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The purpose of this study is to propose and test a tree-like structure for assessing the operational performance
of an eco-industrial park composed of a managerial, focal company, and five manufacturing companies that
exchange, generate, or reuse energy, waste, and by-products from different sources. The top term is the EIP
operational overall performance, supported by indicators retrieved from the literature and organized in four
constructs: (i) internal relationships; (i) external relations; (iii) energy recovery; and (iv) materials recovery. The
first construct encompasses relationships between companies, leadership, mutual trust and technological
exchange, communication, and integrated information systems. The second encompasses relations with
government, stakeholder communication, compliance, and social responsibility. The third encompasses the
reuse of biomass, refuse-derived fuels, heat, fluids (water, gases, steam), and the energy efficiency of facilities.
The last encompasses reuse of waste, reuse of byproducts, efficiency in the logistical process, and efficiency
in the manufacturing process. The structure embraces the three main pillars of sustainability, since the first and
second constructs include social issues, whereas the third and fourth include economic and environmental ones.
The research method is qualitative modeling. Managers employed a Likert scale of agreement [0 = strongly
disagree ... 1 = strongly agree] to evaluate the importance and performance of indicators. The importance
depends on the influence on the construct and the influence that the construct exerts on the top term. The
performance depends on the contribution of the indicator to the overall operational result of the EIP. Results
show that there is no need to reallocate or replace strategic resources among the constructs, but also show that
the overall performance is only 59 % of the maximum possible. Two constructs, internal relationships, and
energy recovery require control actions and further managerial improvement.

1. Introduction

In eco-industrial parks (EIP), solid waste and energy exchanges can contribute to reducing the carbon footprint
and simultaneously increase the efficiency of manufacturing units (Gil et al., 2021). Some industries, such as
power generation, cement, and steelmaking manufacturing use solid waste and energy leftovers from partner
companies as raw material and secondary fuel to increase industrial efficiency (Sellitto et al., 2021). Waste from
agri-food supply chains (Sellitto and Hermann, 2016) and municipal solid waste (MSW), including useless
appliances (Sellitto and Hermann, 2019), can also route for industrial reuse.

One way to manage the strategic performance of EIPs and similar networks includes systematic assessments
of economic and environmental aspects (Baierle et al., 2020). Such assessments consider practices such as
industrial and energy symbiosis in managing the use of multiple renewable energy sources (Butturi et al., 2019).
In the long term, an evaluation and control managerial system can help an EIP to achieve and maintain its
economic, environmental, social, and institutional viability (Tudor et al., 2007).

Previous studies suggest considering drivers and barriers in the implementation (Sellitto et al., 2021) and
maintenance (Abreu et al. 2020) of industrial symbiosis projects. Both studies qualitatively evaluate technical,
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commercial, and institutional relationships between companies in the same geographic region and listed
influential factors such as communication, trust, logistics, reciprocity, and cooperation capacity. Ceglia et al.
(2017) add factors that can limit or encourage favorable logistical solutions, such as common purpose,
technological innovation, and mutual engagement in technological developments. Hewes and Lyons (2008)
highlight the importance of trust in dyadic relationships and the relevant role of the integration of information
systems in the management of waste and energy exchanges.

The purpose of this study is to propose an operational performance assessment system applied to EIPs. Such
a procedure must include structural aspects related to the management (Sellitto et al., 2015) and the operation
(Sellitto and Murakami, 2018) and technological aspects related to the efficiency of energy and materials
recovery (Golev et al., 2015). The research method is qualitative modeling. The main contribution of the study
is a tree-like structure formed by constructs and indicators. The structure was tested in an EIP that encompasses
a focal, coordinator company, and five manufacturing companies that exchange, generate, reuse, or internally
and externally route energy surplus, waste, and by-products recovered from internal and external sources. The
top term is the overall operational performance, supported by four constructs: (i) internal relationships; (ii)
external relationships; (iii) energy recovery; and (iv) materials recovery.

The internal relationships construct encompasses relationships between companies, communication, mutual
trust, and technological exchanges. The external relationships construct encompasses government relations,
communication with stakeholders, compliance, and social responsibility. The energy recovery construct
encompasses the reuse of biomass, heat, fluids (water, gases, or steam), and the energy efficiency of facilities.
The material recovery construct encompasses the reuse of MSW, by-products, efficiency in the logistical
process, and efficiency in the manufacturing process. The first construct and second construct include social
issues, while the third and fourth constructs include economic and environmental issues. The literature presents
aspects related to the constructs that may help to assess the feasibility of industrial or energy symbiosis projects
(Belaud et al. 2019). However, to the best of our knowledge, the previous literature review found no evaluation
and control procedure applied to an EIP operation (Faria et al., 2021).

2. Theoretical Model: Relationships and Operation Efficiency in EIP

Internal relationship management among partners is an essential concern in symbiotic industrial networks
(Sellitto and Murakami, 2018). The existence of previous, robust relationships among companies (King et al.,
2020) and management systems (Ashton, 2008) can definitively facilitate the negotiation and management of
critical factors that usually encourage or hinder symbiotic exchanges of materials and energy. The existence of
a formal, institutional leadership may also boost performance (Faria et al., 2020), as well as mutual trust and
technology advances exchange (Hewes and Lyons, 2008), communication (Ceglia et al., 2017), and integration
of the information systems of partners (Hewes and Lyons, 2008).

The same is true regarding external relationships. Political, economic, governmental, and institutional aspects
significantly influence decisions involving symbiotic companies (Fraccascia et al., 2017), mainly when there are
regional policies to encourage the reuse of materials and fuels surplus (Yu et al., 2014). To take advantage of
opportunities, communication with the various stakeholders must be fluid and transparent (Fraccascia et al.,
2017). Besides avoiding penalties, which are usually severe, compliance with legal provisions many times
generates additional benefits provided by legislation (Vimal et al., 2019), especially regional ones (Yamsrual et
al.,, 2019). Finally, the relationship with neighboring communities and social responsibility actions can also
encourage the active participation of these communities in offering materials still reusable, as occurs with waste
picker cooperatives and municipalities administrations (Yamsrual et al., 2019).

As for energy recovery, the use of biomass such as sugarcane bagasse (Chantasiriwan, 2021), sludge (Loureiro
et al., 2021), and rice husk (Sellitto et al., 2013) can typically reduce the use of primary fuel to a rate of 20 % to
30 % in most applications. Likewise, reusing refuse-derived fuel (RDR) (Bras et al., 2017), heat (Gil et al., 2021),
and fluids such as hot water or steam can also reduce the generation of new heated fluids by up to a 25 % quote
(Chantasiriwan, 2021). Finally, installations that are highly energy efficient or that take advantage of renewable
energies, such as wind or solar panel farms, also contribute to increasing the strategic importance of energy
recovery activities (Manaf and Abbas, 2021).

Finally, regarding materials recovery, the reuse of waste retrieved from various sources (Bain et al., 2010), the
reuse of byproducts originated from manufacturing processes (Sellitto et al., 2021), the efficiency in the reverse
logistics processes, which encompasses picking, warehousing, and distribution (Sellitto et al., 2013), and the
efficiency in the manufacturing processes in the final destination are relevant aspects that should be managed
in the operation of an EIPs (Yu et al., 2014).

Table 1 synthesizes constructs and indicators of the tree-like structure assessment.



Table 1: Tree-like structure of the operational performance assessment
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Top term Construct

Indicator: tag

Empirical reference

EIP Internal
performance relationships

External
relationships

Members relationships: A1

Institutional leadership: A2

Mutual trust and technology exchange: A3
Communication: A4

Integration of information systems: A5
Relations with governments: B1
Communication with stakeholders: B2
Compliance: B3

Social responsibility: B4

King et al. (2020)

Faria et al. (2020)
Hewes and Lyons (2008)
Ceglia et al. (2017)

Yu et al. (2014)

Yu et al. (2014)
Fraccascia et al. (2017)
Vimal et al. (2019)
Yamsrual et al. (2019)

Energy Biomass: C1 Loureiro et al. (2021)
recovery RDR: C2 Bréas et al. (2017)

Heat: C3 Gil et al. (2021)

Fluids: C4 Chantasiriwan (2021)

Energy efficiency: C5 Manaf and Abbas (2021)
Materials Reuse of waste: D1 Bain et al. (2010)
recovery Reuse of byproducts: D2 Sellitto et al. (2021)

Logistical efficiency: D3
Manufacturing efficiency: D4

Sellitto et al., (2013)
Yu et al. (2014)

3. Methodology

The study adopted the following steps: (i) a literature review identified constructs and indicators in EIP
management, which supported a tree-like structure for operational performance assessment; (ii) two managers
of the focal company of the EIP evaluated, using a Likert scale [0 = strongly disagree ... 1 = strongly agree], the
importance and performance of the indicators; (iii) an importance-performance analysis supported a strategic
diagnosis of the EIP. Ordered pairs (importance, performance) formed a scatter diagram. Constructs near a
positive diagonal forming a linear relationship are balanced (high importance, high performance; low importance,
low performance). Far from the diagonal, there is some kind of imbalance: in high performance and low
importance constructs, there is an excess of allocated strategic resources; in low performance and high
importance constructs, there is a lack of allocated strategic resources (Slack, 1991). The joint analysis can
indicate reallocations or even replacement of EIP strategic resources, which usually are scarce.

The methodology was applied to a network formed by a focal company and five secondary companies whose
exchanges are synthesized in Table 2.

Table 2: Companies of the EIP

Company Receives Activity Delivers

Focal Metallic scrap Steelmaking plant Steel by-products, MSW

1 MSW Waste processing plant RDF

2 RDF Cement plant Soil pH corrective

3 Steel by-products Foundry plant Metallic slag to pavement service
4 Steel by-products Machine manufacturer plant ~ Metallic scrap

5 Useless vehicles Shredder plant Metallic scrap

The steel by-products involved are electric-arc furnace and continuous casting dust, metallic swarf, mill scale,
steel leftovers, and zinc sludge. The study of Sellitto et al. (2021) entails a complete description of the byproducts
delivered by the steelmaking plant, a semi-integrated unit that includes refining (melt-shop) and conforming
(rolling mills) stages. The study also describes how the fly ash generated by company 2 routes to the cement
industry, acting as a fuller for pozzolanic cement products.

4. Results

Three managers of the focal company replied to two statements: (i) the importance for the overall operational
result of the EIP of [Indicator n] is very high; and (ii) the EIP performance for [indicator n] is very good. The
response options were: strongly agree (1), slightly agree (0.75), neither agree nor disagree (0.5), slightly
disagree (0.25), and strongly disagree (0). The evaluation took into account the medians of the three replies,
shown in Table 3. Table 4 synthesizes the evaluation.
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Table 3: Evaluation by indicator

Indicator Importance Performance Indicator Importance Performance

Al 4 3 C1 4 2
A2 2 2 c2 5 3
A3 5 3 C3 2 1
A4 5 3 c4 1 1
A5 4 2 C5 4 3
B1 4 4 D1 5 5
B2 4 5 D2 5 4
B3 5 4 D3 4 3
B4 5 4 D4 4 4
Table 4: Synthesis of the evaluation
Top term Construct Mean importance  Mean performance Gap Order
EIP Internal relationships 4.00 2.60 1.40 first
performance External relationships 4.50 4.25 0.25 fourth
Energy recovery 3.20 2.00 1.20 second
Materials recovery 4.50 4.00 0.50 third

4.1 Discussion

The discussion entails two main issues. The first is the analysis of how the allocation of strategic resources,
such as labor, capital, management, and intangible assets, fits with the importance of the constructs. Eventually,
replacements or reallocation of resources among constructs may be necessary when imbalances exist. The
second issue is to control the performance. Eventually, control actions focusing on increasing performance may
also require managerial improvement in procedures, not only in resources. The scatter diagram of Figure 1 plots
the ordered pairs [importance, performance] for the constructs, which helps afford the first issue.
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relationships @
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) " Materials
3 Energy recovery
recover .
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Figure 1: Relationship between importance and performance for the constructs

The diagram shows a high likelihood (R? = 90 %) for a linear relationship among constructs, meaning no
imbalance: the higher the importance, the higher the performance. It means that the current strategy coherently
allocates more resources (which imply a higher performance) to the more important constructs. Therefore, there
is no need for the replacement or exchange of strategic resources among constructs. Regarding performance
improvement, equation 1 provides an overall operational performance of 59 % for the EIP.

18 Imp;Perf;
Xi2, Imp; 335-1 _ (1)
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In which:
e P % = overall relative performance of the EIP, ranging from 0 to 100 %;
e Impi = importance of the in indicator, i € [1, 2, ..., 20];

o Perfi = performance of the iwn indicator, i € [1, 2, ... , 20];
e Maxpert = maximum possible individual performance = 5; and
e Mingert = minimum possible individual performance = 1.

Such a result means that, although balanced, the overall operational performance barely overcomes half of the
top, leaving room for improvement. In tree-like structures, a usual assumption is to admit high correlation among
indicators of the same construct and low correlation otherwise (Sellitto et al., 2015). For example, recovering
hot water from a process improves simultaneously the performance of both heat and fluids indicators but has
little or no effect in other constructs. The same would be true regarding the implementation of a communication
channel with the stakeholders. It may improve the performance of more than one indicator in the second
construct, such as compliance or social responsibility, but would have no effect outside the construct.

Since actions targeting one indicator may influence others in the same construct, it is useful to focus on the
constructs with the major gaps. In the EIP, those constructs are internal relationships and energy recovery. For
the same managerial effort, technology development, or financial investment, strategic actions outside these
two constructs may produce fewer effects on the overall operational performance. Some examples of strategic
actions that the management body should immediately start to boost internal relationships are a structured
program to stimulate communication and technology development and exchange among members, a systematic
schedule of manager meetings to exchange experiences, and the implementation of an integrated information
system able to exchange and update information in real-time. To boost energy recovery, management should
implement a systematic program to receive larger volumes of MSW from local, nearby communities, not only
from the local industrial activity of the region, and biomass from the rural activity, which is intensive in the region.
Such actions immediately increase performance with a low managerial implementation effort.

5. Conclusions

The main conclusion is that even if a balance exists in the strategic resources allocation in the EIP, the overall
performance is not satisfactory. The procedure pointed out that the EIP achieves only 59 % of the maximum
performance it should achieve. Therefore, control actions are due mainly to the constructs with larger gaps
(mean importance — mean performance). Internal relationships and energy recovery are the constructs with
larger gaps and should be priorities for control actions aiming at increasing performance.

The study opens room for more research. Further research should include multicriteria decision methods for
evaluating the importance and more respondents, which will allow the refinement of the metric, mainly regarding
multivariate analysis and multicollinearity in indicators. Multicollinearity should be verified by cross-loading
(correlation with more than one construct), wrong-loading (correlation with the wrong construct), and weak-
loading (no correlation) and whenever possible forewarned. The solution may require relocation, reconfiguration,
or elimination of indicators. These actions lead to a more robust assessment procedure that can serve as a
strategic feedback link for the performance management of eco-industrial parks.

Acknowledgments

The research was funded by PROSUP/CAPES (application number 3/2021), CNPq (grant number
302570/2019-5), both Brazilian research agencies, as well as by UNISINOS, a Jesuit Brazilian University.

References

Abreu, M., Mota, R., Paula, E. 2020, Identifying barriers and proposing a roadmap to develop industrial
symbiosis projects. Brazilian Journal of Management, 13, 517-534.

Ashton, W. 2008, Understanding the organization of industrial ecosystems: A social network approach. Journal
of Industrial Ecology, 12, 34-51.

Baierle, 1., Benitez, G., Nara, E., Schaefer, J., Sellitto, M. 2020. Influence of open innovation variables on the
competitive edge of small and medium enterprises. Journal of Open Innovation: Technology, Market, and
Complexity, 6, 179.

Bain, A., Shenoy, M., Ashton, W., Chertow, M. 2010, Industrial symbiosis and waste recovery in an Indian
industrial area. Resources, Conservation and Recycling, 54, 1278-1287.

Belaud, J., Adoue, C., Vialle, C., Chorro, A., Sablayrolles, C. 2019, A circular economy and industrial ecology
toolbox for developing an eco-industrial park: perspectives from French policy. Clean Technologies and
Environmental Policy, 21, 967-985.



486

Bras, I., Silva, M., Lobo, G., Cordeiro, A., Faria, M., Lemos, L. 2017, Refuse derived fuel from municipal solid
waste rejected fractions-a case study. Energy Procedia, 120, 349-356.

Butturi, M., Lolli, F., Sellitto, M., Balugani, E., Gamberini, R., Rimini, B. 2019, Renewable energy in eco-industrial
parks and urban-industrial symbiosis: A literature review and a conceptual synthesis. Applied Energy, 255,
113825.

Ceglia, D., Abreu, M., Silva Filho, J. 2017, Critical elements for eco-retrofitting a conventional industrial park:
Social barriers to be overcome. Journal of Environmental Management, 187, 375-383.

Chantasiriwan, S. 2021, Improving Energy Efficiency of Cogeneration System in Cane Sugar Industry by Steam
Dryer. Chemical Engineering Transactions, 87, 511-516.

Faria, E., Caldeira-Pires, A., Barreto. 2021, Social, Economic, and Institutional Configurations of the Industrial
Symbiosis Process: A Comparative Analysis of the literature and a Proposed Theoretical and Analytical
Framework. Sustainability, 13, 7123.

Fraccascia, L., Giannoccaro, |., Albino, V. 2017, Efficacy of landfill tax and subsidy policies for the emergence
of industrial symbiosis networks: An agent-based simulation study. Sustainability, 9, 521, 2017.

Gil, T., lichenko M., Kaldybaeva B., Mironov A., Boldyryev S. 2021, Economic Assessment of Heat Exchanger
Network Retrofit Options Based on Historical Data. Chemical Engineering Transactions, 88, 343-348.

Golev, A., Corder, G., Giurco, D. 2015, Barriers to industrial symbiosis: Insights from the use of a maturity grid.
Journal of Industrial Ecology, 19, 141-153.

Hewes, A., Lyons, D. 2008, The humanistic side of eco-industrial parks: champions and the role of trust.
Regional Studies, 42, 1329-1342.

King, S., Lusher, D., Hopkins, J., Simpson, G. 2020, Industrial symbiosis in Australia: The social relations of
making contact in a matchmaking marketplace for SMEs. Journal of Cleaner Production, 270, 122146.
Loureiro, F., Eusebio, A., Marques, I. 2021, Energy Recovery from Food Industry Sludge through Anaerobic

Digestion. Chemical Engineering Transactions, 87, 481-486.

Manaf, N., Abbas, A. 2021, Investment Decision Making for Carbon Capture and Storage Technology in High
Efficiency, Low-Emission Coal-fired Power Plant via Dynamic Techno-Economic-Policy Evaluation
Framework: Case Study in China. Chemical Engineering Transactions, 83, 25-30.

Sellitto M., Bittencourt S., Reckziegel B. 2015, Evaluating the implementation of GSCM in industrial supply
chains: Two cases in the automotive industry, Chemical Engineering Transactions, 43, 1315-1320.

Sellitto, M., Hermann, F. 2016, Prioritization of green practices in GSCM: case study with companies of the
peach industry. Gestdo & Producéo, 23, 871-886.

Sellitto, M., Hermann, F. 2019, Influence of green practices on organizational competitiveness: a study of the
electrical and electronics industry. Engineering Management Journal, 31, 98-112.

Sellitto, M., Kadel Jr, N., Borchardt, M., Pereira, G., Domingues, J. 2013, Rice husk and scrap tires co-
processing and reverse logistics in cement manufacturing. Ambiente & Sociedade, 16, 141-162.

Sellitto, M., Murakami, F. 2018, Industrial symbiosis: A case study involving a steelmaking, a cement
manufacturing, and a zinc smelting plant. Chemical Engineering Transactions, 70, 211-216.

Sellitto, M., Murakami, F., Butturi, M., Marinelli, S., Kadel Jr, N., Rimini, B. 2021, Barriers, drivers, and
relationships in industrial symbiosis of a network of Brazilian manufacturing companies. Sustainable
Production and Consumption, 26, 443-454.

Slack, N. 1991, The manufacturing advantage: achieving competitive manufacturing operations. Mercury
Books.

Tudor, T., Adam, E., Bates, M. 2007, Drivers and limitations for the successful development and functioning of
EIPs (eco-industrial parks): A literature review. Ecological Economics, 61, 199-207.

Vimal, K., Jayakrishna, K., Ameen, T., Afridhi, S, Vasudevan, V. 2019, An investigation on the impact of
industrial symbiosis implementation on organizational performance using analytical hierarchical
approach. Benchmarking: An International Journal, 27, 886-911.

Yamsrual, S., Sasaki, N., Tsusaka, T., Winijkul, E. 2019, Assessment of local perception on eco-industrial estate
performances after 17 years of implementation in Thailand. Environmental Development, 32, 100457.

Yu, C., Jong, M., Dijkema, G. 2014, Process analysis of eco-industrial park development—the case of Tianjin,
China. Journal of Cleaner Production, 64, 464-477.


https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=14630987000&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56940426700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56940745400&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-84946076867&origin=resultslist&sort=plf-f&cite=2-s2.0-84946076867&src=s&imp=t&sid=ad7e14add0b0e3c6dabccabe734becf2&sot=cite&sdt=a&sl=0
https://www.scopus.com/record/display.uri?eid=2-s2.0-84946076867&origin=resultslist&sort=plf-f&cite=2-s2.0-84946076867&src=s&imp=t&sid=ad7e14add0b0e3c6dabccabe734becf2&sot=cite&sdt=a&sl=0

	125koch.pdf
	Performance Assessment of an Eco-Industrial Park: a Strategic Tool to Help Recovering Energy and Industrial Waste




