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The production of ethanol from Ist generation renewables
still faces criticisms with regards to its sustainability. Through
industrial symbiosis (IS), the efficiency and environmental
performance of a bioethanol plant can be enhanced. However,
due to the increased interde of comp plants in
such biotic network, failure may occur when one
plant is unable to run at full capacity that will result in a de-
viation from a baseline configuration. This work further ex-
tends criticality analysis, originally developed for polygenera-
tion plants. to a bioenergy-based symbiotic network. The com-
ponent plants in the entire network can then be ranked based
on criticality index. Such information can be used for develop-
ing risk mitigation measures, such us planning for system re-
dundancy. A case study is presented to demonstrate how the
‘method determines the criticality index of component plants
in a bioenergy-based symbiotic network.

Introduction

The utilization of 1st generation biofuels is being con-
fronted by several sustainability issues such as the creation of
“carbon debt” due to land conversion (Fargione et al., 2008)
and significant greenhouse gas emissions (Borjesson, 2009).
The efficiency and environmental performance of a bioethanol
plant can be enhanced through industrial symbiosis (IS) by
creating a bioenergy-based symbiotic network (Gonela and
Zhang, 2014). IS seeks to create synergistic product, by-
product, and utility exchanges among separate component
plants in order to achieve sustainable operations (Chertow,
2000).
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However, due to the increased interdependence of component
plants within a symbiotic network, there will be a cascading
effect in the entire system when one plant becomes inoperable.
In this work, the concept of criticality index is further ex-
tended to quantify the effects of a plant’s failure within a bio-
energy-based symbiotic network. The component plants in the
entire network can then be ranked based on this index to de-
termine which facilities are critical.

Industrial networks can be modelled using Input-Output
(I0) analysis (Khanna and Bakshi, 2009). I0 models are used
to quantify the robustness and risks associated with economic,
environmental, and energy systems (Tan et al., 2012; Haimes
and Jiang, 2001).

Problem Statement

. Assume each nth component plant produces a particular nth
product stream

. Given a % capacity reduction of a component plant

. Determine the Criticality Index of the component plants

. Rank the component plants based on the criticality index
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where,
Eq. (1) - BBIS network input-output (I0) model, demand-driven
Eq. (2) - Plant capacity perturbation 10-based model
Eq. (3) - Criticality column vector, fractional change in output stream
Eq. (4) - Criticality index column vector

Case Study:

Bioenergy-based Symbiotic Network

The hypothetical design of the bioenergy-based symbiotic
network shown in Figure 1 comprises the following component
plants: Bioethanol plant (BIO), Combined Heat and Power
plant (CHP), Malt plant (MP), Anaerobic Digestion plant (AD),
and a Cement plant (CP). These production plants are de-
signed to produce the following main product streams: Bio-
ethanol (E), Power (P), Malt (M), Biogas (G), and Cement (C).
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Figure 1. Bioenergy park input and output flow diagram for the baseline state.

Table 1. Process data for the baseline state of the bioenergy park.

Product Stream 810 CHP vP AD [ Final Output
Bioethanol, L/h 1 0 0 0 0 20,000
Power, kW 0002 1 -10 -036 75 10,000
Malt, t/h 0 0 1 0 0 15
Biogas, m’/h 0 -0.033 0 1 0 1,000
Cement, t/h 0 0 0 0 1 10

Table 2. Sizing of component plants for the baseline state.

BO,Lh  CHPKW MRt ADmh Pt/
Plant Capacity 20,000 11,400 15 1,376 10

Equation (1) is used to solve the baseline capacities of the compo-
nent plants, shown in Table 2, as well as the stream rates (i.e. product,
by-product, and utility). Figure 1 shows the complete baseline
state of the symbiotic network. Equation (2) is used to solve
the final output of each product stream in each scenario and
the fractional change in plant capacity as well as the final out-
put of product streams. Equation (3) is then used to determine
the fractional change in the directly affected product streams.
Finally, Equation (4) is used to solve the criticality index of the
component plants using a plant capacity reduction of 5%. The
results of these calculations are presented in Table 3.

Table 3. Fractional Change in Final Output and Criticality Index of Plants.

Plant - Product Stream g z Rank
BIO - Bioethanol 0.050 1.0 3
CHP - Power 0.056 113 2
MP - Malt 0.050 1.0 3
AD - Biogas 0.068 1.36 1
CP - Cement 0.050 10 3

The bioethanol plant, CHP plant, malt plant, anaerobic di-
gestion plant and cement plant have criticality indices of 1.0,
1.13, 1.0, 1.36 and 1.0 respectively. The component plants in
the symbiotic network can then be ranked based on this index
to determine which plant will require risk mitigation meas-
ures. This index is constant for a given network configuration
regardless of the capacity perturbation magnitude. In this
work, the anaerobic digestion plant has the highest value of
criticality index which means that a reduction in anaerobic di-
gestion plant capacity results to a greater net loss in biogas
output compared to other product streams.

Conclusion

A criticality index of component plants for a bioenergy-
based symbiotic network was developed in this work. The
criticality index is defined as the ratio of the fractional change
in the final output of the directly affected product stream
based on the baseline state to the fractional change in the ca-
pacity of the corresponding component plant. Based on this in-
dex, the component plants can be ranked to determine the
most critical facility in the network.

References

Bojsson, . (200). Good or bad iothanol from . reenhouse s perspctve ~ What determinesthis? Applid Ener, 80

Chertow: M. . (2000, Industial symbosis: Literatur and tasonom. Anmual Resow of Enegy and Environment, 25, 531
337,

F\rgmne 3. Hil, . Timan, D Plasky, , & Hawthorn,P. (2008) Landeringand the biotuel carbon dobt. cences

Gonela Y, & zhang. 3 2010 Desgn ofth ol industril symbioss 10 mprovsbiothanolprdustin. Journal of
Cleaner Prodction, 64, 513-

Haioo, Y., & htne. 7 600 Lot based model o sk i comple ntarocnneted ifeatruarn, doural o nf
structure Systems, 7, 1-12

Khanna, V., & Bakshi, BR. (2009). Modeling s due toloss of

i on Sustainable Systans and Teehnolog. or1010 951567

sivisvanathan, H., Ng, D. K, Foo, D. D., Kamal, M., et al

Vinear procass modals of muifanctionsl energy systema Theore

gineering, 46, 612-650.

IEEE

ebraic approach to identi
dations of Chemical En




