the systems 

level will need to capture sufficient detail to assess and enhance sustainability.  The systems 

engineers and scientists will be responsible for ensuring that information needed at the 

overarching systems level is extracted from the models at the underlying process level.  In 

addition, an iterative process will ensure that new insights obtained by the systems engineers and 

scientists (at the systems level) are passed back to the process engineers and scientists (at the 

process level), so that they can improve or re-orient their models accordingly.  Although 

overarching frameworks have been developed for various purposes, including climate studies 

(Drobinski et al., 2012), integrated catchment management (Holzkamper et al., 2012) and peri-

urban water management (Starkl et al., 2013), a coupled systems to underlying process models 

approach has not yet been proposed. 

4.3. Generic Framework for Building an Overarching Model 

Fig. 4.3.1: Coupled systems model with n individual system models, Common Stocks (CS) and Independent Stocks 

(IS). 

As shown in Figure 4.2.2, when new models are developed at the systems level, they will need to 

be coupled to the existing systems models.  The following procedure gives a preliminary sense of 

how this might be accomplished.  Figure 4.3.1 represents a coupled systems model, which 

consists of “n” individual system models.  Each system model can include as many stocks, with 

respective flows, as needed.  The stocks are either “Independent Stocks” or “Common Stocks” 
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and the common stocks serve as the elements which couple the individual systems, being able to 

connect with any and every other common stock.  This allows for incorporation of new systems 

into the existing model with relative ease, which, as mentioned in the previous sector, is a 

characteristic essential to a common framework. 

A generic framework design in a System Dynamics approach would enable a predefinition of 

general equations and relationships, which would be activated and defined upon insertion of 

specific elements in the model.  This model can be compared to an empty apartment.  Consider 

the control volume as a single apartment complex, where every single apartment is identical 

when empty.  As people start residing in the apartments, they can be differentiated from one 

another depending on the nature of the people and the relationships between them.  Hence, a 

generic model provides a definite structure but not definite relationships. 

In a simple sense, we can enhance sustainability using technological, economic or social 

solutions.  While technological innovations are needed and economic solutions will play an 

important role, social solutions may prove especially important if sustainability is to be achieved 

at an acceptable cost.  Research in the field of behavioral economics suggests that it is possible to 

“nudge” people into making better decisions (Thaler and Sunstein, 2009), with examples of how 

human behavior can be changed including: framing information carefully, using social pressure 

appropriately, and using “choice architecture” wisely.  In view of the importance of all these 

aspects for sustainability improvement, SD should play a major role in the construction of a 

higher-level overarching framework.  This will provide more flexibility to include modifications 

and analyze their effectiveness for sustainability improvement. 

4.4. Future Work 

The framework presented in Section 4.2 describes a generic approach to integration of multiple 

process models and the structure for a generic overarching model is presented in Section 4.3.  

Even though a generic approach has been presented in the previous section, it is not a complete, 

structured framework ready to be applied to a large number of complex systems.  This gives rise 

to multiple opportunities for further research in the structure of the generic framework including 

a design of the generic model in System Dynamics which would enable solution of multiple 

models in a plug-and-play fashion. 

Considering the fact that the generic framework is to be applied to a large number of varied 

systems, much work needs to be done to develop process models of the underlying systems.  The 

important stocks and flows in the process models need to be identified for use in the overarching 

framework, along with their division into common and independent stocks.  Also, another 

possible area for future research would be to simplify the current overarching framework to 

enable easier integration of the process models into the overarching framework. 

Sustainability is a deceptively simple concept, with myriad interpretations.  Although current 

approaches to evaluate sustainability can provide valuable information, they are not well suited 
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for evaluating sustainability at a systems level.  A comprehensive assessment of sustainability is 

only possible with a holistic approach. 
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