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Model Formulation

Following the problem statement, a multi-objective MILFP model is proposed in this section,
which addresses the LCO of waste biomass supply chain for the poultry sector considering
pyrolysis technologies.

The two conflicting objectives introduced in the previous section are represented by Eq. (49)
and Eq. (56) that stand for the unit annualized profit objective and the unit environmental impact
objective, respectively. Constraints (1) - (3) are poultry waste feedstock supply system constraints.
Constraints (4) - (23) are constraints for pyrolysis facilities. Constraints (24) - (38) are upgrading
facility constraints. Product distribution system constraints are constraints (39) and (40).
Corresponding economic and environmental constraints are constraints (41) - (48) and constraints
(50) - (55), respectively.

All sets, indices, variables and parameters that are involved in the model are summarized and
listed in the Nomenclature. All variables are denoted with lower-case symbols; all parameters and
sets are denoted with upper case symbols. The LCO model of the poultry litter supply chain

considering pyrolysis technologies is formulated in the following subsections.

Constraints

Poultry waste feedstock supply system

Constraint (1) shows the upper limit of poultry waste acquisition. The procured poultry waste
amount at a specific poultry farm and a specific time period cannot exceed the available amount
of this type of waste biomass. The set of poultry waste types indexed by b is denoted as B. In

addition, / denotes the set of feedstock poultry farms, and 7 represents the set of time periods.
bmp,, <BA,,,VbeB,iel,teT M

where bmpy,iis the amount of poultry waste type b procured from poultry farm 7 in time period .
Parameter BA»,i s the amount of poultry waste type b available at poultry farm 7 in time period ¢.
It is worth noting that seasonality and geographical availability of different types of waste can be
represented by different values of BAy,i .

Constraint (2) represents the mass balance of the organic waste transportation process. The

set of pyrolysis facilities indexed by & is denoted as K, and M is the set of transportation modes.
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bmpb,i,t = ZZﬁkb,i,k,m,[)Vb € Bal € I,t € T (2)
k m

where fikp,;im: represents the dry weight of poultry waste type b shipped from poultry farm i to

pyrolysis facilities £ using transportation mode m in time period ¢. The amount of poultry litter

acquired (bmps,i;) equals to the total amount shipped to pyrolysis facilities (Z Z ﬁkb,,-,k,m,t ).
km

Constraint (3) stands for transportation capacity constraints. p, is the mass of standard dry
biomass of 1 dry ton of poultry waste type b, and MC) is the moisture content of poultry waste
type b. WCIK; i,mrepresents the feedstock transportation capacity from poultry farm i to pyrolysis
facility k using transportation mode m in time period ¢. The total shipping amount of organic waste
(left-hand side) should not exceed the corresponding transportation capacity (WCIK; i,m,).

ik, ,
ZMSWCIKj,k,m,tavl.EI,keKamEM’tET )

b 1- b

Pyrolysis facilities

Constraints (4) and (5) represent the mass balance of poultry litter feedstock in pyrolysis
facilities. €, 1s the proportion of waste type b deteriorated during storage in time period ¢. sbkp i«
is the storage level of poultry litter b at pyrolysis facility & in time period ¢. The set of pyrolysis
technologies (indexed by ¢) and intermediate upgrading technologies (indexed by ¢’) is denoted
by O, and wbky,i 4 represents the amount of poultry waste type b processed through technology ¢
in pyrolysis facility k£ in time period ¢. As constraints (4) and (5) show, the poultry waste “input”

in time period ¢ is the left-hand side, which equals to the summation of the amount of poultry litter

shipped to a pyrolysis facility (ZZﬁkb,i,k,m’t ), and the remaining feedstock storage amount (

(1 —€, )sbkb, r.-1)- On the other hand, the poultry litter “output” in time period ¢ are shown on the
right-hand side, which is the summation of the amount of litter processed through pyrolysis (

Z kab,k,q,t ) and the storage amount of litter (Sbkb,k,t ).
q

DX ik e+ (16, ) DKy = D Whk, , ,, + 5K, VbeBke K122 (4)
i om q

Z z Siky s i + (1 T Cm )Sbkb,k,t:m = Z wbky, . +sbk,, ,,VbeB,keK (5)
i m q
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Notably, the parameter e captures the deterioration feature of poultry waste** *°. In addition,
a “cyclic” manner of inventory balance is considered and shown in constraint (5) that the poultry
litter storage amount at the beginning of the year and the inventory level at the end of the year are
the same.

Likewise, the mass balance of products in pyrolysis facilities are shown in constraints (6) and

(7). Set of demand zones are denoted as D.

z 2R ZZﬂcdd’k’p,mJ +spk, ,,,VkeK,peP,t22 (6)
q d m

zwpkk,p,q,tzl "'Spkk,p,z:\r\ = zszdd,k,p,m,t:l + Spkk,p,t:l’ VkeK,peP (7)
q d m

where spkip,: s the storage level of product type p at pyrolysis facility & in time period ¢, and
wpki p,q.:1s the amount of product type p produced from technology ¢ in pyrolysis facility & in time
period ¢. fkda i, p,m denotes the amount of product type p shipped from pyrolysis facility k£ to demand
zone d using transportation mode m in time period ¢.

The mass balance of intermediates such as bio-oil and syngas are derived in a similar manner
in constraints (8) and (9). Since some intermediates are not suitable for further upgrading from an
economic or environmental perspective, they are processed on-site at the pyrolysis facilities, and
the processed amount of intermediate g in pyrolysis facility & in time period ¢ is presented by rgke i,

Set of upgrading facilities indexed by / is denoted as L.
z wegk, i 58k, 40 = ZZﬂdg’k’,,m,[ +sgk,, +rgk,;,,VgeG,keK 122 (8)
q I m

Z ngg,k,q,t:l + Sgkg,k,t:m = zzﬂdg,k,l,m,tzl + Sgkg,k,t:I + rgkg,k,t:l ,VgeG,kek )
q I m

where sgkg i 1s the storage level of intermediate type g at pyrolysis facility £ in time period ¢, and
wgkg 14,15 the amount of intermediate type g produced through technology ¢ in pyrolysis facility
k in time period ¢. fklg i1m denotes the amount of bio-oil or biogas type g shipped from pyrolysis
facility k to upgrading facility / using transportation mode m in time period ¢.

Constraint (10) shows the calculation of the processed amount of bio-oil or biogas at pyrolysis
facilities. Binary 0-1 parameter Yi,equals to 1 for biogas type g which is processed in pyrolysis

facility &, and Y ¢ equals to O for bio-oil type g since it is not processed locally at pyrolysis facilities.

rgkg,k’t :ZYM-wgkg’k’q’t,VgeG,keK,teT (10)
q
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Constraint (11) indicates that at most one pyrolysis technology and capacity level can be
selected for a given pyrolysis facility. Set R represents capacity levels of facilities, and binary
variable x4 - indicates whether pyrolysis technology ¢ and capacity level r are selected for
pyrolysis facility &. We note that if the left-hand side of constraint (11) equals to zero, no pyrolysis

facilities will be built at location k.

Y%, SLVkek (11)
— 4

Constraint (12) enforces that for each technology ¢, the number of corresponding pyrolysis

facilities has an upper bound NK.
2.2 % SNK,,¥g €0 (12)
k r

The capacity range of a pyrolysis facility is given in constraint (13). capki g, 1is the annual
production capacity of pyrolysis facility & with pyrolysis technology ¢ and capacity level r, and
PRKj. 4, 1s the upper bound of the capacity (in terms of dry tons of standard biomass) of pyrolysis
facility £ with technology ¢ and capacity level r.

PRKk’q’rflxk,q,r < capkk,q’r < PRKk’q’rxk,q,r,Vk eK,geQ,reR (13)

Constraint (14) calculates the capital cost of pyrolysis facilities. Due to the scaling effect of
facility economics, the capital cost of a pyrolysis facility k (fcapki) is represented by an
interpolated piecewise linear function!”- 3¢ based on different capacity levels. CRK}, 4, - denotes the

capital cost of pyrolysis facility k£ with technology ¢ at capacity level r.

CRK,  —CRK
tcapk, :ZZ CRK, ,, .\ %.,., +(capkk’ .—PRK,  ._x., [ Lid k’q”_ll ,VkeK
—~ & ar1Tha ‘ %) PRK, —PRK

k,q,r k,q,r—1
(14)
Likewise, the annual fixed O&M cost (tcfpkr) can be calculated through constraint (15).
CFKy4 1s a proportion of capital cost that serves as the rate of annual fixed O&M cost. Notably,
the cost rate CFK}4, may vary according to different pyrolysis technology ¢ and facility location £.
tefpk, =
> {CFKM Z [CRKk’q’”xk’q’r +(capk,,,, - PRK, ., ,x,,.) ( iﬁ?‘” : ;1:2‘?: ﬂ} VkeK

q k,q,r

(15)
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Constraints (16) and (17) represent the government incentive in the form of investment refund
(inckr). Owing to the environmental benefits of sustainable products from similar processes,
government incentives are available in certain regions. The government would refund the pyrolysis
facilities with either a proportion of their capital cost (where the refund proportion is INCP) or a
maximum incentive amount (/NCM), whichever is smaller. Clearly, no incentive will be granted

if no pyrolysis facility is built in location k.

inck, <INCM Y Y x,...Vke K (16)
q r
inck, < INCP-tcapk, ,Vk € K (17)

Constraints (18) and (19) calculate the annual cost (rcvpki) and environmental impact (revpki)
associated with intermediate processing in pyrolysis facility &, respectively.

revpk, = Z CNOK, , -wgk,,,,VkeK (18)
g

g.k,t?

VkeK (19)

g.k,t?

revpk, = Z ENOK, , -wgk
g

where CNOK g and ENOKj are unit cost and unit emissions of processing intermediate type g in
pyrolysis facility &, respectively.
Constraint (20) indicates the range of organic waste processed amount in pyrolysis facilities.

The total litter consumption amount in pyrolysis facility k£ in time period ¢ using technology ¢

H
(Z,Obkab,k’q,t ) is allowed to vary between the lower bound (6, H_}anpkk’q’r ) and the
b r

) ) H
corresponding capacity ( 7 It/ anpkk’ o)
H H
Hk,q H—}anpkk’q’r < Zpbwbkb’k’q’, < H—)’/anpkk,q’r,Vk €eK,qeQ,teT (20)
r b r

where 64 1s the minimum capacity utilization proportion for pyrolysis facility £ and technology g.
H, is the duration of a time period #, and HY is the duration time of a year. p; is the mass quantity
of standard dry biomass of 1 dry ton of poultry waste type b.

Constraints (21) and (22) represent the production scale of products and intermediates from
the pyrolysis process. appq and fpgq are conversion rates for product p and intermediate g,

respectively, from poultry waste type b using pyrolysis technology ¢.
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wpkk,p,q’, = Zab’p,qwbkbm,t,Vk eK,peP,qeQ,teT 1)
b

wgkg’k’q’t = Z,Bb)g’qwbkb’k’q)t,Vg €GkeK,qeQ,teT (22)
b

Constraint (23) describes the storage of poultry waste feedstock. The inventory level of
feedstock (sbks i) should be higher than the safety storage level, which is represented by the right-
hand side, to avoid unexpected circumstances. SKj: represents the safety period for pyrolysis
facility & in time period ¢, and the safety storage level is defined as the amount of processed
feedstock within the safety period.

SK,
sbk, 2 —

> wbk,,,.VbeBkeK,teT (23)
q

t

Intermediate upgrading facilities
Constraints (24) and (25) represent the mass balance of intermediate feedstock in upgrading

facilities. The set of upgrading technologies indexed by ¢’ are included in technology set Q.

ZZﬂdg’k’,’mJ + sglg’l’H = nglg’,’q,’t + Sglg’l’[,‘v’g eG,lelt>2 (24)
Kk m q'

zzjklg,k,l,m,tzl + Sglg,l,z:\T\ = Z ngg,l,q',t=l + Sglg,l,t=l’ Vg € G’l el (25)
k m q'

where sgly ;s the storage level of intermediate feedstock g at upgrading facility / in time period ¢,
and wglg 14 represents the consumption of intermediate type g processed through technology ¢’
at upgrading facility / in time period ¢.

Likewise, the mass balance of liquid fuel products at upgrading facilities is shown in

constraints (26) and (27).
Z wpl, , 5Pl = Zzﬂdd,l,p,m,t +spl, ,,,VleL,pe P22 (26)
q' m

d

Z Wpll,p,q',t=1 + Spll,p,t:m = Z Zﬂdd,l,p,m,t=l + Spll,p,t:l’ VI € L’ p € P (27)
q' d m

where wpl;p 4 1s the amount of liquid fuel product type p produced from technology ¢’ at
upgrading facility / in time period ¢, and the transportation of liquid fuel product p shipped from

upgrading facility / to demand zone d using transportation mode m in time period ¢ is denoted as

ﬂdd, Lp,m,t.
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Constraint (28) shows that at most one upgrading technology and capacity level can be
selected for an upgrading facility. Binary variable z;4 - indicates whether upgrading technology ¢’

and capacity level r is selected for upgrading facility /.

>z, <LViel (28)
q r
In constraint (29), NL, represents the maximum number of upgrading facilities that can be
built with technology ¢ .
> z,,<NL.,Vq'eQ (29)
I r

Constraint (30) gives the capacity range of an upgrading facility. capl;4:-and PRL; 4 are the
annual production capacity (in terms of gallons of gasoline equivalent (GEG)) and the upper bound

of the capacity, respectively, for upgrading facility / with technology ¢ " and capacity level r.
PRL,,, .7, <capl, . <PRL

1,q',r-1

Viel,q'eQ,reR (30)

arflgr

Constraint (31) indicates the maximum transportation distance (MDSg ) of intermediate
feedstock. Due to stability concerns of intermediate feedstock such as bio-oil, we consider that no
intermediates are transported from pyrolysis facility & to upgrading facility /, if the distance

between the two facilities (DSKLy;») exceeds the maximum allowable transportation distance

(MDSg,m,t).
Sy =0.5(g.k,Lm,0)|(MDS,,,, <DSKL,,,) (31)
Constraints (32) and (33) calculate the capital cost (fcapl;) and the annual fixed O&M cost
(tcfpl)) of an upgrading facility /, respectively. CRL; 4 - denotes the capital cost of upgrading facility

[ with technology ¢’ at capacity level r, and CFL, 4" 1s a proportion of capital investment that serves

as the annual fixed O&M cost.

CRL, ., —CRL, .,
teapl,=> | CRL,,., .z, ., +(capl, ., —PRL, . .z, ( S ”q"*] ,Viel
q ! ! ( ! ! ! ) PRLl,q',r_PRLl,q',r—l
(32)
CRL, . —CRIL,
tefpl, = {CFL, > | CRL, ..z, +(capl, ., —PRL, ., \z,,, [ Latr ”‘”“J ,Viel
= q - q'.r—171q ( q q q ) PRLI,q',r_PRLl,q',r—I
(33)

Constraints (34) and (35) calculate the government incentive in the form of investment refund
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(incl)) for the upgrading facilities. The amount of refund would be either a proportion (/NCP) of

the capital cost or a maximum incentive amount (/NCM), whichever is smaller.

incl, SINCM Y >z, .,,VleL (34)

-
incl, < INCP-tcapl,,Nl € L (35)
Constraint (36) gives the range of liquid fuel production amount in the upgrading facilities.

The total production level of liquid fuel in terms of GEG (Z(”prll, »q. ) should be higher than

p

H
the minimum production level (7, . HI[/ anpl,, .. )» and should not exceed the facility capacity
H
(H}t, anpll,q',r )
HZ‘ Ht '
My —anpll’q,’r < qupwpl,,p,q,’t < —anpll,q.’r,Vl €el,q'eQ,teT (36)
HY % P HY 5

where 7;4°1s the minimum capacity utilization proportion for upgrading facility / with technology
q’, and ¢, is the GEG of 1 gallon of product p.

Constraint (37) represents the mass balance for the production of liquid fuel from the
upgrading process. yg,,4'1s the conversion rate of fuel product p from intermediate feedstock g

using upgrading technology ¢ .

wpll’p’q,,t = Z;/g’p’q,wglg’,’q.’t,w elL,peP,q'eQ,teT (37)
g

Constraint (38) indicates the storage of intermediate feedstock in upgrading facilities. The
inventory level of intermediate (sgls;/) should be higher than the safety storage level represented

by the right-hand side.
SL,,
gl Z?nglg,,,q,’[,Vg eG,lelteT (38)
t q

where SL;;represents the safety period for upgrading facility / in time period .

Product distribution system

Constraint (39) calculates the sales of product p in demand zone d in time period ¢ (soldap,),
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which equals to the total amount of this product shipped from pyrolysis facilities (Z Z ﬂfdd,k, pont)
ko m

and upgrading facilities (Z Z fld 4..p.my ) In the time period with all types of transportation modes.

I m

Y fdy . A fd,, ., =sold, , ,NdeD,peP,teT (39)
ko m [ m

Constraint (40) shows the feasible ranges for the product sales. DEMV,,,is the upper bound
of demand of product type p in demand zone d in time period ¢, and DEM* 4, is the lower bound

of demand that should be fulfilled by the sustainable products.
DEMy , <sold,, <DEM, VdeD,pePitel 40)

d,p,t?

Objective functions

Economic objective function

The economic objective is to maximize the unit annualized profit based on techno-economic
analysis (TEA). Total annualized profit accounts for total annual revenue, total annualized capital
cost, total annual operation cost, and total annualized government incentive. Total amount based
on the functional unit can be determined by the amount of poultry litter consumption.

The total amount of annual revenue is calculated through eq. (41), which consists of the sales
revenue of all products in all demand zones through all time periods in a year. PRI4 ), denotes the

price of product p at demand zone d in time period .
REV=%>PRI,,, -sold, (41)
d p t

The total annualized capital cost is calculated through eq. (42) using the equivalent annual
cost method, and it accounts for the total annualized capital investment of both pyrolysis facilities
and upgrading facilities. Notably, the time value of money has been considered in this study, by
including the annual discount rate (/R) and the lifetime of facilities (NY) in the equivalent annual

cost method.

IR(1+IR)""
Ccapitul = #(; tcapkk + Z tcapll ] (42)

The total annual operation cost is calculated from eqs (43) - (47), including feedstock

acquisition cost, product distribution cost, production cost for pyrolysis facilities and upgrading

S10



facilities, transportation cost and storage cost of poultry waste feedstock, intermediates and
products. CBM,,;+1s the unit acquisition cost of feedstock b at poultry farm i in time period ¢, and
CLDpis the unit distribution cost of product p at demand zone d. To calculate the production cost,
both fixed and variable production costs are considered. The fixed production cost is a proportion
of total capital cost, and the variable production cost depends on the conversion amount of
feedstock, intermediate and products. The transportation cost consists of distance-fixed
transportation cost and distance-variable transportation cost. DFCBp m, DFCGyg,n and DFCPy,), are
the distance-fixed cost with transportation mode m for feedstock type b, intermediate type g and
product type p, respectively. Likewise, DVCBp,m, DVCGgm and DVCPy, ), are the distance-variable
cost with transportation mode m for feedstock type b, intermediate type g and product type p,
respectively. The unit inventory holding costs are denoted as HBKy k1, HGKg k1, HGLg,11, HPKj p,i
and HPL;p,.

Cacquisition = z Z z CBMb,i,t ’ bmpb,i,l (43)
b i ot
Cdistribution = Z z Z CLDd,p ’ SOldd,p,t (44)
d p t
Cproduction = Z tcj?)kk + Z tcfpll
k !
+ZZZZCPKk,qpbkab,k,q,t + Zrcvpkk (45)
k b g t k
+z Z Z Z CPL/,q'(Dprll,p,qlt
I p q" t
Ctransportation = Zb: Z;Z - (DFCBh,m + DVCBb,mDS]Ki,k,m )ﬁkb,i,k,m,t
+3 3> > (DFCG,,, + DVCG, ,DSKL, , ), ..
g k I m t
+3 > > > (DFCP, ,+DVCP, ,DSKD,, ) fd,, ..,
d k p m t

+;ZZZZ(DFCPW +DVCP, \DSLD,, ) Y
p m t

(46)
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Cororage = ZZZH -HBK, - sbk,
+§ ;ZHI -HGK _, , - sgk, .,
+Zk: ;ZH -HPK, ,,-spk, ,, (47)
+zg: ZZH -HGL,,,-sgl,,,
+Z ;ZHt -HPL, ,,-spl, ,,

As shown in eq. (48), the total annualized government incentive includes both annualized

IR(1+1IR)"

construction incentives (———-—
(1+1R)" ~1

(chk + chl j) and volumetric incentives on biofuel

consumption (ZZZ]NCVM -sold, ,, ). INCVq, is the volumetric production incentive of
d p

sustainable product type p sold to demand zone d.

(chk +chl J+ZZZ[NCVM sold, ,, (48)

The economic objective function, to maximize the unit annualized profit, is shown in eq. (49).

REV -C -c . —C -C C

capital acquisition distribution production — “transportation " storage + incentive ( 49)

D> pbmp,,,
b i t

_IR(1+IR)" IR
(1+1R)"

incentive

max up =

Environmental objective function

The environmental objective function is to minimize the unit annual CO2-eq GHG emissions
from the entire poultry waste supply chain network. To formulate the environmental objective
function, we apply “cradle-to-gate” life cycle analysis, which includes emissions from the

following life cycle stages:
e feedstock acquisition, transportation and storage;
e conversion of feedstock to intermediates and products;
e intermediate transportation, upgrading and storage;
e conversion of intermediates to products;
e product transportation, distribution and usage.

As shown in eqs (50) - (55), the net COz-eq GHG emissions take into account emissions
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(carbon dioxide, nitrous oxide, methane) introduced by feedstock acquisition, product distribution,

pyrolysis processes, upgrading processes, transportation and storage, as well as carbon dioxide

sequestration from produced biochar.

Eacquisition = Z Z z EBMb,i,t ’ bmpb,i,t
b i

Edistribution = Z Z Z ELDd,p ’ SOldd,p,t
d p t

Eproducti()n = Z Z Z Z EPKk,qpbkab,k,q,t + Z revpkk
k b q t k

+zzzzEPLl,q'(Dprll,p,q!t
I p q ¢

Etranspormtion = ; Z ; z Z (ETRBb,mDS]Ki,k,m )ﬁkb,i,k,m,t
+3 3> > > (ETRG, ,DSKL,, ), ...
g k I m t

+2. 2 2 2 D (ETRE, ,DSKD, ., )k ..,
d k p m t

+ZZZZZ(ETRPm,pDSLDdJ,m )ﬂdd,l,p,m,t
d I t

p m

E rage = Zb: Ek: Z H,-EHB, - sbk,
+§ ; Zt:Ht -EHG,, - sgk, .
+Zk: ; ZHt -EHP, - spk,
+Zg: Z;: ZH, -EHG,, -sgl,,,
+ZZ: ; Z H,-EHP,,-spl, ,,

E,osrain = 2.2, > ESCB, -bmp, ., +> > > ESCP, -sold,
b i ot d p t

(50)

(1)

(52)

(33)

(54)

(35)

where EBM, ; +1s the unit emissions introduced by the acquisition of poultry waste b at poultry farm

i in time period ¢, and ELDy, is the unit emissions associated with the distribution of product p at

demand zone d. EPKyq and EPL;4 are the unit production emissions of pyrolysis facility k£ with

technology ¢ and upgrading facility / with technology ¢’. ETRBsm, ETRGgm and ETRP,,), are the

unit emissions introduced by transportation using transportation mode m for feedstock type b,

intermediate type g and product type p, respectively. The unit emissions of inventory storage are
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denoted as EHBy,, EHGg,and EHP,,. The unit carbon dioxide sequestration due to feedstock type
b and product type p are represented by ESCBj, and ESCP), respectively.

The environmental objective of minimizing unit annual COz-eq GHG emission is shown in

eq (56).
+F

acquisition distribution

+F +F

+ E production transportation storage - sequestration ( 5 6)

Z Z Z pbbmph,i,z
b i t

min ue =

Multi-objective MILFP model
The multi-period poultry waste supply chain optimization problem can be formulated as a

multi-objective MILFP model denoted as (P0). The outline of (P0) is shown as follows:

(P0) max Unit Annualized Profit given by (49)
min Unit Annual COz-eq GHG Emissions given by (56)
s.t. Poultry litter feedstock supply system constraints: (1) - (3)
Pyrolysis facility constraints: (4) - (23)
Upgrading facility constraints: (24) - (38)
Product distribution system constraints: (39) - (40)
Economic constraints: (41) - (48)

Environmental constraints: (50) - (55)
The model (P0) is a multi-objective MILFP model, where two fractional objective functions

are involved. The denominators and numerators of both objective functions are linear, and all

constraints are in linear forms.
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Nomenclature

Sets/indices

vV EN XN ~Q U W

N =

Parameters
BAbp,it
CBMb,iy
CFKiq

CFLi,

CLDd, D

CNOKk,g

CPKiq

CPL.4

CRK k,q, r

set of poultry litter feedstocks indexed by b

set of demand zones indexed by d

set of intermediate products indexed by g

set of harvesting sites indexed by i

set of pyrolysis facilities indexed by k

set of intermediate upgrading facilities indexed by /
set of transportation modes indexed by m

set of final products indexed by p

set of pyrolysis technologies (indexed by q) and upgrading technologies (indexed
by q’)

set of capacity levels of facilities indexed by r

set of time periods indexed by ¢

available amount of poultry waste type b in harvesting site i at time period ¢
farm-gate cost of poultry litter feedstock type b from harvesting site i at time ¢
fixed annual O&M cost as the proportion of the total investment cost of pyrolysis
facility £ with technology ¢

fixed annual O&M cost as the proportion of the total investment cost of upgrading
facility / with technology ¢’

local distribution cost of unit quantity of product p at demand zone d

net unit processing cost on intermediate type g in pyrolysis facility &

net unit production cost per dry ton of standard biomass in pyrolysis facility k£ with
technology ¢ (after considering charcoal credit)

net unit production cost per gallon of gasoline equivalent of liquid transportation
fuel in upgrading facility / with technology ¢’ (after considering charcoal credit)
total capital investment of pyrolysis facility £ with technology ¢ and capacity

level r
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CRLl,q r

DEM";,,
DEMY;,,
DFCBpym
DFCGgm
DFCPy,p
DSIK; k,m
DSKDgm
DSKLi1m

DSLDym
DVCBpm
DVCGgn
DVCP,,,
EBMy,

EHBs,
EHG,,
EHP,,
ELDa,
ENOKi
EPKx,

EPL, 4

ESCB,
ESCP,

ETRBbm

total capital investment of upgrading facility / with technology ¢ " and capacity
level »

lower bound of the demand for product p at demand zone d at time ¢

upper bound of the demand for product p at demand zone d at time ¢

distance fixed cost of poultry waste type b with transportation mode m

distance fixed cost of intermediate type g with transportation mode m

distance fixed cost of product type p with transportation mode m

distance from harvesting site i to pyrolysis facility k£ with transportation mode m
distance from pyrolysis facility £ to demand zone d with transportation mode m
distance from pyrolysis facility & to intermediate upgrading facility / with
transportation mode m

distance from upgrading facility / to demand zone d with transportation mode m
distance variable cost of poultry waste type b with transportation mode m
distance variable cost of intermediate type g with transportation mode m

distance variable cost of product type p with transportation mode m

emission due to cultivation and acquisition of unit quantity of litter feedstock
type b from harvesting site i at time ¢

unit emission of storing unit quantity of poultry waste type b at time period ¢

unit emission of storing unit quantity of intermediate type g at time period ¢

unit emission of storing unit quantity of product type p at time period ¢

emission due to local distribution of product type p at demand zone d

net unit emission from processing intermediate type g in pyrolysis facility &
emission of processing a dry ton of standard biomass in pyrolysis facility £ with
technology ¢

emission of producing a gallon of gasoline equivalent of fuel product in upgrading
facility / with technology ¢’

emission credit of soil carbon dioxide sequestration due to poultry waste type b
emission credit of soil carbon dioxide sequestration due to product type p (mainly
biochar)

emission of transporting unit amount of poultry waste type b for unit distance with

transportation mode m
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ETRGgm

ETRPy,

H;
HBKp k1
HGKg ks
HGLg,
HPKjp,t
HPL;p.
HY
INCM

INCP
INCVd,p
IR

MCyp

MDSg,m,t

NK,
NLq ’

NY
PRIy
PRKg»

PRL[,q r

SK k,t

emission of transporting unit amount of intermediate type g for unit distance with
transportation mode m

emission of transporting unit amount of product p for unit distance with
transportation mode m

duration of time period ¢

unit inventory holding cost of poultry waste type b in pyrolysis facility £ at time ¢
unit inventory holding cost of intermediate type g in pyrolysis facility & at time ¢
unit inventory holding cost of intermediate type g in upgrading facility / at time ¢
unit inventory holding cost of product type p in pyrolysis facility & at time ¢

unit inventory holding cost of product type p in upgrading facility / at time ¢
production time duration of a year

maximum incentive that can be provided for the construction of organic waste
conversion facilities

maximum proportion of construction cost of organic waste conversion facilities
that can be covered by government incentive

volumetric production incentive of product type p sold to demand zone d
discount rate

moisture content (in weight) of poultry waste type b

maximum allowable transportation distance (due to the stability) of intermediate
type g with transportation mode m at time period ¢

maximum number of pyrolysis facilities with technology ¢ that can be constructed
maximum number of upgrading facilities with technology ¢’ that can be
constructed

project lifetime in terms of years

price of product type p at demand zone d in time period ¢

upper bound of the capacity (in terms of dry tons of standard biomass) of pyrolysis
facility £ with technology ¢ and capacity level

upper bound of the capacity (in terms of gallons of gasoline equivalent) of
upgrading facility / with technology ¢’ and capacity level »

safety stock inventory that should be hold to cover the production shortage in

pyrolysis facility & at time ¢
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SL Lt

UPGK
WCIK i,k,m,t

Yig

Qb,pq

,Bb,g,q

Vep.q’

&bt

Nig’

Okq

Pb
Pp

safety stock inventory that should be hold to cover the production shortage in
upgrading facility / at time ¢

upper bound for the amount of intermediate production

weight capacity for the transportation of waste from harvesting site i to

pyrolysis facility £ with transportation mode m at time period ¢

0-1 binary parameter, indicating whether intermediate type g is processed in
pyrolysis facility &

yield of product p converted from unit quantity of poultry litter feedstock type b at
pyrolysis facilities with technology ¢

yield of intermediate g converted from unit quantity of poultry litter feedstock type
b at pyrolysis facilities with technology ¢

yield of product p converted from unit quantity of intermediate type g at
intermediate upgrading facilities with technology ¢’

proportion of poultry waste type b deteriorated in storage facility at time ¢
minimum production amount as a proportion of capacity for intermediate
upgrading facility / with technology ¢’

minimum production amount as a proportion of capacity for pyrolysis facility k
with conversion technology ¢

mass quantity of standard dry biomass of 1 dry ton of poultry waste type b

gasoline-equivalent gallons of 1 gal of product p

Integer Variables

Xk,q,r

ZLq'r

0-1 variable, equal to 1 if a pyrolysis facility with technology ¢ and capacity level r
is located at site k&
0-1 variable, equal to 1 if a upgrading facility with technology ¢ " and capacity level

7 1s located at site /

Non-Negative Continuous Variables

bmpy,i ;

capki.q,r

amount of poultry waste type b procured from harvesting site i in time period ¢

annual production capacity (in terms of dry tons of standard biomass) of pyrolysis
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facility k£ with technology ¢ and capacity level »

capli4»  annual production capacity (in terms of gallons of gasoline equivalent) of
intermediate upgrading facility / with technology ¢ " and capacity level

fikpikm:  amount of poultry waste type b shipped from harvesting site i to pyrolysis facility &
with transportation mode m in time ¢

fkdakpm: amount of product type p shipped from pyrolysis facility k to demand zone d with
transportation mode m in time ¢

Sfklgkim:  amount of intermediate type g shipped from pyrolysis facility 4 to intermediate
upgrading facility / with transportation mode m in time ¢

fldaipm: amount of product type p shipped from intermediate upgrading facility / to demand

zone d with transportation mode m in time ¢

incky incentive received for the construction of pyrolysis facility &

incly incentive received for the construction of upgrading facility /

revpki annual processing cost of intermediate products in pyrolysis facility £
revpky annual processing emission of intermediate products in pyrolysis facility &
rgke ks intermediate product g processed in pyrolysis facility & in time ¢

N storage level of poultry waste type b in pyrolysis facility & at time ¢

Sgke k. storage level of intermediate type g in pyrolysis facility & at time ¢

5glgis storage level of intermediate type g in intermediate upgrading facility / at time ¢

soldap, amount of product type p sold to demand zone d at time period ¢

Spkip,e storage level of product type p in pyrolysis facility £ at time ¢

splip,: storage level of product type p in upgrading facility / at time ¢

tcapki total capital investment of installing pyrolysis facility &

tcapl; total capital investment of installing upgrading facility /

tefpki fixed annual cost of pyrolysis facility £

tefpls fixed annual cost of upgrading facility /

wbkpy kg,  amount of poultry waste type b processed through pyrolysis technology ¢ in pyrolysis
facility k at time ¢

wgke kg amount of intermediate type g produced through pyrolysis technology ¢ in
pyrolysis facility & at time ¢

wglg14:  amount of intermediate type g converted to liquid transportation fuel through
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conversion technology ¢’ in intermediate upgrading facility / at time ¢
wpkipq:  amount of product type p produced through pyrolysis technology ¢ in
pyrolysis facility & at time ¢
wplipq:  amount of product type p produced through upgrading technology ¢’ in
upgrading facility / at time ¢
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Parameter Values

Table S1 Parameters in the life cycle optimization model.

Parameters Values Unit
MC 0.2281 -
IR 0.1 -
NY 20 year
CBMp, it 7.76 $/ton
CNOK 7.041 $/ton syngas
PRIapiochar,t 100 $/ton
PRI diesel t 2.288 $/GEG
PRI gasoline,t 2.265 $/GEG
INCVy giesel 0.26 $/GEG
INCV 4 gasoline 0.26 $/GEG

Table S2 Reaction related parameters in the life cycle optimization model.

Parameters Values Unit

Ob, biochar fast pyrolysis 0.1907 -

Ob, biochar,slow pyrolysis 0.55 -
Db, bio-oil fast pyrolysis 0.1006 kilogallon/ton
Pb,bio-oil,slow pyrolysis 0.0440 kilogallon/ton

Bb,syngas fast pyrolysis 0.136 -

Bb,syngas,stow pyrolysis 0.25 -

Ebt 0.037 -

Nigq 0.5 -

Orq 0.5 )

Pgas 1 -

QDdiesel 1.14 -

Table S3 Computation related parameters in the life cycle optimization model.

Parameters Values Unit
WCIK 100 million ton
MDS 200 km

HY 360 day
H, 90 day
SKk.1 10 day
SLis 10 day
UPGK 100,000 million gallon
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Table S4 Parameters in the life cycle optimization model.

Parameters Values Unit
DFCBp,m 5 $/ton
DVCBym 0.18 $/(tonekm)
DFCGgm 5.67 $/kilogallon
DVCGgnm 0.119 $/(kilogallonekm)

DFCPy,gasoline 3.28 $/kilogallon
DVCPn,gasoline 0.425 $/(kilogallonekm)
DFCPy,diesel 3.28 $/kilogallon
DVCPu,diesel 0.425 $/(kilogallonekm)
DFCPu,piochar 5 $/ton
DVCPu,biochar 0.18 $/(tonkm)

Table S5 Parameter related to CO> emissions in the life cycle optimization model.

Parameters Values Unit
EBMy,iz 0.00596 kton COy/kton
EHBy 0.00051 kton COy/kton
EHGg, 0.00000 kton CO2/million gallon
EHPbiochar.t 0.00000 kton COy/kton
EHPaiesel,t 0.00000 kton CO2/million gallon
EHPgasoline,t 0.00000 kton CO2/million gallon
ELDgp 0.00000 kton CO2/million gallon
ENOK¢ 0.00000 kton COx/kton
EPKX slow pyrolysis 0.09720 kton COy/kton
EPKk fast pyrolysis 0.17075 kton COz/kton
ETRBbm 0.00017 kton CO»/(ktonekm)
ETRGgm 0.00032 kton CO2/(million gallonekm)
ETRPm diesel 0.00004 kton CO>/(million gallonekm)
ETRPm gasoline 0.00004 kton CO»/(million gallon*km)
ETRPm piochar 0.00017 kton CO»/(ktonekm)
ESCBy 0.00000 kton COx/kton
ESCPyiochar 1.14253 kton COy/kton
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Supplementary Figures

Biochar price ($50/ton)
Biochar price ($200/ton)

Biochar price ($1900/ton)
Mazximum fast pyrolysis capacity (250
kton/yr)

Maximum fast pyrolysis capacity (1000
kton/yr)

Minimum biochar supply as a percentage of
maximum biochar supply (0%)

Minimum biochar supply as a percentage of
maximum biochar supply (5%)

Maximum transportation distance (120km) revenue from gasoline

. L = revenue from diesel
Maximum transportation distance (400km)

= revenue from biochar
Storage period of unpyrolyzed poultry

manure (5 days) m storage cost

Storage period of unpyrolyzed poultry H transportation cost

manure (20 days) m production cost

Maximum slow pyrolysis capacity (44 acquisition cost
kton/yr)

. ) . w capital cost
Maximum slow pyrolysis capacity (307

kton/yr) | |
0 50 100 150 200 250 300 | | 800 900
Total Annualized Cost and Revenue
(SMM/year)
Figure S1. Economic breakdowns corresponding to the optimal supply chain networks on the

changes of factors with the greatest effects on both objectives.
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Figure. S2. Production planning of all pyrolysis plants for the economically optimal solution: (a)

biochar production in each time period for slow pyrolysis plants; (b) biochar production in each

time period for fast pyrolysis plants; (c) bio-oil production in each time period for slow pyrolysis
plants; (d) bio-oil production in each time period for fast pyrolysis plants.
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