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Abstract
This paper presents the application of fuzzy cognitive mapping analysis to study the impacts of developing an eco-industrial park (EIP). Within an EIP, one facility’s waste is used as another’s input, thereby reducing raw materials required and waste generated. While this is beneficial from a waste reduction approach, there are other factors such as co-location of secondary and tertiary services, increased population and vehicular traffic that follows as more industries co-locate within a geographical area, which need to be considered. The combined impact on all these indirect effects has been studied here using a fuzzy cognitive map. The impact assessment found that utilizing byproducts/wastes provided by existing facilities significantly decreases waste disposal, but may lead to increased pollution due to increased activity level as additional businesses are established.
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Figure 3.  The Lloydminster Eco-Industrial Park (shaded = existing facility or geological formation; clear = feasible facility)

[image: image1]
Figure 4:Fuzzy cognitive map of the impacts of an Eco-Industrial Park (solid arrow = +ve causal relationship, dashed arrow = -ve causal relationship)
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There are five common types of methods that have been used for impact assessment [Smith, 1993; Petts, 1999]: checklists, interaction matrices, overlay maps, simulation models and networks. Checklists are a method of impact assessment that aids in a systematic consideration of possible impacts [Petts, 1999].  Due to the inherent simplicity of checklists, they are not able to identify indirect effects or interactions between impacts. Interaction matrices acknowledge that different project characteristics and actions result in different impacts, and therefore, this method of impact assessment is valuable in providing comparative information for the different project alternatives [Petts, 1999; Smith, 1993].  The weakness of interaction matrices is that the numerical scoring of impacts is largely subjective. Overlay maps are a technique used to examine and visually display the spatial nature of impacts [Smith, 1993].  It is a particularly useful method for planning linear developments and for comparing alternatives [Petts, 1999].   The deficiency of overlay mapping is that it neither takes into account the likelihood of impact occurrence nor indirect impacts. Furthermore, reversible


 





Industrial ecology is a sustainable development concept that seeks to minimize waste generation and promotes byproduct utilization in industrial areas to reduce the impact of human activity on ecosystems.  One of the important concepts in industrial ecology is that of eco-industrial parks (EIPs). EIPs are characterized by a network of synergistic resource linkages among facilities within a defined geographical area.  They are designed such that industrial areas are developed mimicking a natural ecosystem (i.e. self-contained and self-sustaining, producing zero waste through complex interactions of food chains). The economic, environmental and social benefits of EIPs are summarized in Cohen-Rosenthal [1996], Lowe [1996] and Lowe et. al. [1997]. Even though EIPs are beneficial, it is important to assess the potential overall impacts of an EIP prior to its development.  This can be done through an impact assessment - a technique to identify, predict and assess the effects of implementing a project.  








The total effect of the cause variable Ch on the effect variable Ck, is the union of all the indirect effects of all the paths from the cause variable to the effect variable [Axelrod, 1976].  If all the indirect effects are positive, the total effect is positive.  If all the indirect effects are negative, so is the total effect.  If some indirect effects are positive and some are negative, the sum is indeterminate [Kosko, 1986].  A cognitive map with a large number of concepts and paths, will therefore be dominated by the characteristic of being indeterminate. In Figure 1 the total effect of Ch on Ck is indeterminate. The character of a CM being indeterminate can be resolved, but it comes at a computational and conceptual price.  To do so, the CM must accommodate a numerical weighting scheme [Kosko, 1986].  If the causal edges are weighted with positive or negative real numbers, then the indirect effect of Ch on Ck is the product of each of the weights in a given path, and the total effect is the sum of the path products.  This scheme of weighting the path relationships removes the problem of indeterminacy from the total effect calculation, but it also requires a finer causal discrimination, which may not be available from the analysts or experts who formulate the CM.


A FCM extends the idea of conventional CMs by allowing concepts to be represented linguistically with an associated fuzzy set, rather than requiring them to be precise [Pelaez & Bowles, 1996].  Further extensions by Taber [1994] and Kosko [1992] allow fuzzy numbers or linguistic terms to be used to describe the degree of the relationship between concepts in the FCM.  FCMs are analyzed either geometrically or numerically [Pelaez & Bowles, 1996].  A geometric analysis is used primarily for small FCMs, where it simply traces the increasing and decreasing effects along all paths from one concept to another.  For larger FCMs, a numerical analysis is required, where the concepts are represented by a state vector and the relations between concepts are represented by a fuzzy relational matrix [Ross, 1995], called an adjacency matrix.  This, along with a few other key features of FCMs that distinguish them from CMs, are mentioned below. A CM can be transformed using an adjacency matrix, which is a square matrix that denotes the effect that a cause variable (row) given in the CM has on the effect variable (column) [Kosko, 1986].  





and irreversible impacts cannot be differentiated. Simulation modeling involves developing, visualizing and assessing different impact scenarios [Smith, 1993].  This method of impact assessment involves explicit assumptions about the behavior of the system.  The drawback of simulation modeling is that it can be misinterpreted, and therefore, requires a thorough understanding [Petts, 1999].  In addition, it requires explicit assumptions, and thus is also subjective. Networks are directional diagrams that consist of linked impacts that are used to trace the cause and effect relationships of various project actions [Smith, 1993].  Networks provide a visually understandable representation of the complex web of impacts [Petts, 1999].  This method of impact assessment identifies indirect impacts.  Networks only estimate (do not establish) the magnitude or significance of relationships or the extent of any change.





Cognitive and Fuzzy Cognitive Maps


Cognitive maps (CMs) were introduced by Robert Axelrod [1976] as a formal means of modeling decision making in social and political systems.  CMs are a type of directed graph that offers a means to model interrelationships or causalities among concepts.  CMs have a clear way to visually represent causal relationships, they expand the range of complexity that can be managed, they allow users to rapidly compare their mental models with reality, they make evaluations easier, and they promote new ways of thinking about the issue being evaluated.  CMs graphically describe a system in terms of two basic types of elements: concept variables and causal relations.  Nodes represent concept variables, Cx, where x = 1,…, N.  A concept variable at the origin of an arrow is a cause variable, whereas a concept variable at the endpoint of an arrow is an effect variable.  For example, for C�h ( Ci, Ch is the cause variable that impacts Ci, which is the effect variable.  Figure 1 represents a simple CM, in which there are four concept variables.
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Figure 1.  A conventional cognitive map for the generation and use of waste steam.








Figure 2 is an adjacency matrix for the CM displayed in Figure 1.  In other words, the adjacency matrix for a CM with n nodes uses an n(n matrix in which an entry in the (i, j) position of the matrix denotes an arrow between nodes Ch and Ci. A “+1” represents that the effect is to increase, whereas a “-1” represents that the effect is to decrease.
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Figure 2. The adjacency matrix for the cognitive map in Figure 1.





The type of threshold function chosen determines the behavior of a CM.  A bivalent threshold function requires concepts to have a value of 1 or 0, which is equivalent to “on” or “off”.  The trivalent threshold function includes negative activation.  Therefore concepts have a value of 1, 0 or –1, which is equivalent to “positive effect”, “no effect” and “negative effect”, respectively.  Concepts are multiplied by their connecting causal relation weights to give the total input to the effect concept.  In cases where there are multiple paths connecting a concept, the sum of all the causal products is taken as the input [Tsadiras & Margaritis, 1996].





For FCMs we can model dynamic systems that are cyclic, and therefore, feedback within a cycle is allowed.  Each concept variable is given an initial value based on the belief of the expert(s) of the current state.  The FCM is then free to interact until an equilibrium is reached [Kosko, 1997].  An equilibrium is when no further change to a system occurs.


Fuzzy cognitive mapping does have the same shortfall of many of the other conventional impact assessment techniques, in that there is a large degree of subjectivity.  But fuzzy cognitive mapping does allow for varying degrees of magnitude or significance of relationships, which the other methods are limited in.  Therefore, much of the grayness in subjectivity is captured and accounted for resulting in a more exact assessment.  








Thus, with appropriate expert-based professional judgement (likely by a panel of experts in the field of the subject matter), FCM can be an effective impact assessment tool.





Case Study


Lloydminster Eco-Industrial Park - Majumdar [2001] identified potential byproduct synergies and resource linkages in the Lloydminster area of the western Canadian plains.  A feasibility study was conducted to determine the best facilities to colocate in this area.  Economic and environmental benefits were calculated for each facility and the entire EIP.  Lastly, an impact assessment was conducted using conventional cognitive mapping and fuzzy cognitive mapping.


 The scope of this study was limited to industries located in the Lloydminster area, which was chosen because it reflects a typical industrial area in the process of increasing development and population growth [Lloydminster Economic Development Authority, 1998].  Additionally, the Lloydminster area is both energy and agriculturally intensive, which makes a unique blend for an EIP.


The Husky Lloydminster Upgrader (HLU) was chosen as the anchor facility for the Lloydminster EIP due to its large size, due to its role as an integral and critical member of the EIP, and because the land to colocate other facilities in the Lloydminster EIP (i.e. the Lloydminster EIP site) is owned by the HLU. Other existing facilities in the Lloydminster area that were located in close proximity to or had easy access to the Lloydminster EIP site were chosen as EIP members.  Potential new facilities were then identified that had the potential to colocate and be part of the Lloydminster EIP due to the potential to utilize the wastes/byproducts of the existing facilities. The possible synergies between and amongst the existing and potential new facilities were identified, followed by a feasibility study that systemically ranked each of the potential new facilities according to sufficiency of material inputs,  sufficient markets for product outputs and economic sustainability.  Figure 3 is a simplified depiction (i.e. only a few synergies are shown) of the Lloydminster EIP in the 1st phase of development based on the results of the feasibility study.  








A fuzzy cognitive map of the impacts of the EIP was developed (see figure 4). Linguistic values were assigned to the causal relationships to define the relationships.  The linguistic effect values for this case study are: none, negative somewhat, negative significantly, positive somewhat, and positive significant.  The linguistic variable chosen and their assignments to the causal relationships are largely based on the author’s experience and understanding of the impacts.  Based on this an adjacency matrix (not shown here) was created.





We have chosen to study the impact of C5 (Byproducts/wastes provided by existing facilities) because C5 is the typical initiating event of an impact assessment in an EIP. A vector matrix program was used to find the relationship of the initial state vector containing all zeros except a value of unity for concept C5 and the adjacency matrix.  The results of this calculation showed that the limiting vector stabilized after 7 iterations.  Concept C5 (Byproducts/wastes provided by existing facilities) activates all concepts except for C17 (Service facilities).  





This state vector was used to assess the indirect and total effects within the FCM. The indirect effects and the total effects of C5 (Byproducts/wastes provided by existing facilities) on C1 (Pollution) within the FCM were evaluated using the min-max inference approach. The cognitive map indicates that C5 significantly increases C1.  In other words, byproducts/wastes provided by existing facilities, which are to be used as inputs into other facilities, may result in an overall significant increase in pollution.  This is due to the increased activity level in the area (i.e. co-location of secondary and tertiary facilities, roads, etc.). Prior to the use of the FCM we would have arrived at the simplistic outcome that an increase in C5 would decrease pollution. FCM showed that an increase in facilities and population would increase in pollution.  This is one of the advantages of using FCM for impact assessment; it evaluates the real impacts of a project by taking into consideration all the effects and their complex interdependencies. A sensitivity analysis was conducted on the impact assessment to determine the effect that changes in the linguistic weights assigned to causal relationships in the FCM would have on the results. Linguistic weights were altered for those relationships that had maximum uncertainty (i.e. minimum confidence).  These results are summarized in Table 1.  Altering the linguistic weights for only C5 → C1 and C5 → C2 had an impact on the total effect.














Table 1.  Sensitivity analysis on linguistic weights of causal relationships


 


�
Linguistic Weight�
Total Effect�
�
�
Original�
Changed to�
Original�
Changed to�
�
C3 → C2�
somewhat�
significantly�
significantly�
significantly�
�
C5 → C1�
significantly�
somewhat�
�
somewhat�
�
C5 → C2�
significantly�
somewhat�
�
somewhat�
�
C6 → C1�
somewhat�
significantly�
�
significantly�
�
C6 → C3�
significantly�
somewhat�
�
significantly�
�
C18 → C1�
significantly�
somewhat�
�
significantly�
�
C18 → C2�
significantly�
somewhat�
�
significantly�
�
 


Conclusions





A fuzzy cognitive mapping analysis of the impact of establishing an eco-industrial park in the Lloydminster area was conducted. The analysis indicated that utilizing byproducts led to a decrease in waste disposal but also caused an increase in pollution due to an increase in businesses being established. As more businesses are required to colocate to take advantage of the by-products, they also increase the population, vehicular traffic and secondary and tertiary facilities etc., leading to an overall increase in pollution. 





In conclusion, fuzzy cognitive mapping has merit as a decision making tool in impact assessments involving a complex interaction of various industries whose waste streams and resource requirements are integrated for the purpose of sustainable development.
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