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Supplementary Information

Superstructure for Thermochemical Process Synthesis with Simultaneous Heat,

Power, and Water Integration

The following eleven figures represent the superstructure for thermochemical production of liquid

fuels.
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Figure S1: Biomass conversion process flowsheet.
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Figure S2: Synthesis gas handling process flowsheet.
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Figure S3: Fischer-Tropsch hydrocarbon production process flowsheet.
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Figure S4: First Fischer-Tropsch hydrocarbon upgrading process flowsheet.
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Figure S5: Second Fischer-Tropsch hydrocarbon upgrading process flowsheet.
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Figure S8: Light gas handling process flowsheet.
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Figure S9: Hydrogen/oxygen production process flowsheet.



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2012

Sour Water Product . Treated Water
(;E?JTVV\\//aHteCr) Upgrading - (to MXey7)
Wastewater
(from HRC) - Treated Water
Sfour Water A Biogas - (to MXpep)
(from DHT) MXeuww to CC)
Sour Water BD - Treated Water
(Sfromvl\\l/HT) Biological T (oMXer)
(frgrl:]rzsz/ltGST:) Digestor [lj SPeo Outlet
> Wastewater
(to MXyw)
\ 4
SPPUWW []_
Post-Combustion
Knockout Wastewater Outlet
Knockout Wastewater
(from FCF) (o MXuw)
Knockout
(from GTF)
Acid Rich
Wastewater
Wastewater MXs SS. SPss
(from MXerww) Sour Stripper
Wastewater
(from AGF) S:)u;(;Gés Outlet
Wastewater (to ) > Wastewater
(from CF) (to MXyw)

Figure S10: Process wastewater treatment process flowsheet.
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Computational Results for Forty-Eight Case Studies

Forty-eight case studies were performed to demonstrate the capability of the process synthesis
model using an average representation of either agricultural residues, forest residues, or perennial
crops. The effect of scale on the BTL refinery was examined through four representative capc-
ities of 1 thousand barrels per day (kBD), 5 kBD, 10 kBD, and 50 kBD. The gasoline, diesel,
and kerosene compositions output from the refinery were selected to either (a) represent the 2010
United States demand (i.e., 67 vol% gasoline, 22 vol% diesel, 11 vol% kerosene) [1], (b) freely
output any unrestricted composition of the products, (c¢) maximize the diesel production (> 75%),
or (d) maximize the kerosene production (> 75%). The case studies are labeled as N — C, where N
represents the type of product composition (i.e., R: 2010 U.S. ratios, U: unrestricted composition,
D: maximum diesel, K: maximum kerosene) and C represents the capacity in kBD. For example,
the U-1 label represents the 1 kBD capacity refinery with an unrestricted product composition.
Tables S1 - S7 detail the results of all forty-eight case studies. The topological results are dis-
played in Table S1; the overall costs are displayed in Table S2; the investment costs are displayed
in Table S3; the material and energy balances are in Tables S4 and S5, respectively; the carbon and
GHG balances are in Tables S6 and S7, respectively. Detailed descriptions on the results for the
case studies using an unrestricted product composition and the United Stated demand ratios are

provided in the main text of the manuscript.
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Process Units

The nomenclature for all terms in the mathematical model for process synthesis with simultaneous
heat, power, and water integration is shown below. All constraints included in the model are
listed subsequently with a corresponding description of how that particular equation governs proper
operation of the process design. For a more extensive discussion of the mathematical model, the
reader is directed to previously published works [2, 3, 4, 5, 6, 7].

The set of units, U, is presented in full detail in Table S8 and defined formally in Equation S1.
Note that several units in Table S8 are listed as u,,. The n subscript represents the consideration of
multiple forms of the same process unit, each with a distinct set of operating conditions (e.g., tem-
perature and pressure). Though these unit properties are generally given as continuous variables in
a process synthesis problem, they have been assumed to take discrete choices and will be modeled

using binary variables.

u € U = {Complete set of process units listed in Table S8} (S1)

Table S8: Process units present in the BTL synthesis problem. The subscript n corresponds to multiple forms of the same process unit, each with
a distinct set of operating conditions or ratios of feedstock. Distinct process units are used in lieu of continuous variables representing the process
operating conditions. This will prevent the use of bilinear terms when specifying feedstock ratios or highly non-linear equations when specifying

equilibrium constants or species enthalpies.

Unit Name Unit Index Unit Name Unit Index

Process Inlets
Inlet Air INARR Inlet Natural Gas INNG

Inlet Water INmo Inlet Butane INBuT

Process Outlets

Outlet Gasoline OUTgas Outlet Diesel OUTpig
Outlet Kerosene OUTkgr Outlet Ash OUTasH
Outlet Sulfur OUTg Outlet Scrubbed HCl OUTscr
Outlet Vent OUTy Outlet Propane OUTpro
Outlet Sequestered CO, OUTco, Outlet Wastewater OUTww
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Table S8: (continued)

Unit Name Unit Index Unit Name Unit Index

Biomass conversion

Biomass Dryer BDR Biomass Dryer Air Heater XBDR
Biomass Lockhopper BLK Biomass Gasifier BGS,
First Biomass Vapor Cyclone BC; Second Biomass Vapor Cyclone BC,
Tar Cracker TCK Tar Cracker Splitter SPrck
Tar Cracker Cooler XTCK

Syngas Cleaning

Reverse Water Gas Shift Unit RGS, RGS Effluent Cooler XRraGs
COS-HCN Hydrolyzer CHH HCI Scrubber HSC
Acid Gas Flash Vapor Cooler XAGF Acid Gas Flash 2-Phase Cooler XAGF,
Acid Gas Flash Unit AGF Acid Gas Thermal Analyzer XAGR
Acid Gas Removal Unit AGR First CO, Compressor CO,C
CO; Recycle Compressor CORC CO; Sequestration Compressor CO,SC
Acid Gas Compressor AGC
Sulfur Recovery
Acid Gas Splitter SPaG Acid Gas Preheater XAG
Claus Combustor CC First Sulfur Convertor SCy
First Sulfur Separator SS; Second Sulfur Convertor Heater Xsc,
Second Sulfur Convertor SC, Second Sulfur Separator SS,
Third Sulfur Convertor Heater Xsc, Third Sulfur Convertor SCs
Third Sulfur Separator SSs3 Sulfur Pit SPT
Tail Gas Hydrolyzer TGH Tail Gas Flash Vapor Cooler XTGF
Tail Gas Flash 2-Phase Cooler XTGE, Tail Gas Flash Unit TGF
Tail Gas Compressor TGC

Hydrocarbon Production

Iron MT fWGS nominal wax FT MTFTWGS-N Iron MT fWGS minimal was FT MTFTWGS-M
Fischer-Tropsch Compressor FTC Fischer-Tropsch Splitter SPgr
Low-Temperature Preheater XLTFT Low-Temperature Splitter SPiTFT

Low-Temperature Iron-Based FT LTFT Low-Temperature Cobalt-Based FT LTFTRGS
High-Temperature Preheater XHTFT High-Temperature Splitter SPyTFT
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Table S8: (continued)

Unit Name

Unit Index Unit Name Unit Index
High-Temperature Iron-Based FT HTFT High-Temperature Cobalt-Based FT HTFTRGS
ZSM-5 hydrocarbon conversion unit FT-ZSM5 ZSM-5 product fractionation ZSMS5F
Methanol synthesis unit MEOHS Methanol flash unit MEOH-F
Methanol degasser MEDEG Methanol to gasoline ZSM-5 reactor MTG
Methanol to olefins ZSM-5 reactor MTO MTO fractionation MTO-F
Low-Temperature Effluent Cooler XLTFTC High-Temperature Effluent Cooler XHTFTC
Water-Soluble Oxygenates Separator WSOS Vapor-Phase Oxygenates Separator VPOS
Primary Vapor-Liquid-Water Separator VLWS
Hydrocarbon Recovery
Hydrocarbon Recovery Column HRC Wax Hydrocracker WHC
Distillate Hydrotreater DHT Kerosene Hydrotreater KHT
Naphtha Hydrotreater NHT Naphtha Reformer NRF
C4 Isomerizer Cyl C5-Cg Isomerizer Csel
C3-C4-Cs Alkylation Unit Cig5A Saturated Gas Plant SGP
Diesel Blender DBL Gasoline Blender GBL
Olefins to gasoline/distillate OGD OGD fractionation OGD-F
Mixed hydrocarbon knockout 1 HCKO1 Mixed hydrocarbon knockout 2
De-ethanizer DEETH Absorber column ABS-COL
1-stage Rectisol CO, separation CO,SEP Stabilizer column
HF alkylation unit ALK-UN LPG/Alkylate splitter LPG-ALK
Splitter column SP-COL
Recycle Gas Treatment
Light Gas Compressor LGC Light Gas Splitter SPLg
Fuel Combustor FCM Fuel Combuster Effluent Cooler XeeMm
Fuel Combustor Flash Unit FCF First Gas Turbine Air Compressor GTAC;
Second Gas Turbine Air Compressor GTAC, Gas Turbine Combustor GTC
First Gas Turbine GTy Second Gas Turbine GT,
Gas Turbine Effluent Cooler Xgr Gas Turbine Flash Unit GTF
Gas Turbine Effluent Compressor GTEC CO;, Recovery Unit COzR
Water Gas Shift Unit WGS Auto-thermal Reactor ATR
Water Treatment
Biological Digestor BD Reverse Osmosis RO
Cooling Tower CLTR Process Cooling COOL-P
Heat & Power System HEP Heat & Power Utilities HEAT-P
Deaerator DEA Process Water Economizer XWPR
Process Water Boiler XWBL
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Table S8: (continued)

Unit Name Unit Index Unit Name Unit Index

Hydrogen/Oxygen Production

PSA Effluent Splitter SPpsa Pressure-swing Absorption Unit PSA
PSA Hydrogen Preheater Xu,p PSA Hydrogen Splitter SPy,p
Electrolyzer EYZ Electrolyzer Oxygen Preheater X0,E
Electrolyzer Oxygen Splitter SPo,E Electrolyzer Hydrogen Preheater XH,E

Electrolyzer Hydrogen Splitter SPy,E Air Compressor AC

Air Separation Unit ASU Oxygen Compressor oC
ASU Oxygen Preheater X0,A OC Oxygen Splitter SPo,c

OC Oxygen Preheater Xo,c

Process Species

The set of all species, S, is listed in Table S9 and defined formally in Equation S2.

s € § = {Complete set of species listed in Table S9} (52)

Table S9: Species present in the BTL synthesis problem. The molecular formula of the pseudocomponent hydrocarbons and oxygenates are given

by Bechtel. The formula for the biomass and coal species are derived from the ultimate analysis assuming that the “atomic” weight of ash is 1.0

g/mol.
Species Name Species Index Species Name Species Index Species Name Species Index
Light Non-Hydrocarbon Gases
Oxygen 0, Nitrogen Na Argon Ar
Nitric Oxide NO Nitrous Oxide N,O Water H,O
Carbon Monoxide CcO Hydrogen H, Carbon Dioxide CO,
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Table S9: (continued)

Species Name Species Index Species Name Species Index Species Name Species Index
Hydrocarbons
Methane CHy4 Acetylene CH, Ethylene CyHy
Ethane CyHg Propylene C3Hg Propane C3Hg
Isobutylene iC4Hg 1-Butene nCyqHg Isobutane iC4Ho
n-Butane nCy4Hjo 1-Pentene CsHjg 2-Methylbutane iCsHp»
n-Pentane nCsHp, 1-Hexene CgHip 2-Methylpentane iCeH 4
n-Hexane nCeHg 1-Heptene C7Hy4 n-Heptane C7H6
1-Octene CgHig n-Octane CgHig 1-Nonene CoHig
n-Nonane CoHpg 1-Decene CioHzo n-Decane CioH22
1-Undecene Ci1Hp n-Undecane Ci1Hp4 1-Dodecene Ci2Hoy
n-Dodecane Ci2Hye 1-Tridecene Ci3Hpg n-Tridecane Ci3Hopg
1-Tetradecene Ci4Hpg n-Tetradecane Ci4H30 1-Pentadecene CisHsg
n-Pentadecane CisHsp 1-Hexadecene Ci6Hsp n-Hexadecane Ci¢Hsag
1-Heptadecene Ci7Hz34 n-Heptadecane C7H3¢ 1-Octadecene CgHsg
n-Octadecane CigHsg 1-Nonadecene Ci9Hsg n-Nonadecane Ci9Hyo
1-Eicosene CooHyo n-Eicosane CooHuyp C,1 Pseudocomponent C,,0P
C»y, Pseudocomponent Cp, 0P C»3 Pseudocomponent Cy30P Ca4 Pseudocomponent Cp4OP
C»s Pseudocomponent Cps0P Cy6 Pseudocomponent Cp6OP Cy7 Pseudocomponent Cp;0P
Cas Pseudocomponent Cp30OP Ca9 Pseudocomponent COP C30+ Pseudocomponent C3oWax
VP Oxygenate OXVAP HP Oxygenate OXHC AP Oxygenate OXH20
Methanol CH;0H
Products
Gasoline GAS Diesel DIE Kerosene KER
LPG LPG

Indices/Sets

The indices are used throughout the mathematical model are listed below.

u : Process unit index
s @ Species index

a : Atom index
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p : Proximate analysis index
r : Reaction index
i : General counting index

The set, U, 1s defined as the complete set of process units. Several subsets of units are then defined

for specific areas of the BTL process as presented below.

URGS — {u U= RGSn}

ustr = {u:u=ATR,}
The set of all atoms, A, includes C, H, O, N, S, Cl, and Ar.
acA={C,H,O,N,S,Cl, Ar}
The list of all unit connections, UC, is derived below.
UC = {(u,u’):3aconnection between unit u and unit #’ in the superstructure }

Using a priori knowledge about the operations of each unit in the BTL process, the complete set
of species that can possibly exist in a stream from unit u to unit «’ is defined as Sft]g, The set
(u,u’,s) € SUF is then constructed from all streams in UC along with the set of all species s that

exist within a given unit u (SY).

SUE = {(u)s):3s € S,ﬁjg/

U — {(s,u) : Iu,u,s) € SUF or A u,s) € SUF}

Parameters

With the exception of all the pseudocomponents, the molecular formula is equal to the species
index defined in Table S9. The pseudocomponent hydrocarbons and oxygenate formulas are given

by Bechtel while the formulas for biomass and coal compounds are derived from the ultimate
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analysis and normalized to one mole of carbon. Char has been assumed to consist completely
of carbon and ash has been assigned a generic molecular weight of 1.0 g/mol. The atomic ratio

(AR; ;) of atom a in species s is derived from the molecular formulas in Table S9.
AR, : Atomic ratio of atom a in species s

Using the appropriate atomic weight of atom a (AW,), the molecular weight of all species s (MWj)

is defined using Equation S3.

AW, : Atomic weight of atom a

MW, = Y AW, ARy, (S3)
a

Variables

Continuous variables are used in the mathematical model to describe the species molar flow rates
(sz, u’,s)’ the total molar flow rates (NMT7 ,)» the extent of reaction in a process unit (€"), the molar
composition of a stream (xi7u,7s), the split fraction of a stream between two units (sp,, /), the total
stream enthalpy flow rate (HIZ )» the heat lost from a unit (Qﬁ), the heat transferred to or absorbed
from a unit (Q,), the delivered cost of feedstock (Costf ), the cost of CO, sequestration (Cost5¢9),
the cost of electricity (CostE"), and the levelized unit investment cost (Costf,] ). Note that the sub-

scripts u and u’ are both used to denote an element of the set U and can be used interchangeably in

the stream flow indices.

N57M/7 . Molar flow of species s from unit u to unit u’
NMT7 o - Total molar flow from unit u to unit «’
&' : Extent of reaction r in unit u
xiu,’ . Molar composition of species s from unit « to unit u’
Spuyw - Split fraction of stream going from unit u to unit u’
HMT7 o - Total enthalpy flow from unit  to unit '

QL . Heat lost from unit u
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Ou Heat transferred to or absorbed from from unit u
CostF Total delivered cost of feedstock s
Cost> Total sequestration cost of CO,
Cost?! Total cost of electricity
Cost? Total levelized cost of unit u

Binary variables (y,) are introduced to represent the logical use of a process unit u. These
binary variables are only needed for specific process units since many of the units in the BTL
process will always be required. The units that require binary variables include the reverse water
gas shift unit, the Fischer-Tropsch units, the autothermal reformer, the steam reformer, the gas
turbine, the methanol synthesis unit, the methanol conversion units, and each of the hydrocarbon

upgrading units.

yu : Logical existence of process unit u (i.e., it takes the value of one if unit u is selected

and zero otherwise)

General Constraints
Material Balances

Species Balances

A%
Y No- Y 2E- Y N, =0 VseSlueud (S4)

(u',u)elC (u,r,s")ERV Vrs (u,u)elcC
Extent of Reaction
g —fct- Y Ny, =0 V(urs)eRrY (S5)
(' ,u,s)eSUF
Atom Balances
Y AR Ny,,— Y AR N, =0 VacAl ucUp” (S6)
(/ u,s)eSUF (uu ,s)eSUF
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Total Mole Balance

No,— Y Ny, =0 Vuu)eucC (S7)
(u,u 5)eSUF
Process Splitters
Set Unit Split Fractions
Niulys —xil%s ~NMTMI =0 Y(u,u,s)e SUF ue Usp (S8)
Split Fractions Sum to 1
Xows—1 =0 Y(u,u') € UCcomp (S9)

Flash Units

Upper Bound of Liquid Phase Split Fraction

_ 1
x> —min{l, —z} <0 V(u,ur,s) € SUF u c U (S10)

u,ur,s
u,s

Upper Bound of Vapor Phase Split Fraction

X s —min{ LKy EEY <0 Y(u,uy,s) € SYF u e Up (S11)

U1y 8

Set Liquid Phase Split Fraction

S NI _NS =0 Vue Up (S12)

u,ur,s “Vuur u,Ur,S

Set Vapor Phase Split Fraction

S NI NS =0 Vue Up (S13)

u,uy S u,uy u,uy s
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Set Phase Equilibrium
X s —KudFoxs o =0 Vu€eUp (S14)
Heat Balances
Conservation of Energy
Y H,—- Y H),-0—-0;-Wu =0 VucU/Uyg, (S15)
(uu")eUC (' ,u)euC
Total Heat Balance
H,— Y Hy,, =0 Vuu)eUC (S16)
(u,u’ ,s)ESUF
Logical Unit Existence
Bound on Molar Flows
Y Nu,-UBl-y, <0 VueU™ (S17)
(u' u)eUC

Upper Bound on Inlet Enthalpy Flow

Hy) ,—UBlY -y, <0 V(,u)eUC,ucU™ (S18)

Lower Bound on Inlet Enthalpy Flow

LBl -yu—H), <0 VY(u,u)eUC,uecU™ (S19)

Upper Bound on Outlet Enthalpy Flow

Hy ,—UBlY -y. <0 V(uu')eUCuecU™ (S20)
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Lower Bound on Outlet Enthalpy Flow

LB, yu—H,, <0 Y(uu')eUCuecU™ (S21)

Process Inlets

Biomass Moisture Content

MWi,0 Ny y 0 — 3, PAY-MW;-N; o =0 (u,u') = (INpjo,BDR) (S22)
SESBio
Known Stream Compositions
Set Stream Compositions for Inlet Streams
Ny s —Xhs-NLy =0 VY(uu',s) € SUF,u= {INAR.INNG.INpUT} (S23)
Greenhouse Gas Emissions Reduction
Set Reduction from Petroleum Based Processes
GHGpr, — GHGRey (GHGpet + GHGElec) =0 (S524)
Sum Emissions from GTL Components
GHGpr — GHG*! — GHG"* — GHG"* =0 (S25)
Set Emissions from Feedstock Acquisition
GHG™'—'Y Y GHG! -MWxN;, =0 (S26)
u€Un (uu s)eSUF
Set Emissions from CO, Sequestration
GHG*?— GHG(, - MWco, 'NéOZSC,OUTCOZ,COZ =0 (527)
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Set Emissions from CO, Venting

GHG""™* — MWco, 'N(S;O2R,0UTV,COZ =0 (S28)

Process Outlet Fuel Ratios

Set Gasoline to Diesel Output Ratio

s S _
MWGAs - NGBL,0UTGAs,GAS — RatG—p - MWbIE - Nppr outpe.pie = 0 (529)

Set Diesel to Kerosene Output Ratio

S S _
MWnoik - Npgr ouTp pie — Ratp—k - MWKER - Ngut oUTger kKER = 0 (S30)

Biomass Conversion
Biomass Drier

Upper Bound for Biomass Drier Activation

S
MWh,o - N ' HyO™

u

MTgi,- Y  MW,-N5, —UB-y,

uu' s
u',s)e
wd SUF o

<0 (u,u’) = (INpjo,BDR) (S31)

Lower Bound for Biomass Drier Activation

MTsgio - )y MVVS'N;E,M’,S_
(uu! 5)eSUF <0 (u,u') = (INpjo,BDR) (S32)
MWi,0- Ny 1,0 —UB- (1 =)

Upper Bound for Biomass Drier Moisture Evaporation

MTgio - )y MWS'sz,u’,s_
(w5 €SV <0 (u,u’)=(BDR,BLK) (S33)
MWu,0 Ny 11,0 —UB- (1 =)
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Lower Bound for Biomass Drier Moisture Evaporation

S
MWHZO ’ Nu,u’,HzO -

MTgio- Y MWS-N37M,7S—UB~(1—yu)

(uu,s)eSUF

<0 (u,u’)=(BDR,BLK)  (S34)

Gasifier Lockhopper

Set CO, Lockhopper Flow Rate

s s
MWco, - Neo,c, BLr.cO, —Mfu- Y, MW Niprprxs =0 (S35)
SESBio

Biomass Gasifier

Water-Gas-Shift Equilibrium

RGS
Ny Bci,co-NupciH,0 — K, ” Nupci,co, ‘NuciH, =0 Vué€ Upgs (S36)

Hydrocarbon Conversion Fraction

MW Nypcis— Y, cfiC - MY =0 Vs € Suc,u € Upgs (S37)

(' u,s)eSUF

Hydrocarbon Generation from Pyrolysis

Myele— Y Y Pyl MW Ny o~ Y MWN, o =0 u€ UpcsS38)
s'€SBio (W' u,s')eSUF (' u)etC
Set Ratio of NO to N,O
Ny, BCiNO — ST, No ‘NypciN,0 =0 Vu € Upgs (S39)
Set Ratio of HCN to NHj3
N, BC1,HCN — ST, HON “NypciNb; =0 Vu € Upgs (540)
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Set Amount Input Nitrogen to NH3 and N,

NupciNa; +2-NupciN, —nfus Y, Nipels AR =0 Vu€Upgs — (S41)
(u,BCl,s)eSUF

Set Ratio of NH3 to N»

Nupci Nt — (ayn, +agn, - Tu) - (Nupcings +2-Nupein,) =0 Vu€Uggs — (S42)

Set Ratio of COS to H,S

N, BC1,c08 — ST, cos ‘NupciH,s =0 Vu € Upgs (543)
2

Amount of Char Production

MWChar‘NiBCLChar—(a;,Char‘*‘aﬁ,Char'Tu)' Y MW, Njix., =0 Vu€cUscs (S44)

SESBio
Rate of Ash Removal
sz,OUTASH,Ash — S fu,Ash- Z Nbf’,u,Ash =0 Vu e Uscs (545)
(' u)euC
Gasifier Heat Loss
QL +hly- Y, MW;-Nyig - LHVs =0 Vu € Usgs (S46)
SESBio
Logical Use of One Gasifier Temperature
Y w-1 =0 (S47)

ucUpgs
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Biomass Gasifier Solids

Removal of Solids from First Cyclone

rfsct - Ngosse1 —Ngcipes =0 (548)

Removal of Solids from Second Cyclone

rfsc2-Ngcisca — Nscasos =0 (549)

Natural gas conversion
Auto-Thermal Reactor

Logical Use of One Temperature

Y w—1 =0 (S50)

ucUATR

Water-Gas-Shift Equilibrium

N37M’7C02 'Nliu’,Hz _K5GS 'NSu’,CO 'Nbf,u’,Hzo =0 Y(u, u,) € UC,u € Usrr (S51)

u,

CH4 Steam Reforming Equilibrium

s s 3 SR S _ /
xu,u’,CO .xu,u',Hz _KM7CH4 'xli,u/,CH4 .xu,u/,Hzo =0 V(u, u ) < UC, uc UATR (852)

Bypass of Inert Species

Nyus— Y, Noys =0 VuecUxr,s €Sz (S53)

(' ,u,s)€SUF (u,u ,5)€SUF

34



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2012

Steam Reformer

Logical Use of One Temperature

Y w—1 =0 (S54)

ucUsmr

Water-Gas-Shift Equilibrium

NS,MI,CO2 : NIf,M’,Hz - KLIEGS . le’u/7CO * Nziu’,HQO - 0 V(u, u/) c (]C‘7 uc USMR (855)

u

CH4 Steam Reforming Equilibrium

S 3 _ SR S
.xuyu/7co '.)CS,MI,H2 —K CHy ‘xu7ul7CH4 'xli,u’,HQO - 0 V(u,u/) € UC,u S USMR (856)

u u,

Bypass of Inert Species

Y Nous— Y Niu, =0 VueUsmg,s € Siyg (S57)

u uu' s
(! ,u,s)eSUF (uu ,s)eSUF

Partial oxidation to methanol

Conversion of methane

s _ s
Neomucu, = Jepomcn, * L Ny pom.chy (S58)
(' POM,CH,)eSUF

Selectivity to products

N _ S Ef
Neomu,s ARs.c = cdpom.cu, - )} Ny pomcn, 75 € Spom (859)
(u,POM,CH,) €SUF

Oxidative coupling to olefins

Conversion of alkanes

S HC
NOCO ws fCOCO,S : Z le/ 0CO.s Vs € SOCO (860)
o (W ,0CO,5)esVF =77
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Selectivity to products

S E
Nocous ARsc =cdocos X Y NS ocos VSESoeo (S61)
sesggo (' ,0CO,s)eSUF

Acid Gas Recovery

Set CO, Molar Fraction in Clean Output

S T _
NAGR SPrGr.CO, — TJAGR *NaGR sPog =0 (562)

Set CO;, Output Flow Rates

NXGr.co,c — SFAGR * (NAGR c0,c T NAGR MXcome) =0 (S63)

Claus Sulfur Recovery

Set Inlet Combustor Oxygen Level

Y Ncco,—ercct Y, Niccyrsors =0 (S64)
(u,CC)eUC (u,CC,s)eSUF

Hydrocarbon Production
Fischer-Tropsch

Set Ratio of Hy to CO in Cobalt-Based Inlet

Y —FTR,co- ) =0 Vu € Ucorr (S65)
(u',u,Hp)eSUF (u',u,CO)eSUF

Set Ratio of H to CO and CO; in Iron-Based Inlet

Y —FTR,co- Y  —FTRuco,- ) =0 VueUyrr (S66)
(v ,u,Hy)eSUF (v ,u,CO)eSUF (v ,u,CO,)eSUF
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Adjust Weight Fraction of C; Species

[e)

Wi = %(1 - Y W) (S67)
n=>5

Adjust Weight Fraction of C;, Species

o)

1
Wo=c(1=3 W) (S68)
n=>5

Adjust Weight Fraction of C3 Species

[e)

1
Ws=c(1=) W) (S69)
n=>5

Adjust Weight Fraction of C4 Species

1 (oo}
Wa= (1=} W) (S70)
n=>5

Set Weight Fraction of C,; Species from Anderson-Schultz-Flory Distribution

W, =n(1-a)’a™!  V5<n<29 (S71)
Set Weight Fraction of Wax
Wivax =Y. n(l—a)?o"! (S72)
n=30

Set Carbon Distribution from Weight Fractions

-W,
e =5 M (S73)
Zln'Wn+nWax'WWax
n—=
Set Exactly One Low-Temperature Unit
YLTFT +YLTFTRGS — 1 =0 (S74)
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Set Exactly One High-Temperature Unit

YHTFT +YHTFTRGS —1 =0

Aqueous Phase Oxygenates Separator

Removal of Aqueous Phase Oxygenates

S _
Nwsos,viws,s =0 Vs € Sapo

Vapor Phase Oxygenates Separator

Removal of Vapor Phase Oxygenates

s
Nyposurc,s =0 Vs €Svpo

Hydrocarbon Upgrading
Hydrocarbon Upgrading Units

Set Carbon Distribution Fractions of Total Input

(S75)

(S76)

(S77)

Ny s AR c—cfuws Y, Np,g-ARyc =0 VueUyg,(uu,s)es’" (S8

(u”,u,s’)GSUF
Saturated Gas Plant

Set Fractional Recovery of Light Gases

S S o
Nsgpcy1,s —T'fs Z Nysgps =0 VseSc,
(u,SGP,s)eSUF
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Recycle Gas Treatment
Fuel Combustor

Set Inlet Combustor Oxygen Level

S S _
Y Nircmo, —€rFem: Y N romssors =0 (S80)
(u,FCM)eUC (SPLG.FCM,5)eSUF

Gas Turbine

Set Air Leakage From First Compressor

Ng}TAcl,OUTWs — lkarac, 'NISNAIR,GTAChs =0 V(GTACy,s) € sV (S81)

Set Air Bypass From First Compressor

Ntac, G5 — byarac 'NISNAIR,GTACl,s =0 V(GTACy,s) € 8Y (S82)

Set Inlet Oxygen Flow Rate in Combustor

S S _
erGgTC * Z SOry - NM,GTC,S — Z NmGTC,Oz =0 (883)
(u,GTC,s)eSUF (u,GTC,s)eSUF

Set Heat Loss in Combustor

QGrc — hlgre - (Hap, , gre — Hxyregre) =0 (S84)

Wastewater Treatment
Biological Digestor

Set Biogas Ratio of CHy to CO;

s s
Ngp.cccn, — €D Ngpccco, =0 (S85)
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Reverse Osmosis

Set Removal Fraction of Solids

NﬁO’SPRO,S —rfro -N&XRO,RO’S =0 Vs€Sgy (S86)

Cooling Cycle

Cooling Tower Flow Rate from Energy Requirement

Oc — hrcooL-p 'NgLTR,COOL-RHZO =0 (S87)

Cooling Tower Evaporation Loss

E S
Neitr — 000085 - ATcrtr - Neptr cooLpr,o = 0 (S88)

Cooling Tower Drift Loss

Drift S
NCIi”lFJ; —0.001 - Nyix . cLTR H,0 =0 (589)

Sum Total Cooling Tower Losses

E Drift .S
Nerrr + chfrj; —Nerrroury o =0 (590)

Set Known Cooling Tower Output Solid Concentrations

n T S _
CLTR,SPCLTR7S : NCLTR,SPCLTR - NCLTR,SPCLTR,S - 0 vs S SSOI (891)

Steam Cycle

Set Known Process Steam Boiler Output Solid Concentrations

Kn T S _
XXpwn.MXpLR,S N, XpwB,MXBLR N, XpwB,-MXBLR,S 0 Vs & Ssol (592)
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Set Known Heat Engine Boiler Output Solid Concentrations

n T S —
xKHEP,MXBLR,S ’ NHEP,MXBLR - NHEP,MXBLR,S =0 Vs € SSOZ

Outlet Wastewater

Upper Bound on Output Wastewater Concentrations

S ax T
NiiXyy OUTy s — Moy OUTy s * Mxynw.0UTy <O Vs € Sww

Hydrogen/Oxygen Production
Pressure-Swing Absorption

Set Recovery Fraction of H, from Inlet

S H2 S —
Npsa,spy,p.H, — Revpga - Z N,psan, =0
(u,PSA)EUC

Set Inlet Mole Fraction of Hp

S Hy T _
Z Ny psan, —Inpgp - Z Nypsa = 0
(u,PSA)eUC (u,PSA)eUC

Air Separation Unit

Recovery Fraction of Oy

S S . U
Nasu.outys — (1 =sfasu) -Nacasus =0 Vs € Sae

Process Hot/Cold/Power Utility Requirements

Set Electricity Needed for Process Units

=Y SuER =0

u€Uyyi
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Set Cooling Water Needed for Process Units

oV — Y S.-CWiee =0 (599)

u€Uyyir

Set Heating Fuel Needed for Process Units

Orem— Y, Su-FP™ =0 (S100)

u€Uyyir

Set Utilities Needed for Process Units

Ol —Su-Upit® =0 Vut,u € Uy (S101)

u,ut

Process Costs
Feedstock Costs

Levelized Cost of Biomass Feedstock

S F
Costf’ = MW - Ning1o BDR 5 Cs
s Prod - LHVp,»q

Vs € SBio (S102)

Levelized Cost of Coal Feedstock

M WS -N ISN CDR,s * Cf
Costl’ = CoAL DRSS Vs e S S103
oSty Prod - LHVp,eg $ € SCoal (5103)

Levelized Cost of Natural Gas Feedstock

S F
MW, 'NINNG,M,S G

Costt =
5s )3 Prod - LHVpry

(INNG,u)EUC

Vs € Sne (5104)

Levelized Cost of Freshwater Feedstock

S F
MWi0 - Niny, 0,5Pwri H20 * CH,0
Prod - LHVp,, 4

Costiy,o = (S105)
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Electricity Costs

Levelized Cost of Electricity

El El El El
COSlEl _ FIn 'Cln _FOMI.COMI (S106)
Prod - LHVp,,q

CO; Sequestration Costs

Levelized Cost of CO, Sequestration

S S
Cost54 — MWeo, - Nco,sc.0uTeo, 0, €™ (S107)
B Prod - LHVprq

Levelized Investment Costs

Total Overnight Cost of Process Units

TOC, = (1+ICy)-(1+BOP,)-Coy- SS " (S108)
Variable Capital Costs of Process Units
CC, = LCCR-IDCF -TOC, (S109)
Levelized Cost of Process Units
Costy = CA(I/;(-:I;"rf)lcl%-_LZIAX/I/imd (5110)
Objective Function
Levelized Cost of Fuel Production
MIN Y Y Costl +Cost™ +Cost*?+ Y. Cost! (S111)

u€Um (u,s)eSv u€Uny
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Simultaneous Heat and Power Integration

Pinch Points

Set Pinch Points Based on Inlet Temperatures

Tpi = TMZ;_"” V(u,u') € HP;

Tpi=Tu V(ut,pi) € HPt—PIY';
Tpi =TS "+ AT Y(u,u') € CP;

Tpi =1 + AT

\

Temperature Differences

Process Unit Hot Stream Inlets

ATHPfin

uu'\pi

Process Unit Hot Stream Outlets

HP—out
ATmqui

Process Unit Cold Stream Inlets

ATCPfin

uu'\pi

Process Unit Cold Stream Outlets

ATCPfout

u,u' ,pi

Heat Engine Precooler Inlets

PC—in
A b,c,t,pi

Tyi =Ty " +AT  V(b,t) € CPSH;

T,i=T, YuecHPE,

PC—in
Tb,c,t

Ty = V(b,c,t) € HEP;
Tpi =TS+ AT V(b,c) € CPEC;
Tpi =Tu+AT  Y(ut,pi) € CPt— PIY’;

Ty =T,

max{0, Tfué)”'” —Tpi}

max{0, Tfj’om — Ty}

max{0, T, " — (Tpi — AT)}

max{0, T 1~ — (T, — AT)}

TPC —in

max{0, bt

- Tpi}
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Heat Engine Precooler Outlets

ATPC —out

o PC—out .
betpi = max{0, 7, —Tpi}

b,c,t

Heat Engine Economizer Inlets

ATb’fgl;j” = max{0, Tlff*"" — (T — AT)}

Heat Engine Economizer Outlets

ATbbfgp’i"“’ = max{O,TlfCC*O'” — (T, —AT)}

Heat Engine Superheater Inlets

Abef;” = max{0, Tlffq*m —(Tpi—AT)}

Heat Engine Superheater Outlets

ATbS,fﬁ"”’ — max{o,TbS:{f*W’—(T,,,-—AT)}

Heat Engine Logical Existence

Bound on Heat Engine Flow Rate

,Cot

Fylyin, > FE (b,c,t) € HEP

Bound on Total Amount of Heat Engines

Z yfi v < EnMax
(b,c,t)eHEP
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Heat Balances

Heat Engine Electricity Balance

Tur Pum En o
Z (Wb,c,t - Wb,c,t) ) Fb,c,t = Fgi
(b,c,t)EHEP

Upper Heat Balance for Pinch Points

H s AP HP—in _ HP—out

Qpi B ( ’?EHPgN“’”lvs Cp“ﬂ/as (ATM7M’7Pi ATu,u’,pi )
u,u

En HE—P PC—in PC—out

+(b t)ZeHEpr,c,t'Cp '(ATb,c,t,pi _ATb,C,tﬂpi )

7C7
HU
+ Y Y Ouuwt

(ut,pi)eHPt—PIV (u,ut)cHPt

Y 04Y ¥ SR dHE
(u,pi)€HPt—PIHB b (c,piyeHPt—PIC 1

Lower Heat Balance for Pinch Points

0= BN Pl TS AT
b L O BT AT
+(b,c,t)):6HEPF£cn’t Cp e (ATbeP_iom _ATbéjgp_im)
+ )) y o+ ¥  YYrfr-anf
(ut,pi)€CPt—PIV" (u,ut)€CPt (b,pi)eCPt—PIB ¢ 1

Pinch Point Heating Deficit

_C _pH
2pi = Qpi — Qi

Negativity of Pinch Deficits

Zpigo

46

(S125)

(S126)

(S127)

(S128)

(S129)



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2012

Total Heating Deficit

Q—-0.=0 (S130)
Total Heat Balance
HP—i HP—
— PC PC
% FF PP
’C’
+ Z Qu ut + Z Qu Z Fb, ’ dHC
(u,ut)€H Pt ucHPiHB (b,e,t)EHEP
CP—out CP—i
_( X)ZGCPg u,u s Cpuu ,S (Tu,u’ o _Tu,u’ m)
" I)ZéHEP bct CpHE E (TEC out TEC zn)
7C7
Z Fb CpHE ) (TSH out TSH m)
(b,c,t)EHEP o
- Y olu—- Y F-dH} (S131)
(u,ut)€CPt (b,c,t)EHEP
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