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S1. Description of the BeWhere Malaysia model

S1.1. Nomenclature

Sets

Y planning period

M seasonal period

S supply location

IP pre-processing plant

P conversion plant

D demand location

H harbor

G spatial grid

E energy sector

F fossil fuel technology

C commodity

RM c C feedstock

IBPc C intermediate product

PDcC product

T transport mode

TECH technology group

MODE technology mode

SIZE technology size

IPTECH c TECH pre-processing technology

PTECH c TECH conversion technology

IPMODE ¢ MODE pre-processing technology mode

PMODE c MODE conversion technology mode

IPSIZE c SIZE pre-processing technology size

PSIZE c SIZE conversion technology size

Indices

yeyY planning period (alternatively used to indicate retirement
period)




y ey

planning period (alternatively used to indicate investment

period)
meM seasonal period
SES supply location
ip €IP pre-processing plant
p€EP conversion plant
deD demand location
heH harbor (alternatively used to indicate the origin harbor)
h'eH harbor (alternatively used to indicate the destination harbor)
gEeG spatial grid (alternatively used to indicate the origin grid)
g €G spatial grid (alternatively used to indicate the destination grid)
e €EE energy sector
fEF fossil fuel technology
cecC commodity
™m € RM feedstock
ibp € IBP intermediate product
pd € PD product
teT transport mode
tech € TECH technology group
mode € MODE technology mode
size € SIZE technology size

iptech € IPTECH

pre-processing technology

ptech € PTECH

conversion technology

ipmode € IPMODE

pre-processing technology mode

pmode € PMODE

conversion technology mode

ipsize € IPSIZE

pre-processing technology size

psize € PSIZE

conversion technology size

Parameters

A?,fiqa” availability of land area of spatial grid g at year y (ha)

Afactor area requirement for plant of technology mode mode of

tech,mode
technology group tech (ha/TWh)
BM;’;“T‘,IH availability of feedstock rm in supply location s at year y (TWh)
ip . _ . .

Capy,ip,iptech,ipmode,ipsize capacity level of pre-processing plant ip of technology mode

ipmode of technology size ipsize of technology group iptech at
year y (TWh)

p
Capy,p,ptech,pmode,psize

capacity level of conversion plant p of technology mode pmode
of technology size psize of technology group ptech at year y
(TWh)

ref

Capyf od capacity level of fossil fuel technology f associated with energy
o sector e in demand location d
Cap}’j’?;jﬁore capacity level of storage facility for feedstock rm in supply

location s at year y (TWh)




ip_store

Capy,ip,iptech,ipmode,ipsize,ibp

capacity level of storage facility for intermediate product ibp in
pre-processing plant ip of technology mode ipmode of
technology size ipsize of technology group iptech at year y
(TWh)

p_store

Capy,p,ptech,pmode,psize,pd

capacity level of storage facility for bioenergy product pd in
conversion plant p of technology mode pmode of technology
size psize of technology group ptech at year y (TWh)

C ip_retire
y,ip,iptech,ipmode,ipsize

known retired capacity of pre-processing plant ip of technology
mode ipmode of technology size ipsize of technology
group iptech at year y (TWh)

C }Ij—;;tt"er:hpmodepsize known retired capacity of conversion plant p of technology
v ' ' mode pmode of technology size psize of technology

group ptech at year y (TWh)

Dist;iilgt transport distance from supply location s to pre-processing
plant ip of transport mode t (km)

Dist;’;,,t transport distance from supply location s to conversion plant p
of transport mode t (km)

DiStiizan;t transport distance from pre-processing plant ip to conversion
plant p of transport mode t (km)

Disti";’”‘lt transport distance from pre-processing plant ip to harbor h of
transport mode t (km)

Distg‘fi . transport distance from conversion plant p to demand location
d of transport mode t (km)

Dist”;?z’,t transport distance from harbor h to conversion plant p of

transport mode t (km)

. _hh
DlSth,h’,t

transport distance from harbor h to harbor h' of transport mode
t (km)

DMSI;‘Tm’p demand of feedstock rm in the existing bioenergy plant p at
year y (TWh)

DMJ’;;’d demand of bioenergy product associated with energy sector e in
demand location d at year y (TWh)

emfr:f emission factor associated with reference energy sector e
(tCO2/MWh)

emfbm emission factor associated with collection of feedstock rm
(tCO2/MWh)

emf,ayoid emission avoidance factor associated with utilization of
feedstock rm (tCO,/MWh)

emfStore emission factor associated with storage of commodity ¢
(tCO2/MWh)

em f}"“d emission factor associated with loading/unloading activity for
transporting commodity ¢ by using transport mode t
(tCO2/MWh)

emft{r emission factor associated with transportation of commodity ¢

by using transport mode t (tCO,/MWh.km)




shipload

emission factor associated with loading/unloading activity for

emf,,
shipping commodity ¢ by using transport mode t (tCO,/MWh)
em :Lf”p”‘" emission factor associated with shipment of commodity ¢ by
using transport mode t (tCO,/MWh.km)
tech

em tech,mode

emission factor associated with technology mode mode of
technology group tech (tCO,/MWh)

: ginitial
gridycggnt

installed capacity of existing transmission/distribution line for
commodity ¢ that connects spatial grid g to spatial grid g’ at the
initial planning period (y = 1) (TWh)

pfyr.Je‘fe price factor of fossil fuel technology f associated with reference
energy sector e at year y (USD/MWh)
pfyc"2 price factor of the CO, emission taxation at year y (USD/tCO;)
pf;ggs price factor associated with subsidy for product pd at year y
(USD/MWHh)
Dfyec price factor associated with collection of commodity ¢ at year y
(USD/MWHh)
pfStore price factor associated with storage of commodity ¢ (USD/MWh)
pfct_ltoad price factor associated with loading/unloading activity for
transporting commodity ¢ by using transport mode t
(USD/MWh)
pfct_'t’“r price factor associated with transportation of commodity ¢ by
using transport mode t (USD/MWh/km)
pf;J;’;el price factor associated with fuel consumption by transport
mode t for transporting commodity ¢ at year y (USD/MWh/km)
Cf:”'pload price factor associated with loading/unloading activity for
shipping commodity ¢ by using transport mode t (USD/MWh)
::”p”“r price factor associated with shipment of commodity ¢ by using

transport mode t (USD/MWh/km)

capex
tech,mode,size

price factor associated with investment of technology mode
mode of technology size size of technology group tech
(USD/MWh)

pffc'gpexbal price factor associated with the balance of investment of the
substituted capacity of fossil fuel plant by co-firing/fuel
switching technology (USD/MWh)

pft‘;lc”el”%éxde’size price factor associated with fix operation and maintenance

(O&M) of technology mode mode of technology size size of
technology group tech (USD/MWh)

opexvar
tech,mode,size

price factor associated with variable O&M of technology mode
mode of technology size size of technology group tech
(USD/MWHh)

pfinfrafix

ct

price factor associated with investment of grid infrastructure
connectivity in transporting commodity ¢ by using transport
mode t (USD/MWh)




infravar

price factor associated with investment of grid infrastructure

ct
interconnection in transporting commodity ¢ by using transport
mode t (USD/MWh.km)

Sige'P-initial installed capacity of existing pre-processing plant ip of

y,ip,iptech,ipmode,ipsize

technology mode ipmode of technology size ipsize of
technology group iptech at the initial planning period (y = 1)
(Twh)

Si p_initial

installed capacity of existing conversion plant p of technology

y,p,ptech,pmode,psize
mode pmode of technology size psize of technology
group ptech at the initial planning period (y = 1) (TWh)
target}}fe" renewable energy target of energy sector e at year y (TWh)
targety™ emission target at year y (MtCO,)

XB sip_storeinitial
y,m,s,rm,iptech,ipmode,ipsize

initial storage of feedstock rm in supply location s at the initial
season (m = 1) of year y, dedicated for use in pre-processing
plant (TWh)

sp_storeinitial
XBmy,m,s,rm,ptech,pmode,psize

initial storage of feedstock rm in supply location s at the initial
season (m = 1) of year y, dedicated for use in conversion plant
(TWh)

spc_storeinitial
XBmy,m.S,Tm

initial storage of feedstock rm in supply location s at the initial
season (m = 1) of year y, dedicated for use in existing
bioenergy plant (TWh)

XIb ip_storeinitial
y,m,ip,iptech,ipmode,ipsize,ibp

initial storage of intermediate product ibp in pre-processing
plant ip of technology mode ipmode of technology size ipsize
of technology group iptech at the initial season (m = 1) of year
y (TWh)

p_storeinitial
XP ry,m,p,ptech,pmode,psize,pd

initial storage of product pd at conversion plant p of technology
mode pmode of technology size psize of technology
group ptech at the initial season (m = 1) of year y (TWh)

ﬁ ip_retire
v,y'ip,iptech,ipmode

binary relationship between investment year y’ and retirement
year y of pre-processing plant ip of technology mode ipmode
of technology group iptech, 1 if true

ﬁij;f;iech’pmode binary relationship between investment year y’ and retirement

year y of conversion plant p of technology mode pmode of
technology group ptech, 1 if true

ghip binary value that indicates which commodity ¢ can undergo
shipping, 1 if true

5‘7”"1 binary value that indicates which commaodity c is associated with
grid infrastructure installation, 1 if true

CC’;L: binary relationship between commodity ¢ and transport mode
t, 1if true

o binary relationship between commodity ¢ and energy sector e,
1if true

ttgcc,’lwe binary relationship between technology tech and energy sector

e, 1if true




binary relationship between technology tech and fossil fuel

et technology f, 1if true
;z binary relationship between spatial grid g and supply location s,
1if true
[ggﬁz binary relationship between spatial grid g and pre-processing
plant ip, 1 if true
ﬁgg binary relationship between spatial grid g and conversion plant
p, 1if true
ﬁ;g binary relationship between spatial grid g and demand d, 1 if
true
ﬁ;ﬁ binary relationship between spatial grid g and harbor h, 1 if true

nc,tech,mode,c

efficiency of technology mode mode of technology group tech
for converting commodity ¢ to commodity ¢ (TWhout/TWhin)

Aseason number of seasons

A%}Te‘gh number of technology allowed to be built for each plant at year
y

y}l}"’" lower boundary of capacity factor for fossil fuel technology f

“?p upper boundary of capacity factor for fossil fuel technology f

yég‘é"h'mode lower boundary of capacity factor for technology mode mode of
technology group tech

”It?ch,mode upper boundary of capacity factor for technology mode mode
of technology group tech

wy? fraction of commaodity ¢ availability in year y

wbML fraction of dry matter loss of commaodity ¢ storage

Wy fraction of season m in year y associated with commodity ¢

wye fraction of season m in year y associated with energy sector e

Free variables

TOTCOST, total cost of energy supply chain at year y (MUSD)

TOTEMISSION,, total emission of energy supply chain at year y (MtCO,)

TSC objective function (MUSD)

Positive variables

sip_avail
BMy,s,rm,iptech,ipmode,ipsize

availability of feedstock rm in supply location s at year y,
dedicated for the supply to pre-processing plant of technology
mode ipmode of technology size ipsize of technology group
iptech (TWh)

B Msp_avail

y,s,rm,ptech,pmode,psize

availability of feedstock rm in supply location s at year y,
dedicated for the supply to conversion plant of technology mode
pmode of technology size psize of technology group ptech
(TWh)

spc_avail
BMJ/.S,Tm

availability of feedstock rm in supply location s at year y,
dedicated for the supply to existing bioenergy plant (TWh)

bm
Costyg

collection/purchase cost of feedstock associated with energy
sector e at year y (MUSD)




b
Costy™-P¢

collection/purchase cost of feedstock associated with existing

g bioenergy plant at year y (MUSD)

Costfj_’;‘—t transport cost of feedstock associated with energy sector e at
year y (MUSD)

CogtJ’;m—t—pC transport cost of feedstock associated with existing bioenergy
plant at year y (MUSD)

Costji,’,’e-t transport cost of intermediate product associated with energy
sector e at year y (MUSD)

Costf,”re't transport cost of product associated with energy sector e at year
y (MUSD)

COSt;’Q—S’”'?’ shipping cost of feedstock associated with energy sector e at
year y (MUSD)

Cost}if”e—smp shipping cost of intermediate product associated with energy
sector e at year y (MUSD)

Cost}ife—capex investment cost of pre-processing plant associated with energy
sector e at year y (MUSD)

Cost;’e—"pex O&M cost of pre-processing plant associated with energy sector
e at year y (MUSD)

Costjz;_‘empex investment cost of conversion plant associated with energy
sector e at year y (MUSD)

Costf,’,'e"pex O&M cost of conversion plant associated with energy sector e at
year y (MUSD)

Cost;'}"éi”fm infrastructure cost of pre-processing plant associated with
energy sector e at year y (MUSD)

Costf,”'ei"fm infrastructure cost of conversion plant associated with energy

sector e at year y (MUSD)

bm_store
Costy e

storage cost of feedstock associated with energy sector e at year
y (MUSD)

bm_store_pc

C ost,,

storage cost of feedstock associated with existing bioenergy
plant at year y (MUSD)

Cogt}i}”e—“ore storage cost of intermediate product associated with energy
sector e at year y (MUSD)

CostJ’/"-esmre storage cost of product associated with energy sector e at year
y (MUSD)

Cost;?ef reference cost of energy sector e at yeary (MUSD)

Emf}";"id avoided emission associated with energy sector e at year y
(MtCO,)

Emf,,’{; emission from feedstock collection associated with energy
sector e at year y (MtCO)

Em;’/m—pC emission from feedstock collection associated with existing
bioenergy plant at year y (MtCO)

Emf,"g—t emission from feedstock transport associated with energy

sector e at year y (MtCO;)




Embm_t_pc

emission from feedstock transport associated with existing

g bioenergy plant at year y (MtCO)

Emi,lfgt emission from intermediate product transport associated with
energy sector e at year y (MtCO)

Emg’fg—t emission from product transport associated with energy sector
e at year y (MtCO,)

Em;’;‘—s’”"’ emission from feedstock shipping associated with energy sector
e at year y (MtCO;)

Em;'fés’”p emission from intermediate product shipping associated with
energy sector e at year y (MtCO,)

Em;'}”e emission from pre-processing activity associated with energy
sector e at year y (MtCO)

Em;e emission from conversion activity associated with energy sector
e at year y (MtCO,)

Emgfg—smre emission from feedstock storage associated with energy sector

e at year y (MtCO>)

bm_store_pc
Em; - -P

Emission from feedstock storage associated with existing

g bioenergy plant at year y (MtCO)
E 3}’;“”6 emission from intermediate product storage associated with
energy sector e at year y (MtCO)
Em;—esmre emission from product storage associated with energy sector e
at year y (MtCO,)
Em;eef Reference emission of energy sector e at year y (MtCO,)

gridycg.gne

installed capacity of transmission/distribution line for
commodity ¢ that connects spatial grid g to spatial grid g’ at
year y (TWh)

: Jinvest
gridy g gt

installed capacity of new transmission/distribution line for
commodity ¢ that connects spatial grid g to spatial grid g’ at
year y (TWh)

Size'®
y,ip,iptech,ipmode,ipsize

installed capacity of pre-processing plant ip of technology mode
ipmode of technology size ipsize of technology group iptech at
year y (TWh)

Si ip_invest
1z y,ip,iptech,ipmode,ipsize

installed capacity of new pre-processing plant ip of technology
mode ipmode of technology size ipsize of technology
group iptech at year y (TWh)

Si ip_retire
1z y,ip,iptech,ipmode,ipsize

retired capacity of pre-processing plant ip of technology mode
ipmode of technology size ipsize of itechnology group iptech
at year y (TWh)

Size;”p’ptech’pmode’psize retired capacity of conversion plant p of technology mode
pmode of technology size psize of technology group ptech at
year y (TWh)

. p_invest i i ;
Slzey,p,ptech,pmode,psize installed capacity of new conversion plant p of technology mode

pmode of technology size psize of technology group ptech at
year y (TWh)




p_retire

Slzey,p,ptech,pmode,psize

retired capacity of conversion plant p of technology mode
pmode of technology size psize of technology group ptech at
year y (TWh)

SUBSIDY,,

price subsidy of bioenergy product at year y (MUSD)

XBmS?

y,m,s,rm,ip,iptech,ipmode,ipsize,t

flow of feedstock rm of transport mode t from supply location
s to pre-processing plant ip of technology mode ipmode of
technology size ipsize of technology group iptech at season m
of year y (TWh)

XBm®P

y,m,s,rm,p,ptech,pmode,psize,t

flow of feedstock rm of transport mode t from supply location
s to conversion plant p of technology mode pmode of
technology size psize of technology group ptech at season m of
year y (TWh)

XBm?’P¢

ym,s,rmp,t

flow of feedstock rm of transport mode t from supply location
s to existing bioenergy plant p at season m of year y (TWh)

sip_store
XBmy,m,s,rm,iptech,ipmode,ipsize

storage of feedstock rm in supply location s at season m of year
y, dedicated for the supply to pre-processing plant of technology
mode ipmode of technology size ipsize of technology group
iptech (TWh)

sp_store
XBmy,m,s,rm,ptech,pmode,psize

storage of feedstock rm in supply location s at season m of year
y, dedicated for the supply to conversion plant of technology
mode pmode of technology size psize of technology group
ptech (TWh)

spc_store
XB My ms;rm

storage of feedstock rm in supply location s at season m of year
v, dedicated for the supply to existing bioenergy plant (TWh)

XB

msh
y,m,s,rm,h,ptech,pmode,psize,t

flow of feedstock rm of transport mode t from supply location
s to harbor h at season m of year y, dedicated for the supply to
conversion plant of technology mode pmode of technology size
psize of technology group ptech (TWh)

XBm™

y,m,rm,h,h',ptech,pmode,psize,t

flow of feedstock rm of transport mode t from harbor h to
harbor h' at season m of year y, dedicated for the supply to
conversion plant of technology mode pmode of technology size
psize of technology group ptech (TWh)

XBm™

y,m,rm,h’,p,ptech,pmode,psize,t

flow of feedstock rm of transport mode t from harbor h’ to
conversion plant p of technology mode pmode of technology
size psize of technology group ptech at season m of year y
(TWh)

ipp
ley,m,ip,iptech,ipmode,ipsize,ibp

,p,ptech,pmode,psize,t

flow of intermediate product ibp of transport mode t from pre-
processing plant ip of technology mode ipmode of technology
size ipsize of technology group iptech to conversion plant p of
technology mode pmode of technology size psize of technology
group ptech at season m of year y (TWh)

iph
ley,m, ip,iptech,ipmode,ipsize,ibp,h,t

flow of intermediate product ibp of transport mode t from pre-
processing plant ip of technology mode ipmode of technology




size ipsize of technology group iptech to harbor h at season m
of year y (TWh)

hh
XIby,m,ibp,h,h',ptech,pmode,psize,t

flow of intermediate product ibp of transport mode t from
harbor h to harbor h' at season m of year y, dedicated for the
supply to conversion plant of technology mode pmode of
technology size psize of technology group ptech (TWh)

hp
XIby,m,ibp,h’,p,ptech,pmode,psize,t

flow of intermediate product ibp of transport mode t from
harbor h' to conversion plant p of technology mode pmode of
technology size psize of technology group ptech at season m of
year y (TWh)

ip_store
ley,m,ip,iptech,ipmode,ipsize,ibp

storage of intermediate product ibp in pre-processing plant ip
of technology mode ipmode of technology size ipsize of
technology group iptech at season m of year y, dedicated for
the supply to conversion plant (TWh)

pd
XPry,m,p,ptech,pmode,psize,pd,d,t

flow of product pd of transport mode t from conversion plant p
of technology mode pmode of technology size psize of
technology group ptech to demand location d at season m of
year y (TWh)

p_store . .
XPry,m,p,ptech,pmode,psize,pd storage of product pd in conversion plant p of technology mode
pmode of technology size psize of technology group ptech at

season m of year y (TWh)
XPTyrf,{f od reference energy production by fossil fuel technology f of

energy sector e in demand location d at season m of year y
(TWh)

Integer variables

UIP

y,ip,iptech,ipmode,ipsize

number of pre-processing plant ip of technology mode ipmode
of technology size ipsize of technology group iptech built at

yeary

UPy,p,ptech,pmode,psize

number of conversion plant p of technology mode pmode of

technology size psize of technology group ptech built at year y

S$1.2. Mathematical formulation

Description of the mathematical formulation is presented here. The formulation comprises a

series of interrelated equations on resource balances and conversions, resource demands, technology

capacities, storage capacities, grid infrastructure capacities, policy-related targets, costs and

emissions. It must be mentioned that the generations of the model outputs are not only limited by the

variables declared in the equations. Depending on the outputs and visualizations needed for the

scenario analysis, in-house programming algorithm was developed and applied for the specific

customizations of the results.



S$1.2.1. Resource balance and conversion

Eqg. (1) defines the feedstock availability balance throughout the planning periods, consisted
of the feedstock availability which maximally governs the portions of feedstock that can be allocated

. . . sip_avail .
for consumption in pre-processing plant (BMy,S’rm,iptech’ipmode’ipsize), conversion plant
sp_avail A . spc_avail T . BM) :
(BM) s rm ptechpmode,psize) 3N existing bioenergy plant (BM,, ¢, ). Availability fraction (wB¥) is

used as a factor that limits the amount of feedstock that can be allocated as supplies. For instance, as
demand of crude palm oil (CPO) is mainly dedicated for food application, the portion of CPO that can
be allowed for biodiesel production should be limited to avoid overconsumption, and this can be
achieved by imposing the availability fraction on the feedstock availability parameter.

i il sp_avail ;
BMslp_aUgL ] o 2 BM3P- . spc_avail .
Z y,s,;rm,iptech,ipmode,ipsize + y,s,rm,ptech,pmode,psize + BMy,s,rm < BMJC/L,I;?}}anIf,Iym

iptech,ipmode,ipsize ptech,pmode,psize

Vy €Y,s € S,rm € RM (2)

The feedstock allocated for consumption is assigned to three separated inventory balances.

. sip_avail . . . .
First, BMy,S’rm,iptech’ipmode,ipsize is assigned to the inventory balance of the pre-processing plant as

shown in Eq. (2). In this equation, the feedstock allocated for the pre-processing plant

sip_avail . .. . . . season H
(BMy’S’Tm‘iptech'ipmode_ipsize) is multiplied with the seasonality fraction (wy5;7m) to establish the

seasonal feedstock flow. This flow is then directed to the flows of feedstock to intermediate plant

(XBmSip ) and storage facility (XBm

y,m,s,rm,ip,iptech,ipmode,ipsize,t

sip_store

y,m,s,rm,iptech,ipmode,ipsize ) For each

season, the feedstock may be stored and then be brought up to the next season for consumption or
storage. Dry matter loss (DML) (w2ML) is exerted to the associated feedstock stored to account for the
efficiency of storage.

XBmSip L. . L. sip_store
Z y,m,s,rm,ip,iptech,ipmode,ipsize,t + XBmy,m,s,rm, iptech,ipmode,ipsize
DBt
sip_avail season sip_storeinitial
= BMy,s,rm,iptech,ipmode,ipsize a)y,m,rm + XBmy,m,s,rm, iptech,ipmode,ipsize I (y=1A(m=1)
__ DML sip_store
+ (1 Wrm )XBmy,m—1,s,rm,iptech,ipmode,ipsize I(m>1)

Vy €Y,m € M,s € S§,rm € RM, iptech € I[IPTECH, ipmode € IPMODE, ipsize € IPSIZE (2)

Second, the inventory balance of feedstock in the conversion plant is shown in Eq. (3). The
structure of the equation is similar to Eq. (2), with different symbols used to indicate different
feedstock allocations.



XBmSP , sp_store
Z y,m,s,rm,p,ptech,pmode,psize,t + XBmy,m,s,rm,ptech,pmode,psize

DB
sp_avail season sp_storeinitial
= BMy,s,rm,ptech,pmode,psize ymrm 4 XBmy,m,s,rm,ptech,pmode,psize I(y=1)/\(m=1)
DML sp_store
+ 1- Wrm )XBmy,m—1,s,rm,ptech,pmode,psize|(m>1)
Vy€Y,me M,s € S,rm € RM, ptech € PTECH, pmode € PMODE, psize € PSIZE (3)

Third, the inventory balance of feedstock in the existing bioenergy plant/mill is shown in Eq.
(4). The structure of the equation is similar to Egs. (2) and (3), with different symbols used to indicate
different feedstock allocations.

spc ,
Z XBmy,m,s,rm,p,t + XBmSPe-store

y,m,s,rm
Dt Bt
spc_avail  season spc_storeinitial
=BMy srm  Wymrm 4+ XBMy s em l(y=1)AGm=1)
__ . .DML spc_store
+ (1 Wyrm )XBmy,m—l,s,rmI(m>1)
Vy €Y, m € M,s € S,rm € RM (4)

The conversion of feedstock to intermediate product is shown in Eq. (5). The flow of feedstock

. sip . Lo . .
to pre-processing plant (XBmy,m,s,rm,ip,iptech,ipmode,ipsize,t) is multiplied with the respective

technology efficiency (1 iptech,ipmode,ibp) fOr the conversion into the intermediate product which
are then allocated to three different flow variables. The first variable is the flow of intermediate

. ipp .
product to conversion plant (ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t)' the second variable

is the flow of intermediate product to harbor for shipping (le;z”n};ip,iptech’ipmode’l-psize’ibp’h,t) and the

ip_store )

third variable is the flow of intermediate product to storage facility (XIby_m’ip’iptech'ipmode'ipsize_ibp

For each season, the intermediate product may be stored and then be brought up to the next season
for consumption or storage. DML (wﬂ,’#) is exerted to the associated intermediate product stored to
account for the efficiency of storage. If an intermediate product is not associated with the loss due to

storage, DML value is 0.



XBmS? - tochi :
y,m,s,rm,ip,iptech, ipmode,ipsize,tnrm,lpteCh. ipmode,ibp
ST Bff, e
XIb ip_storeinitial
+ y,m,ip,iptech,ipmode,ipsize,ibp | (=1)A(m=1)

__ DML ip_store
+ (1 (‘)ibp )ley,m—1,ip,iptech,ipmode,ipsize,ibp |(m>1)

Z XIp®e o .
— ym,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t

t|Bct

.t p,ptech,pmode,psize

EXIbiph fs ; i ip_store
+ y,m,ip,iptech,ipmode,ipsize,ibp,h,t + ley,m,ip,iptech,ipmode,ipsize,ibp
h|ﬁ5hip

ibp

Vy € Y,m € M, ip € IP,iptech € IPTECH,ipmode € IPMODE, ipsize € IPSIZE, ibp € IBP (5)

Eq. (6) presents the formulation of the energy demand, based on the simultaneous
conversions of feedstock and intermediate product to bioenergy product. For the conversion of
feedstock to bioenergy product, the flows of feedstock from the supply

(XBm:P ) and harbor (XBmhp

y,m,s,rmp,ptech,pmode,psize,t ym,rmh’ p,ptech,pmode,psize,t

plant are multiplied with the respective efficiency (1ym ptechpmodepa) t0 Obtain the associated

. pd
bioenergy product (XPry’m,p’ptech’pmode’psize’pd’d’t

bioenergy product, the flows of intermediate product  from the supply

ipp hp
(ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t) and harbor (ley,m,ibp,h',p,ptech,pmode,psize,t)

) points to conversion

). For the conversion of intermediate product to

points are multiplied with the respective efficiency (M;pp ptechpmodepa) t0 Obtain the associated

bioenergy product (XPrpd

ym,p,ptechpmode,psize,pd a¢)- For each season, the bioenergy product may be

stored and then be brought up to the next season for consumption or storage. DML (a)gém) is exerted

to the associated bioenergy product stored to account for the efficiency of storage. If a bioenergy
product is not associated with the loss due to storage, DML value is 0.



Z XIp®e o .
y,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t

ibp'tlﬁflspt ip,iptech,ipmode,ipsize

2 X1 by m,ibp,h' p,ptech,pmode,psize,t nibp,ptech,pmode,pd

ship
h' 1By

+ Z Z XBmymsrmpptech pmode,psize,t

rm,t| Bct

Z XBmy m,rm,h’,p,ptech,pmode,psize,t Nrm,ptech,pmode,pd
h lﬁsth

XPr p_storeinitial
+ y m,p,ptech,pmode,psize,pd |(y=1)/\(m=1)

_ DML p_store
+ (1 )XP Ty m—1,p,ptech,pmode,psize,pd |(m>1)
XP p_store
z mp ptechpmode,psize,pd,dt | XPr Ty m.p,ptechpmode,psize,pd

dvﬂﬁpd,t
Vy € Y,m € M, p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE, pd € PD

(6)

Balances of the commodities at the shipping points are defined in Egs. (7)-(10). It is noted that

only feedstock and intermediate product are considered for shipping in the model, meaning that the

bioenergy product will only satisfy the energy demand within the region domestically. The balances

associated with the incoming flows of feedstock and intermediate product from the supply point and

pre-processing plant to the harbors are respectively defined in Egs. (7) and (8). The balances associated

with the outgoing flows of feedstock and intermediate product from the harbors to the conversion

plant are respectively defined in Egs. (9) and (10).

Z XBmy m,s,rm,h,ptech,pmode,psize,t — 2 XBmy m,rm,h,h/ ptech,pmode,psize,t I ship
st n't ﬁrmt ﬁ

Vy € Y,m € M,rm € RM, h € H, ptech € PTECH, pmode € PMODE, psize € PSIZE

ship
ibp

iph
Z ley,m,ip,iptech,ipmode,ipsize,ibp,h,t — Z ley m,ibp,h,h/ ptech,pmode,psize,t | ot
ip,iptech,ipmode,ipsize,t h',ptech,pmode,psize,t Bivp,ehB

Vy € Y,m € M,ibp € IBP,h € H

<z XBmy m,rm,h,h’,ptech,pmode,psize,t Z XBmy m,rm,h/ p,ptech,pmode,psize,t ) |

Yy € Y,m € M,rm € RM,h’ € H, ptech € PTECH, pmode € PMODE, psize € PSIZE

shi
Tt ABrm!

(7)

(8)

(9)



hh hp
Z ley,m,ibp,h,h’,ptech,pmode,psize,t — Z ley,m,ibp,h’,p,ptech,pmode,psize,t | ct ship
ht p.t ﬁibp,t/\ﬁibp

Vy € Y,m € M, ibp € IBP,h’ € H, ptech € PTECH, pmode € PMODE, psize € PSIZE (10)
$1.2.2. Resource demand

Demand of feedstock in the existing bioenergy plant/mill is outlined in Eq. (11). Seasonality
fraction of feedstock (w;575on) is multiplied with the demand parameter (DMJI}fﬂm_p) to establish the

seasonal demand flow.

spc bm season
Z XBmy msrmpt — DMy ym p@ymimm
St|Bfmt

Vy€Y,me M, rm € RM,p € P (112)

Demand of bioenergy product is based on the competition of bioenergy

d . . - .
(XPrf’m'p’ptech’pmode‘psize’pd_d't) and fossil fuel-based energy (XPr;fr{f’e'd) in fulfilling the required

energy generation in different energy sectors as shown in Eq. (12). Bioenergy product

(XPrf’gl'p’ptech’pmode‘psize’pd_d't) is assigned to fulfil the energy demand of the respective energy sector

by incorporating the product to energy sector relationship parameter (ﬁ;g‘e). Seasonality fraction of

the energy sector (wy5n ") is multiplied with the demand parameter (DM;;;’d) to establish the

seasonal demand flow.

E pd § ref pr
. season
Xpry,m,p,ptech,pmode,pstze,pd,d,t + XPry,m,f,e,d — DMy,e,d(‘)y,m.e
p,ptech,pmode,psize,pd,tIﬁgfi_t/\ﬁ;fi,e f

VyeEY,meM,e€EdeD (12)

Fossil fuel-based energy generation is restricted by the planned capacity of fossil fuel
technology as defined in Eq. (13). The upper boundary of the equation sets the planned capacity of the
fossil fuel technology in contributing to the energy generation of the respective energy sector while
the lower boundary sets the restriction on how much portion of fossil fuel technology that can be
replaced by bioenergy.

Cap;;f'e’dll}lcow /Aseason < Xpr;fr{,f,e,d < Cap;,ef}je,dl'#p /Aseason

VvyveYmeMfeFe€EdeD (13)



$1.2.3. Technology capacity constraint

Eq. (14) represents the technology size constraint for the pre-processing plant which is
associated with the flows of  intermediate product to conversion plant

ipp iph
(ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t) and harbor (ley,m,ip,iptech,ipmode,ipsize,ibp,h,t)'

The flows are restricted by the seasonal capacity level of a technology which is set based on the division
ip

y.ip,iptech,ipmode ipsize) with the number of seasons (15¢45°™),

of the annual capacity (Size

z XIbPP

ym,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t
ibp'tlﬁflspt p.ptech,pmode,psize

iph ,
+ 2 ley,m,ip,iptech,ipmode,ipsize,ibp,h,t < Size;pip iptech,ipmode ipsize/lseason
ship < Jip, , ,
h1Bipy

Vy € Y,m € M,ip € IP,iptech € IPTECH,ipmode € IPMODE, ipsize € IPSIZE (14)

Eqg. (15) represents the technology size constraint for the conversion plant which is associated
with the flow of bioenergy product to demand point (XPrin,p’ptech’pmode’psize’pd,d,t). The flow is

restricted by the seasonal capacity level of a technology which is set based on the division of the annual

p

v.pptechpmode psize) with the number of seasons (15¢459™M),

capacity (Size

pd .
XPr, ,m,p,ptech,pmode,psize,pd,d,t < Size

pd,d,t|Bg
Yy € Y,m € M, p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE (15)

p /Aseason
y,p,ptech,pmode,psize

To account for lifetime of technology in the annual capacity balance of a technology, variables
ip
y,ip,iptech,ipmode,ipsize
ip_initial
y,ip,iptech,ipmode,ipsize

that represent the current status of capacities as presented by Size and

p

y,p,ptech,pmode,psize’

p_initial

y,p,ptech,pmode,psize’
. ip_invest

Siz y,ip,iptech,ipmode,ipsize

Size the existing/planned capacities as presented by Size

and Size the new investment of capacities as presented by

p_invest
y,p,ptech,pmode,psize’
p_retire
y,p,ptech,pmode,psize

and Size and the retirement of capacities as presented

ip_retire

y,ip,iptech,ipmode,ipsize and Size

by Size are accounted as shown in Egs. (16) and

(17) for the balances in the pre-processing and conversion plant, respectively.



._ip
Slzey,ip,iptech,ipmode,ipsize

= Size'? [ + Size ip_initial [
y—1,ip,iptech,ipmode,ipsize | (y>1) y.ip,iptech,ipmode,ipsize |l (y=1)
. _ip_invest __ ci.,ip_retire
+ Slzey,ip,iptech,ipmode,ipsize Slzey,ip,iptech,ipmode,ipsize
Vy € Y,ip € IP,iptech € IPTECH, ipmode € IPMODE, ipsize € IPSIZE (16)
P
Slzey,p,ptech,pmode,psize
— Ci P . p_initial
- Slzey—1,p,ptech,pmode,psize|(y>1) + Slzey,p,ptech,pmode,psize |(J/=1)
, p_invest __ ¢;,,D_retire
+ Slzey,p,ptech,pmode,psize Slzey,p,ptech,pmode,psize
Vy € Y,p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE (17)
In defining the retired capacity of a technology for pre-processing plant
. ip_retire . . p_retire .
(Slzey,ip,iptech’ipmode’ipsize) and conversion plant (Slzey’p’ptech’pmode’psize), binary parameters,
ip_reti ti . L .
pr-retre and pPI7ITe that point when should a technology retire its capacity

v,y'ip,iptech,ipmode v,y ,p.ptech,pmode’
after an investment has been made are incorporated in the capacity retirement balances as presented
in Egs. (18) and (19). These binary parameter relationships are adapted from the equations used in the
previous modeling work.! For the binary parameters to work, two indices are needed for introducing
the relationship between the retirement period y and the investment period y’ of a technology. For
example, if a technology with a 20-year lifetime is deployed in 2020, y' is subjected to 2020 while y is
subjected to 2040, and the binary parameter is only subjected to the value of 1 when these two periods

align. The parameters are multiplied with the associated invested capacities

(Si ip_invest
y',ip,iptech,ipmode,ipsize

p_invest

and Slzey’,p,ptech,pmode,psize

) and then added up with the known

e . leys ip_retire p_retire .
capacities of the retired facilities (Capy,ip,iptech’ipmodelipsize and Capy’p’ptech’pmode’psize) to establish
the annual retired capacities.

. ip_retire
Slzey,ip,iptech,ipmode,ipsize
_ ip_retire . _ip_invest ip_retire
- Capy,ip,iptech,ipmode,ipsize + Z Slzey’,ip,iptech,ipmode,ipsizeﬂy,y’,ip,iptech,ipmode
yl
Vy € Y,ip € IP,iptech € IPTECH, ipmode € IPMODE, ipsize € IPSIZE (18)
. _p_retire _ p_retire . p_invest p_retire
Slzey,p,ptech,pmode,psize - Capy,p,ptech,pmode,psize + 2 Slzey',p,ptech,pmode,psizeﬁy,y’,p,ptech,pmode
yl
Vy € Y,p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE (29)

1Samsatli S., Samsatli N.J., Shah N., 2015, BVCM: A comprehensive and flexible toolkit for whole system
biomass value chain analysis and optimisation — Mathematical formulation, Applied Energy, 147, 131-
160.



Binary variables, UIPy i, intech ipmode,ipsize @Nd  UPy 4 ptechpmode,psize, are used to

constrained the upper and lower boundary capacities of the new invested capacities of pre-processing

ip_invest )

tech nOIOgy (Slzey,ip,iptech,ipmode,ipsize

as shown in Eq. (20) and conversion technology

. p_invest .
(Slzey,p’ptech’pmode’psize) as shown in Eq. (21).

UIP,, ;.. : . . C ip < Si ip_invest
y,ip,iptech,ipmode,ipsize apy ip,iptech,ipmode, ipsizeuulpteCh ipmode —= lZ€y ip,iptech,ipmode,ipsize

= U[Py ip,iptech,ipmode,ipsize Capy ip,iptech,ipmode, LpstzeMLptech ipmode
Vy € Y,ip € IP,iptech € IPTECH, ipmode € IPMODE, ipsize € IPSIZE (20)

UP. Ca < SizeP-invest
y,p,ptech,pmode,psize py p,ptech,pmode, pstzeﬂptech pmode = y p,ptech,pmode,psize

= UP y,p,ptech,pmode,psize Capy p,ptech,pmode, pstze'uptech,pmode
Vy € Y,p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE (21)

These binary variables are then constrained to limit the number of technologies that can be
built for each pre-processing plant as shown in Eq. (22) and conversion plant as shown in Eq. (23).

limit
Z UIP. Jip,iptech,ipmode,ipsize < Ay,iptech

ipmode,ipsize

Vy € Y,ip € IP,iptech € IPTECH (22)

limit
z UPy,p,ptech,pmode,psize < Ay,ptech

pmode,psize

Vy € Y,p € P,ptech € PTECH (23)

Land availability constraint is accounted to limit the capacity of technologies that can be

factor factor
iptech,ipmode and Aptech,pmode

adopted for calculating the area associated with the capacity deployments of pre-processing and

deployed in a spatial grid as shown in Eq. (24). Parameters A are
conversion facilities. The capacities of the bioenergy technologies that can be deployed are restricted
by the availability of land in a spatial grid (A‘“’a” .

Size ip Afactor Slze factor il
y,ip,iptech,ipmode,ipsize” “iptech, lpmode y,p,ptech,pmode,psize* "ptech,pmode Ag‘/'fgm
gip

g.ip

VyeY,geG (24)

ip,iptech,ipmode,ipsize|ﬁ p,ptech,pmode,psize /3’



$1.2.4. Storage capacity constraint

sip_store sp_store
Storages of feedstock (XBmy'm’S_rm_iptech'ipmodelipsize and XBmy’m'S’rm'ptech_pmode_psize and
spc_store . . ip_store .
XBmy s rm ), intermediate product (XIby’m’ip_iptech_ipmode’ipsize’ibp) and bioenergy product

p_store . . . . .
(XPry,m’p,ptech’pmode,psize’pd) are defined to cater the seasonality effects of storing commodities in

the model. The upper boundaries of the storage capacities for feedstock, intermediate product and

product are defined in Egs. (25)-(29), respectively. The seasonal capacity level of a storage facility is

bm_store ip_store

set based on the division of the annual capacity (Capy,s;m ~ and Capy, o) o rech ipmode,ipsize,ibp @9
_store .
C §,p,ptech,pmode,psize,pd) with the number of seasons (15¢45°™),
sip_store b t
Z XBmy,m,s,rm,iptech,ipmode,ipsize < Capyzll;_inore/lseason
iptech,ipmode,ipsize
Vy€Y,m€ M,s € S,rm € RM (25)
sp_store b t
z XBmy,m,s,rm,ptech,pmode,psize < Capy?l;inore/lseason
ptech,pmode,psize
Vy€e€Y meM,s € S,rm € RM (26)
spc_store bm_store
XBmy,m,s,rm = Capy,s,rm / Aseason
Vy€Y,m€ M,s € S,rm € RM (27)
ip_store ip_store season
ley,m,ip,iptech,ipmode,ipsize,ibp = Capy,ip,iptech,ipmode,ipsize,ibp/A
Vy € Y,m € M, ip € IP,iptech € IPTECH,ipmode € IPMODE, ipsize € IPSIZE, ibp € IBP (28)
p_store p_store season
Xpry,m,p,ptech,pmode,psize,pd = Capy,p,ptech,pmode,psize,pd/A
Yy € Y,m € M, p € P,ptech € PTECH, pmode € PMODE, psize € PSIZE, pd € PD (29)

$1.2.5. Grid infrastructure capacity constraint

The annual capacity level of a grid infrastructure (grid, 4 4:+) is established by accounting

initial invest )
y.¢.9.9 v.c.9.9',t!"

Investment cost for the grid infrastructure will only be accounted if a new capacity is invested, meaning

the existing capacity in operation (grid ,+) and the new capacity invested (grid

that for the existing capacity, the transport of a commodity is only associated with the operational
cost. The grid infrastructure capacity constraint is defined in Eq. (30).



, _ , : yinitial i jinvest .
[grldy,c‘g_g,_t = gridy_1.cg,g1ti(y>1) T 9Ty g grei(y=1) T grldy,c,g,gr,t] |ﬁgnd/\ﬁg%

VyeY,ceCgeGg e€GteT (30)

The capacity constraint formulated in Eq. (30) restricts the amount of commaodities that can
be transported using the infrastructures. These are shown in Eqgs. (31) and (32) for the transport of

. . ipp .
intermediate product (ley’m’l-p,iptech’ipmode’l-psize’ibp’p’ptech’pmode’psize’t) and bioenergy product

pd .
(Xpry,m,p,ptech,pmode,psize,pd,d,t)’ rESpeCtlvely'

ipp
Z ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t grid ib t
. < y.iop.9.9" | grid ct
gip ) pOP Bibp MBibpt
gip" Vg’ p

vy eY,ibpeIBP,geG g €GteT (31)

m,ip,iptech,ipmode,ipsize,p,ptech,pmode,psize|f

d
zXPr;mpptech pmode,psize,pd,d,t rid
,m,p, , , pddt g y,pd,g,g',t |
; gp , pgd
m,p,ptech,pmode,pstze,d|Bg'p/\ﬁg,'d

grid ct
ﬁpd Aﬁpdi

vyeY,pdePD,geGg €GteT (32)
$1.2.6. Renewable energy/emission target

Policy target is one of the mechanisms used to drive bioenergy in meeting the portion of
energy demand. Thisisillustrated in Eqg. (33), where renewable energy target is used to drive the future
bioenergy capacity, and Eq. (34), where CO, emission target is used to drive the future production
required to deliver emission reduction. It is noted that conditions (targetf}feo > 0) and
(target}e,m > 0) are exerted to the respective equations in order to prevent the system from
specifying null value as a target in a particular year, and also, to deactivate these two equations if policy
instruments are being used as tools to drive the future renewable energy production and emission
reduction.

pd .
(Z XPry,m,p,ptech,pmode,psize,pd,d,t = targetf}‘eo

' )l(target§f£>0)
VyeY,e€E (33)

m,p,ptech,pmode,psize,pd,d,L“|ﬁf,‘fjl'e/\ﬁf,fjl',t



Z pmY, demf”f (TOTEMISSION,, + Em)"P¢ + Em)™P¢ + Em)"-St0Te-Pe)
f.ed

em
= targety |(target§m>0)

VyeY (34)

$1.2.7. Cost of energy supply chain

Total cost of the energy supply chain can be broken down into the collection/purchase costs
of feedstock as defined in Egs. (35) and (36), the storage costs of feedstock as defined in Egs. (37) and
(38), the storage costs of intermediate product and bioenergy product as defined in Egs. (39) and (40),
the transport costs of feedstock as defined in Egs. (41) and (42), the transport costs of intermediate
product and bioenergy product as defined in Egs. (43) and (44), the shipping costs of feedstock and
intermediate product as defined in Egs. (45) and (46), the infrastructure costs associated with pre-
processing and conversion plants as defined in Egs. (47) and (48), the investment costs of pre-
processing and conversion plants as defined in Egs. (49) and Equation (50), the operating costs of pre-
processing and conversion plants as defined in Egs. (51) and (52), and the reference cost of the energy
sectors as defined in Eq. (53).

Eq. (35) defines the collection/purchase cost of feedstock, consisted of the multiplications of
the quantities of feedstock collected/purchased for supplies to the pre-processing plant

(XBmSLp ¢), conversion plant (XBm??

y m,s,rm,ip,iptech,ipmode,ipsize, t) and harbor
(XBms"

y,m,s,rm,p,ptech,pmode,psize,

y.m,s,rm,h,ptech,pmode,psize, ¢) with the unit price of feedstock (pfy_rm).

sip
COStbm _ z z XBmy,m,s,rm,ip,iptech,ipmode,ipsize,t
ye —

m,s,rm,t| et . teche
rm,

ip,iptech,ipmode,ipsize|Biytech,e

+ Z Z XBmy m,s,rm,p,ptech,pmode,psize,t

ptech,pmode,psize

Z XBmy m,s,rm,h,ptech,pmode,psize,t

c
h|ﬁ5hlp Iﬁteche pfy’rm

ptech,e

VyEY,e€E (35)

Eg. (36) defines the collection/purchase cost of feedstock associated with the existing
bioenergy plant/mill. It consisted of the multiplication of the quantity of feedstock

Spe ) with the unit

collected/purchased for supply to the existing bioenergy plant/mill (XBmy,m,s,rm,p,t

price of feedstock (pfym)-



spc c
Cost?™M-Pc — Z XBmy o s rmp,ePlyrm
y

m,srmp,tlBEh, ¢

VyeY (36)

Eqg. (37) defines the storage cost of feedstock, consisted of the multiplication of the quantities

H H SiDstore
of feedstock stored for supplies to pre-processing plant (XBmy,m,s,rm,iptech,ipmode,ipsize) and

sp_store

H H store
y'm’s'rm,ptech’pmode’psize) with the unit cost of storage (pfi5n"" ).

conversion plant (XBm

bm_store
Costy ¢
sip_store sp_store
= Z Z XBmy,m,s,rm,iptech,ipmode,ipsize + z XB My m,s,rm,ptech,pmode,psize p store
= ™m
msTm \ iptech,ipmode,ipsize| BEEERS, ptech,pmode,psize|B5icns .
Vy€Y,e€E (37)

Eq. (38) defines the storage cost of feedstock associated with the existing bioenergy plant/mill.

It consisted of the multiplication of the quantity of feedstock stored for supply to the existing bioenergy

plant/mill (XBmJSf,fL‘_;t;O,;e) with the unit cost of storage (pf;5:°"¢).

spc_store. sstore
Cost}ljm_store_pc = 2 XBmy,m,s,rm Pfrm

m,s,rm

Vy €Y (38)

Eq. (39) defines the storage cost of intermediate product, consisted of the multiplication of
the quantity of intermediate  product stored in the  pre-processing  plant

ip_store . . store
(XIby,m’l-p’iptech,ipmode,ipsize’ibp) with the unit cost of storage (pfip, )

ip_store store
COStip‘Store _ Z ley,m,ip,iptech,ipmode,ipsize,ibppfibp
y.e -

m,ip,iptech,ipmode,ipsize,ibp|Bit;tc£lceh .

VyeY,e€E (39)

Eqg. (40) defines the storage cost of bioenergy product, consisted of the multiplication of the

quantity of product stored in the conversion plant (XPrp‘Smre

y,m’p’ptech’pmode’psize’pd) with the unit cost of

store).

storage (pfpd



p_store store
COStP_StOTe — Z Xp y,m,p,ptech,pmode,psize,pdpfpd
v.e

m,p,ptech,pmode,psize,pd|ﬁ§§'e

VyeY,e€E (40)

Eq. (41) defines the transport cost of feedstock, consisted of the multiplication of the
quantities of feedstock transported from the supply point to pre-processing plant

sip : Sp
(XBMy 1 s, rm,ipiptech,ipmode,ipsize,t)» CONVersion plant (XBmy, oy, ¢ 1, prech pmode,psize,r) @nd harbor

sh :
(XBMY, 1 s rm hptechpmode,psize,t)r and from harbor to conversion plant
h
(XBm_?

y,m,rm,h',p,ptech,pmode,psize,t
cost (pfr’;l,g?d); 2) unit transport cost (pf;in%’) multiplied with distance; and 3) unit fuel transport cost

(pfIely multiplied with distance.

), with the respective cost parameters: 1) unit loading/unloading

yrmt
bm_t
Costy .
sip tload ;4 SID tvar tfuel
— Z Z XBmy,m,s,rm,ip,iptech,ipmode,ipsize,t [pfrm,t + DLStS.ip,t (pfrm,t + pfy,Tm,t)]

mrmt]gee s,ip,iptech,ipmode,ipsize|Bfstoch e

sp tload - 45D tvar tfuel
+ 2 XBmy,m,s,rm,p,ptech,pmode,psize,t [pfrm,t + DlSts,p,t (pfrm,t + pfy,rm,t)]

s,p,ptech,pmode,psize|B£ﬁ‘ef’éﬁ'e

sh tload - +Sh tvar tfuel
+ 2 XBmy,m,s,rm,h,ptech,pmode,psize,t [pfrm,t +D lSts,h,t (pfrm,t + pfy,rm,t)]

s,h,ptech,pmode,psize|ﬁ§§g?fl_e/\ﬁﬁﬁip

hp tload - hp tvar tfuel
+ 2 XBmy,m,rm,h’,p,ptech,pmode,psize,t [pfrm,t + DLSth’,p,t (pfrm,t + pfy,Tm,t)]

, tech shi
h',p,ptech,pmode,psize Iﬁpigcﬁ,eAﬁrmp

Vy€eY,e€E (41)

Eq. (42) defines the transport cost of feedstock associated with the existing bioenergy

plant/mill. It consisted of the multiplication of the quantity of feedstock transported from the supply
spc

point to existing bioenergy plant/mill (XBmy, ¢ o) ¢

) with the respective cost parameters: 1) unit

loading/unloading cost (pfrt,l,?“t’d); 2) unit transport cost (pfr’;',’l‘_’tr) multiplied with distance; and 3) unit

fuel transport cost (pftfuel

yrm,t) Multiplied with distance.

spc tload : 45D tvar tfuel
Costbm_t_pc — z XBmy_m,s_rm,p,t [pfrm,t + D lSts,p,t (pfrm,t + pfy,rm,t ]
y

m,s,rm,p,t|Bime

Vy€eY (42)



Eqg. (43) defines the transport cost of intermediate product, consisted of the multiplication of
the quantity of intermediate product transported from the pre-processing plant to conversion plant

ipp iph
(ley m,ip,iptech,ipmode,ipsize,ibp,p, ptech,pmode,psize,t) and harbor (ley,m,ip,iptech,ipmode,ipsize,ibp,h,t)'

and from harbor to conversion plant (XIb ), with the respective cost

y,m,ibp,h/ p,ptech,pmode,psize,t’’

parameters: 1) unit loading/unloading cost (pfif,ll‘,’”t‘d)' 2) unit transport cost (pfif,';,‘f[) multiplied with

tfuel
distance; and 3) unit fuel transport cost (pf ibp, +) multiplied with distance.
C ostlb t
tload
pflbp t
ipp tvar

_ Z Z ley,m ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t Di Stlpp pf‘bp t
B m,ibp,t| ¢ ip,p,t ftfuel

Bibp.t v,ibp,t

teche
iptech,e

iph tload iph tvar tfuel
+ 2 ley,m,ip,iptech,ipmode,ipsize,ibp,h,t [pfibp.t + DlStLp h t(pfibp,t + Pf ,ibp,t

teche ship
iptech,e/\ﬁibp

ip,iptech,ipmode,ipsize,p,ptech,pmode,psize|f

ip,iptech,ipmode,ipsize,ibp,h|B

tload tvar tfuel
Z ley,m ibp,h',p,ptech,pmode,psize,t [pfibp,t + DlSth' D, t(pfibp't + Pf ,ibp, t)]

teche . ﬁShlp

,p,ptech,pmode,psize|ﬁptech'e ibp

Vy€eY,e€E (43)

Eqg. (44) defines the transport cost of bioenergy product, consisted of the multiplication of the

quantity of product transported from the conversion plant to demand point
(XPr}lepptechlpmode,pme‘pd a¢) With the respective cost parameters: 1) unit loading/unloading cost
pfzféotad) 2) unit transport cost (pfp”ar) multiplied with distance; and 3) unit fuel transport cost

(pftf,’:let) multiplied with distance.

tload pd var tfuel
tPT t z XP y m,p ptech,pmode,psize,pd,d, t[p + DlSt t(pfp tp ypdt ]

m,p,ptech, pmode,pstze,pd,d,t|ﬁpd,e/\ﬁpd_t
VyeYe€E (44)

Cos

Eqg. (45) defines the shipping cost of feedstock, consisted of the multiplication of the quantity

of feedstock shipped from harbor to harbor (XBm;‘Z‘n rm,h’ ptechpmodepsize,

shlpload

¢) with the respective

shlpvar

cost parameters: 1) unit loading/unloading cost (pf,., ); and 2) unit shipping cost (pf,,

multiplied with distance.

shlpload shlpvar)

Cost bm _Ship __ Z XBmy mrm,hh’ ,ptech,pmode,psize, t( + DLSth n' tpf

mrmhh ,ptech,pmode,psize,tlﬁéii?fl JABSTID ABEE ¢



VyeY,e€E (45)

Eqg. (46) defines the shipping cost of intermediate product, consisted of the multiplication of

the quantity of intermediate product shipped from harbor to harbor (ley m,ibp, ik’ ptech’pmode’psize_t)
with the respective cost parameters: 1) unit loading/unloading cost (pfzglfload

cost (pfizglfmr) multiplied with distance.

); and 2) unit shipping

shipload shipvar
COStlb ship __ z ley m,ibp,h,h' ,ptech,pmode,psize, t(pfibp,t + DlSth n' tpflbp,t )
m,ibp,h,h/ ptech,pmode,psize, tlﬁf,i‘effclﬁ eAﬁfl:llipAﬁfpr't
VyeY,e€E (46)

Eq. (47) defines the infrastructure cost of the pre-processing plant, consisted of the

multiplication of the invested grid infrastructure capacity (grldm’,’ﬁfi7 gr¢) With the respective cost
infrafix

parameters: 1) unit investment cost of grid connectivity bep ¢

); and 2) unit investment cost of

infravar

grid interconnection (pf., ,

) multiplied with distance.

ipp infravar
ridinvest fmfrafzx Z Disty,, 1Pfipp,t
Costlp infra _ / 9T%y,ibp,g.g1t | Plibp,c oiv
- i, p|ﬁg "Bt

. ce grid , Hct
lbp'g'g"tlﬁibp,e/\ﬁibp Aﬁibp,t

Vy€Y,e€E (47)

Eqg. (48) defines the infrastructure cost of the conversion plant, consisted of the multiplication

of the invested grid infrastructure capacity (grld‘"”gsgtg, ¢) with the respective unit cost parameters:
1) unit investment cost of grid connectivity ( pfmfmflx) and 2) unit investment cost of grid

in fravar

interconnection (pf ) multiplied with distance.

mfravar
LTlfT'afo 2 DLStp d, P, pdt

invest
i Egrldypdggrt p
Cost}z,’,‘emfm = pd‘ﬁg /\Bg

/\ﬁg”d

Pa.g.g0.t1BG NS ABGY ¢

Vy€eY,e€E (48)



Eq. (49) defines the investment cost of the pre-processing plant, consisted of the multiplication
ip

of pre-processing plant capacity (Slzey’ip’iptech,ipmode’ipsize

) with the unit investment cost

capex
(pfiptech, ipmode,ipsize )

Si ip capex
Costip_capex _ lzey,ip,iptech,ipmode,ipsizepfiptech,ipmode,ipsize
y'e -
ip,iptech,ipmode,ipsizeI[j’it;ggfh'e
Vy€Y,e€E (49)

Eqg. (50) defines the investment cost of the conversion plant, consisted of the multiplication of

9 ) with the unit investment cost (pf.52P¢* ).

conversion plant capacity (Slzey'p'ptech'pmode_psize ptechpmode,psize

Si p capex
COStp‘Capex _ lzey,p,ptech,pmode,psizep ptech,pmode,psize
y.e -
p,ptech,pmode,psize|ﬁ§§g?fl_e
Vy€eY,e€E (50)

Eqg. (51) defines the O&M cost of the pre-processing plant, involving the summations of the

following  multiplications: 1)  multiplication of the pre-processing plant capacity

. ip . e opexfix . Lo .
(Slzey’ip‘iptech'ipmode_ipsize) with the unit fix O&M cost (pfl.ptech‘ipmode_ipsize), and 2) multiplication of
ipp

the production quantities of intermediate product (ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t

and XIpP" ¢) with the unit variable O&M cost (pfi"pexvar ).

y,m,ip,iptech,ipmode,ipsize,ibp,h, ptech,ipmode,ipsize

. . ip opexfix
COStJl,pe'()pex = Z Slzey,ip,iptech,ipmode,ipsizepfiptech,ipmode,ipsize
’ ip,iptech,ipmode,ipsize| teche
Biptech,e
z XIbP?
+ y,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t

m,ibp,t| ,ct i
ﬁicbp,t p,ptech,pmode,psize

XIbPh
+ y,m,ip,iptech,ipmode,ipsize,ibp,h,t fopexvar

iptech,ipmode,ipsize

ship
h1Bipy

VyeY,e€E (51)

Eq. (52) defines the O&M cost of the conversion plant, involving the summations of the

following multiplications: 1) multiplication of conversion plant capacity (Size;p’ptech’pmode’psize) with

the unit fix O&M cost (pflPex ™

ptechpmodepsize); and 2) multiplication of the production quantity of



. d . . .
bioenergy product (XPrf’m'p’ptech’pmode‘psize’pd_d't) with the wunit variable O&M cost
( fopexvar )

ptech,pmode,psize

. 2 opexfix
COStJI;‘eOpex = Z Slzey,p,ptech,pmode,psizepfptech,pmode,psize
’ p,ptech,pmode,psize| pteche
pteche
pd opexvar
+ Z XPry,m,p,ptech,pmode,psize,pd,d,tpfptech,pmode,psize
m,pd,d,t|ﬁ£§l',t
VyeY,e€E (52)

Eqg. (53) defines the reference cost associated with the energy sectors. The reference fossil

fuel-based energy production (XPrref

ym.fe 4) is multiplied with the associated fossil fuel technology cost

(pfyrjec};) in quantifying the reference energy cost. It is noted that the base investment cost of fossil fuel

technology (pffcgpexml) is also included to account the cost associated with the substituted capacity

of fossil fuels by renewable energy (i.e., co-firing).

ref ref . p ) capexbal
y.e

m.f.ed p,ptech,pmode,psize,f| B;ﬁ‘é?ﬁ'eAﬁ;‘;iﬁ,{ f

Vy€EY,e€E (53)
$1.2.8. Emission of energy supply chain

Total emission of the energy supply chain can be broken down into the emissions from
feedstock collection as defined in Egs. (54) and (55), the emissions from feedstock storage as defined
in Egs. (56) and (57), the emissions from intermediate product and bioenergy product storages as
defined in Egs. (58) and (59), the emissions from feedstock transport as defined in Egs. (60) and (61),
the emissions from intermediate product and bioenergy product storages as defined in Egs. (62) and
(63), the emissions from feedstock and intermediate product shipping as defined in Egs. (64) and (65),
the emissions from pre-processing and conversion activities as defined in Egs. (66) and (67), the
avoided emission associated with the utilization of feedstock as defined in Eq. (68) and the total
emission of the reference energy sectors as defined in Eq. (69).

Eqg. (54) defines the emission from feedstock collection, consisted of the multiplications of the
qguantities of feedstock collected for supplies to the pre-processing plant

sip . Sp
(XBMy 15, rm,ipiptech ipmode,ipsize,t)» CONVersion plant (XBmy, oy ¢ . 1, prech pmode,psize,r) @nd harbor

(XBMy 11 s rm,hptechpmode,psize,t) With the emission factor of feedstock collection (emf,").



sip
E bm _ Z Z XBmy,m.s.rm,ip,iptech,ipmode,ipsize,t
Mmye =

m,s,rm,tlﬁ,%n't ip,iptech,ipmode,ipsize|ﬁf§f£fh,e
sp
+ Z z XB my,m,s,rm,p,ptech,pmode,psize,t
ptech,pmode,psize \ P
sh
2 XBmy,m,s,rm,h,ptech,pmode,psize,t bm
+ |ﬁteche emjrm
h|ﬁ5hip ptech,e
™m
VyeY,e€E (54)

Eq. (55) defines the emission from feedstock collection associated with the existing bioenergy

plant/mill. It consisted of the multiplication of the quantity of feedstock collected for supply to the
spc

existing bioenergy plant/mill (XBmy,m,S’rm’p,

(emf5).

¢) with the emission factor of feedstock collection

spc bm
bm_pc _ E XB“ly,m,s,rm,p,te”l rm
Em, =

m,S,Tm,p.tlﬁﬁfn,t

Vy €Y (55)

Eq. (56) defines the emission from feedstock storage, consisted of the multiplication of the

SiPstore )

quantities of feedstock stored for supplies to pre-processing plant (XBmy,m’S’rm’iptech,ipmode,ipsize

. Ssp_store . ..
and conversion plant (XBmypﬁsrmptechpmode psize) with the emission factor of feedstock storage
store
(emfim’ ).
sip_store
m_store __ y,m,s,rm,iptech,ipmode,ipsize
Embmost XBm iptech,ipmode,ipsi
v.e =
m,s,rm iptech,ipmode,ipsize|ﬁf§f£§h'e
sp_store
+ ZXBmy,m,s,rm,ptech,pmode,psize em store
™m
ptech,pmode,psize|ﬁ§§g?fl_e
Vy€eY,e€E (56)

Eqg. (57) defines the emission from feedstock storage associated with the existing bioenergy

plant/mill. It consisted of the multiplication of the quantity of feedstock stored for supply to the

existing bioenergy plant/mill (XBm;?,fljj;(;;e) with the emission factor of feedstock storage (emf;35°7€).



spc_store store

Embm_store_pc — XBmy,m,s,rm emjrm
Y m,s,rm
Vy €Y (57)

Eq. (58) defines the emission from intermediate product storage, consisted of the
multiplication of the quantity of intermediate product stored in the pre-processing plant

ip_st . . . .
(le;?;ns_ig_ri;tech‘ipmode’ipsize’ibp) with the emission factor of intermediate product storage (emﬁ-ffp"re
ip_store store

ip_store __ ley,m,ip,iptech,ipmode,ipsize,ibp emfibp
Em

v.e =

m,ip,iptech,ipmode,ipsize,ibp|ﬁf§f£§h'e

VyeY,e€E (58)

Eqg. (59) defines the emission from bioenergy product storage, consisted of the multiplication

of the quantity of product stored in the conversion plant (XPrJf;,i,t;;etech,pmode’psize’pd) with the

emission factor of product storage (emfpsé"re),

p_store store
EmP_StOTe — Z XPry,m,p,ptech,pmode,psize,pdemfpd
y,e

m,p,ptech,pmode,psize,pd|3£Z’e
Vy€eY,e€E )

Eqg. (60) defines the emission from feedstock transport, consisted of the multiplications of the

quantities of feedstock transported from the supply point to pre-processing plant

Sp

sip .
(XBm ), conversion plant (XBmy,m’S’rm’p’ptech’pmode,psize,t

y,m,s,rm,ip,iptech,ipmode,ipsize,t ) and harbor

sh :
(XBMY, 1 s rm h ptechpmode,psize,t)r and from harbor to conversion plant
h
(XBm®P

/ ), with the respective emission factors: 1) emission factor associated
y,m,rmh’ ,p,ptech,pmode,psize,t

with loading and unloading of feedstock (emff,%f,?d); and 2) emission factor associated with feedstock

transport (emf, ;%) multiplied with distance.



sip tload ;4 SID tvar
Embm t_ Z Z XBmy m,s,rm,ip,iptech,ipmode,ipsize, t(emfrm,t + DlSts,ip t€MJrmt

teche

m,rm,tlﬁ,ct s,ip,iptech,ipmode,ipsize|Biptecn,e

tload Fo4SP tvar
2 XBm y,m s,rm,p,ptech,pmode,psize, t(emf + DLSts, temf

teche
ptech,e

tload FofSh tvar
2 XBmy,m s,rm,h,ptech,pmode,psize,t (emfrm,t + DlSts, temf

s,h,ptech,pmode,psize|ﬁ§§g?fl JABSHP

s,p,ptech,pmode,psize|f

(emf”"ad + Dist™™ cemfivar

2 XBmy,m rm,h' p,ptech,pmode,psize,t hip,

h',p,ptech,pmode, pstzel[};‘;g’;ﬁ JABSHP

Vy€eY,e€E (60)

Eqg. (61) defines the emission from feedstock transport associated with the existing bioenergy

plant/mill. It consisted of the multiplication of the quantity of feedstock transported from the supply
;f’,fl_s‘rm,p't) with the respective emission parameters:

1) emission factor associated with loading and unloading of feedstock (em rt,l,?“t’d); and 2) emission

point to the existing bioenergy plant/mill (XBm

factor associated with feedstock transport (emf,5%%") multiplied with distance.

Em bm tpc 2 XBm®P¢ (emfied?® + Dist]h Ccemfimd

ymsrmp,t
ms,rm,p, t|ﬁrmc

Vy €Y (61)

(62) defines the emission from intermediate product transport, consisted of the
multiplications of the quantities of intermediate product transported from the pre-processing plant to

. ipp
conversion plant (ley,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t) and harbor
iph .
(XIby’m ip'ipteCh’ipmode’ipsize’ibp’h’t), and from harbor to conversion plant
(XIp™ ), with the respective emission factors: 1)emission factor associated

y,m,ibp,h' p,ptech,pmode,psize,t’’

with loading and unloading of intermediate product (emfif,lz‘,’_‘gd); and 2) emission factor associated with

intermediate product transport (emﬂ%‘f{) multiplied with distance.



tload
ib_t _ y,m,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t ipp tvar
Emy'e m,ibp,t| ¢ +DlStLp D, temfibp,t
ﬁlb’” ip,iptech,ipmode,ipsize,p,ptech,pmode,psize|Bf§§£lceh'e
iph tload iph tvar
+ 2 ley,m,ip,iptech,ipmode,ipsize,ibp,h,t (emfibp,t + DlStLp h, temfibp,t
ip,iptech,ipmode,ipsize,ibp,hIﬁit;ggfh'e/\ﬁis;l;p
tload - L hp tvar
Z ley,m ibp,h',p,ptech,pmode,psize,t (emfibp,t + DlSth’,p,temfibp,t )
. hi
,p,ptech,pmode,pstze|ﬁ£‘zg’clfl'e Bisb;p
VyeY,e€E (62)

Eqg. (63) defines the emission from bioenergy product transport, consisted of the multiplication
of the quantity of product transported from the conversion plant to the demand point

(xpr? ’mpptech pmode.psize, pddt) with the respective emission factors: 1) emission factor associated

with loading and unloading of bioenergy product (em zféo,f‘d) and 2) emission factor associated with

bioenergy product transport (emfp”ar) multiplied with distance.

tload tvar
Em pr t Z XP ,p ptech,pmode,psize,pd,d, t(em + DlStp d, temf

m,p,ptech,pmode,psize,pd,d tlﬁpd e’\ﬁpd ¢
VyeY,e€E (63)

Eqg. (64) defines the emission from feedstock shipping, consisted of the multiplication of the

quantity of feedstock shipped from harbor to harbor (XBmymrmhh,_ptech’pmode’psize’t) with the

respective emission factors: 1) emission factor associated with loading and unloading of feedstock

shipload shipvar T .
( rmf ); and 2) emission factor associated with feedstock shipping (emf p ) multiplied with
distance.
shipload shipvar
Em bm _Ship __ 2 XBmy,m rm,h,h’ ,ptech,pmode,psize, t( rm,t + DLSth n' tem rm,t )
mrm,hh ,ptech,pmode,psize,tlﬁéigﬁfl e/\/j’smp/\ﬁrm ¢
VyeY,e€E (64)

Eq. (65) defines the emission from intermediate product shipping, consisted of the
muItipIication of the quantity of intermediate product shipped from harbor to harbor

(XIb ¢) with the respective emission factors: 1) emission factor associated

y,m,ibp,h,h' ptech,pmode,psize,

shipload

ibp.t ); and 2) emission factors associated

with loading and unloading of intermediate product (em

shipvar

ibp.t ) multiplied with distance.

with intermediate product shipping (em



hh shipload . .hh shipvar
Emib_ship _ Z ley,m,ibp,h,h’,ptech,pmode,psize,t(em ibp,t + DlSth,h’,tem ibp,t )
y.e -

, ’ . teche ship , pct
m,ibp,h,h ,ptech,pmode,pstze,tI[j’ptech,e/\ﬁibp Aﬁibp,t

Vy€eY,e€E (65)

Eqg. (66) defines the emission from pre-processing activity, consisted of the multiplication of
ipp

the production quantities of intermediate product (X1by 1 1, itech ipmode,ipsize,ibp.p,ptechpmode,psize,t

iph . . .
and XIby_m‘ip’iptech'ipmode'ipsize'ibp_h't) with the emission factor of pre-processing technology

tech
(emfiptech,ipmode)'

ip _
Emy,e =

E XIpPP . o .
ym,ip,iptech,ipmode,ipsize,ibp,p,ptech,pmode,psize,t
m,ip,iptech,ipmode,ipsize,ibp,t|Bteche

ct i
iptech,e/\ﬁibp,t p,ptech,pmode,psize

XIp?P"
+ y,m,ip,iptech,ipmode,ipsize,ibp,h,t tech
hi emfiptech,ipmode
Ul

ibp

Vy€eY,e€E (66)

Eqg. (67) defines the emission from conversion activity, consisted of the multiplication of the

production quantity of bioenergy product (XPrfd

m.p,ptechpmode,psize,pd,d ¢) with the emission factor of

tech )

conversion technology (emfytech pmode

pd tech
Emp _ 2 XPr, ,m.p,ptech,pmode,psize,pd,d,tem ptech,pmode
e =

m,p,ptech,pmode,psize,pd,d,t|ﬁ£ﬁ‘ef?ﬁ'eAB£fu

VyeY,e€E (67)

Eq. (68) defines the avoided emission associated with the utilization of feedstock, consisted of

the multiplications of the quantities of feedstock supplied to the pre-processing plant

sp

sip .
(XBm ), conversion plant (XBmy’m_S'rm'p'ptech'pmode_psize’t

y,m,s,rm,ip,iptech,ipmode,ipsize,t ) and harbor
sh . . . . . . T .
(XBMY, 1 s rm h ptech,pmode,psize,t) With the emission avoidance factor associated with the utilization

of feedstock (emf,2v0id),



sip
Emavoid — 2 2 XBmy,m.s,rm,ip,iptech,ipmode,ipsize,t
y,e

m,s,rm,t|B$1tn . ip,iptech,ipmode,ipsize|BLEMe

iptech,e
Sp

+ z z XB my,m,s,rm,p,ptech,pmode,psize,t

ptech,pmode,psize \ P

sh

2 XBmy,m,s,rm,h,ptech,pmode,psize,t avoid

+ |ﬁt%Ch}e;_ emjrm
hip ptech,e
hlBrm
VyeY,e€E (68)

Eqg. (69) defines the emission of the reference energy production. The reference fossil fuel-

based energy production (XPr;fr{_f’e’d) is multiplied with the emission factor of fossil fuel technology

(emffrgf) in quantifying the emission of the reference energy production.

ref ref
Emreef — Z XPry,m,f,e,demff,e
¥ m,f,ed

VyEY,e€E (69)
$1.2.9. Objective function

The objective function of the model is to minimize the total cost of energy system (Eq. (70)),
which is equivalent to the summation of the total cost of energy supply chain (Eq. (71)) and the product
of the total emission of energy supply chain (Eq. (72)) and carbon price (pfywz), subtracted with the
total price subsidy of bioenergy product (Eq. (73)).

minTSC = Z(TOTCOSTJ, + T0TEMISSIONypfy""’2 - SUBSIDYy) (70)
y

TOTCOST, = Z(C ostﬁ_’? +C ost}lfg-t +C ost}?fen‘smp +C ost}lfg-s tore 4 ¢ ostji,z,’e"wpex +C ost}if”e“’pex
e

ip_store ib_t ib_shi ip_infra

+ Costy; + Costy ¢ + Cost,,; Py Cost, ¢ + Costf,”‘ecapex + Costf,"‘:pex
+C ost;‘es tore 4 ¢ ost;re‘t +C ostjz;_‘einf "yc ost;,eef ) +C ostﬁm‘pc +C ostjl;m‘t‘pC

bm_store_pc

+ Costy
Vy€eY (71)



TOTEMISSION,,

_ bm bm_t bm_ship bm_store ip ip_store
= Z(Emy_e +Emy .~ +Em,, + Em, . +Em,y,, + Em,;
e
ib_t ib_ship P p_store pr_t ref bm_pc
+Emy; +Em,, + Emy . + Emy, +Emy, s +Em,; ) + Em,,
bm_t_pc
y

bm_store_pc

+ Emy

+ Em
Vyey

fsubs

d
z XPTy o v ptechpmode psize pa,dtPSpa
SUBSIDY, = ym,jp,ptech,pmode,psize,pd,d,t/y.p

m.P,Ptech,pmode,psize,pd,d,t|ﬁ§fu
Vyey

(72)

(73)



