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ABSTRACT

The use of process integration (PI) tools in industrial ecology (IE) applications, particularly
industrial symbiosis (IS), can lead to greater sustainability gains than is possible for single
plants or companies. Such integration is facilitated by the advent of eco-industrial parks
(EIPs) which use geographic clustering to promote sustainable exchange of materials and
energy streams among different plants and companies. In particular, PI methods have been
developed for total site integration and successfully implemented in documented indus-
trial cases. However, one aspect of interplant integration is not easily done using classical
PI methods, since each potential partner company will participate in a symbiosis scheme
specifically with the motivation of increasing its own profits. The self-interest of each part-
ner thus results in conflict of interest which, if not resolved, may result in the failure of
the initiative. To address this problem, it is necessary to use an approach based on cooper-
ative game theory which involves pooling the benefits, and then subsequently developing
a rational and defensible scheme for sharing the incremental profits among the partners.
In this work, we propose the application of a linear programming (LP) cooperative game
model to allocate benefits that accrue from interplant integration in an EIP. The approach
is first demonstrated using a literature case study, and the results are compared with those
determined via alternative cooperative game techniques. Two industrial case studies on
interplant integration in palm-based biomass processing complex and sago-based biorefin-
ery (SBB) are then solved to further illustrate the applicability of this technique to problems

of more realistic scale.
© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Abbreviations: ACA, alternate cost avoided; BTS, biomass-based tri-generation system; CHP, combined heat and power; CO,, carbon
dioxide; DME, dimethyl-ester; EFB, empty fruit bunches; EIP, seco-industrial parks; FBBs, fresh fruit bunches; HPS, high pressure steam,; IE,
industrial ecology; IS, industrial symbiosis; LP, linear programming; LPS, low pressure steam; MeOH, methanol; MPS, mid pressure steam;
PBB, palm-based biorefinery; PEIP, palm oil eco-industrial park; P, Iprocess integration; PKS, palm kernel shells; PMF, palm mesocarp fiber;
POM, palm oil mill; POME, palm oil mill effluent; SBB, sago-based biorefinery; SBP, bioethanol plant; TS, total sites; WWTP, wastewater
treatment plant; BFW, boiler feed water; COD, chemical oxygen demand; HP, high pressure; LP, low pressure; NREL, National Renewable
Energy Laboratory; SBP, sago-based bioethanol plant.

* Corresponding author. Tel.: +63 2 536 0260; fax: +63 2 524 0563.

E-mail addresses: raymond.tan@dlsu.edu.ph (R.R. Tan), kebx3vau@nottingham.edu.my (V. Andiappan),

kebx3wyi@nottingham.edu.my (Y.K. Wan), rextl.ng@wis.edu (R.T.L. Ng), denny.ng@nottingham.edu.my (D.K.S. Ng).

http://dx.doi.org/10.1016/j.cherd.2015.11.009

0263-8762/© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/02638762
www.elsevier.com/locate/cherd
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2015.11.009&domain=pdf
mailto:raymond.tan@dlsu.edu.ph
mailto:kebx3vau@nottingham.edu.my
mailto:kebx3wyi@nottingham.edu.my
mailto:rextl.ng@wis.edu
mailto:denny.ng@nottingham.edu.my
dx.doi.org/10.1016/j.cherd.2015.11.009

CHEMICAL ENGINEERING RESEARCH AND DESIGN 106 (2016) 43-58

Nomenclature

Indices
i

S

N

index of company or plant

index of coalition

index of set of all companies/plants from coali-
tion S

index of coalition

index for palm oil

index for biomass

Index for technologies in biomass trigeneration
system (BTS)

Index for technologies in palm-based biorefin-
ery (PBB)

Index for primary products in BTS

Index for final products in BTS

Index for primary products in PBB

Index for final products in PBB

Index for component balance of biomass i
Index for component balance of primary prod-
uct p in BTS

Index for component balance of primary prod-
uct hin PBB

Index for energy

marginal contributions for each company/plant
i

total number of companies or plants

payoffs of companies/plants i

characteristics function value

independent continuous variable

BETHSBB-Generated fyigathanol produced in coalition ¢

CSCSBB,Reduced

CsPOM

CSBTS

csPBB
Con-POM
Ee

EBTS»POM
e
Imp-POM

E.

EGen—BTS
e
Con-BTS

Ee
BTS-POM

Ee

BTS-PBB
Ee

Exp-BTS
E;*P
Egon—PBB

EBTS-PBB
%mp-PBB
E.

(vd)
potential carbon savings in coalition ¢
(kgCO,/d)

total cost savings of POM in USD per year

total cost savings of BTS in USD per year

total cost savings of PBB in USD per year

total energy consumed by POM in kWh

total energy imported from BTS by POM in
kwh

total energy imported from external facility by
POM in kWh

total energy generated by BTS in kWh

total energy consumed by BTS in kWh

total external energy exported to POM by BTS
inkWh
total external energy exported to POM by PBB in
kwWh
total excess energy exported to grid by BTS in
kwh
total energy consumed by PBB in kWh
total energy imported from BTS by PBB in kWh
total energy imported from external facility by
PBBin kWh

ELEGSBB-Generated  alactricity generated in coalition c

poLL
i

FBIO
i

FI
j

(kW h)

flow rate of palm oil 0 in kg/h

flow rate of biomass i in kg/h

flow rate of biomass i to technology j in kg/h

quj flow rate of component q in biomass to technol-
ogy j in kg/h

F)!p production rate of primary product p in kg/h at
technology j

Fp total production rate of primary product p in
kg/h at technology j

F;Ij, flow rate of primary product p to technology j’
in kg/h

F;I,j, flow rate of component ¢’ in product p to tech-
nology j’ in kg/h

F;/Ip, production rate of final product p’ in kg/h at
technology j

Fy total production rate of final product p’ in kg/h
at technology j’

FOM  total production rate of final product p’ sent to
POM in kg/h

F;,BB total production rate of final product p’ sent to
PBB in kg/h

Fl!g flow rate of biomass i to technology g in kg/h

F;g flow rate of component q in biomass to technol-
ogy g in kg/h

I—“Igh production rate of primary product h in kg/h at
technology g

Fp total production rate of primary product h in
kg/h at technology g

F{fg, flow rate of primary product h to technology g’
in kg/h

Fg,, g flow rate of component q” in product p to tech-
nology g’ in kg/h

Flgl/h/ production rate of final product I’ in kg/h at
technology g’

Fy total production rate of final product h’ in kg/h
at technology g’

GPPOM  total gross profit of POM in USD per year

GPBTS  total gross profit of BTS in USD per year

GPPBB  total gross profit of PBB in USD per year

Msteam Mass flow rate of steam generation (kg/s)

Parameters

AOT annual operating time in h/y

Cl!j cost of biomass i for technology j in USD/kg

Cllg cost of biomass i for technology g in USD/kg

C;,OM cost of final product p’ from BTS to POM in
USD/kg

C;?B cost of final product p' from BTS to PBB in
USD/kg

Cy cost of final product h’ in USD/kg

coL revenue from palm oil o in USD/kg

CFFB cost of fresh fruit bunches in USD/kg

Cme*POM cost of importing energy from external facility

_ to POM in USD/kW h
CE‘SP cost of disposing biomass i in USD/kg
Cg’“ cost of purchasing biomass i from external
' facility for BTS in USD/kg

CSISP cost of disposing biomass i in USD/kg

Cfg"t cost of purchasing biomass i from external
facility for PBB in USD/kg

CBTS-POM  cost of energy from BTS to POM in USD/KW h

CBTS-PBB (ost of energy from BTS to PBB in USD/kWh
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