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Introduction

The Integrated Environmental Control Model (IECM) can simulate the performance,
emissions, and cost of various conventional and advanced coal-fired power plants under a variety
of scenarios. With growing interest in low-carbon technologies, coal-biomass co-firing stands
out as a promising Bioenergy with Carbon Capture and Storage (BECCS) technology for
assisting carbon mitigation in the energy sector. This report outlines the refinements and
additions made to IECM version 11.5. These updates enhance the IECM’s capability to simulate
the technical performance and environmental impact of co-firing power plants. Accordingly, the
updates are presented in four main sections:
Section 1 Fuel Database
Section 2 Boiler Efficiency Algorithm
Section 3 Life Cycle Greenhouse Gas Emission Model
Section 4 Case Study

Section 1: Fuel Database

This section consists of 4 parts: (1) “Nomenclature” shows the symbol for the parameter in
formulas, (2) “Fuel Blend” explains the calculation method used for determining the property
and cost of blended fuel, (3) “Fuel Property” exhibits the newly added properties of coal, waste
coal, and biomass, and (4) “Fuel cost” displays the estimation methods for the default as-
delivered costs.

1.1 Nomenclature

Symbol
ARB fuel property on an as-received basis (wt.% or kJ/kg)
ADCrp  as-delivered hybrid poplar cost (2007$/tonne)
ADCn mass-based as-delivered cost ($/tonne)
ADCsc  as-delivered switchgrass cost (2007$/tonne)
ADCrw  as-delivered torrefied wood cost (2018%/tonne)
CapC capital cost of the torrefaction plant (2018%)

CCF capital charge factor of the torrefaction plant (fraction/year)

CF capacity factor of the torrefaction plant (%)

CPIA consumer price index in year A

CPIB consumer price index in year B

DB fuel property on a dry basis (wt.% or kJ/kg)

EC annual electricity consumption cost of the torrefaction plant (2018%/year)

Far as-received basis fuel consumption rate of power plant (short-ton/day)

Fo dry basis fuel consumption rate of power plant (short-ton/day)

FMMBtu  ynijt conversion between Btu and MMBtu, with a value of 10 (MMBtu/Btu)

FSTtb unit conversion between short-ton and pound, with a value of 2000 (Ib/short-ton)

FSTtMT — ynit conversion between short-ton and tonne, with a value of 1.1023 (short-
ton/tonne)

FCm mass-based feedstock cost ($/short-ton)

FCe arithmetic mean of the energy-based feedstock cost ($/MMBtu)

HA adjusted hydrogen content, which excludes H in the sample moisture (wt.%)

HB hydrogen content, which includes H in the sample moisture (wt.%)

HHVeu higher heating value (Btu/lb)



LHVeu lower heating value (Btu/lb)

M moisture content on an as-received basis (wt.%)

NGC annual natural gas consumption cost of the torrefaction plant (2018$/year)

OA adjusted oxygen content, which excludes O in the sample moisture (wt.%)

OB oxygen content, which includes O in the sample moisture (wt.%)

OoMC annual operation and maintenance cost of the torrefaction plant (2018$/year)

PR production rate of torrefied wood (short-ton/day)

RDA constant dollar in year A

RDB constant dollar in year B

TCrw transport cost of torrefied wood (2018%/tonne)

TCm mass-based transport cost ($/tonne/km)

TD transport distance (km)

wC annual raw wood consumption cost of the torrefaction plant (2018%/year)
1.2 Fuel Blend

The fuel blend function allows the user to include up to three individual fuels for
combustion. The properties and cost of the blended fuel are determined using the mass-based
ratio of the individual fuels. When the input fuel is not coal, the IECM model uses the properties
of the input fuel to select the most similar coal as a proxy for calculating plant performance. We
suggest that the mass percentage of coal in a blended fuel be at least 60%.

1.3 Fuel Property

The fuel type in the fuel database is expanded to include not only coal, but also waste coal
and biomass. The structure of the database is enhanced to include proximate analysis data in
addition to heating value, ultimate analysis data, and ash property. The fuel properties are
derived from various literature and are specified as follows. The fuel properties in the IECM are
presented on an as-received basis, with adjustments made using Equations (1.1) to (1.3) if the
collected data is not aligned with this basis.

The properties for the following coals are expanded to include proximate analysis data:
Appalachian Medium Sulfur (bituminous), Illinois No. 6 (bituminous), Upper Freeport
(bituminous), Wyoming Powder River Basin (subbituminous), and North Dakota Lignite
(lignite). The properties of coal samples are gathered from technical reports of the IECM, the
National Energy Technology Laboratory (NETL), and the Electric Power Research Institute
(EPRI) (IECM, 2019a; NETL, 2007, 2019; EPRI, 2008, 2018). Table S1.1 displays the collected
properties for five coal samples.

Waste coal is a new fuel type with three samples from the Illinois Basin. They are Herrin
Refuse Coal Mach #1, Herrin Refuse Lively Grove Coal, and Dekoven Refuse Coal Eagle River
#1. The properties of waste coal samples are collected from Kolker et al. (2021). Table S1.2
shows the collected properties for three waste coal samples.

Biomass is another new fuel type with seven samples, including Switchgrass, Miscanthus,
Hybrid Poplar, Torrefied Wood, Corn Stover, Wheat Straw, and Pine Spruce Chips. Those
samples are classified into three categories: energy crop, agricultural residue, and forestry
residue. The categorization of the samples is shown in the table below. The properties of biomass
are gathered from multiple sources, including technical reports from the EPRI and the NETL, the
Energy Research Centre of the Netherlands (ECN) database, and published papers (Bush et al.,



2001; ECN, 2022; EPRI, 2010, 2012; Zygarlicke et al., 2001; Bridgeman et al., 2010). Tables S2
and S3 present the collected properties for seven biomass samples.

To ensure consistency of fuel properties in the IECM’s fuel database, adjustments are made
to the collected properties where necessary, following the methodology provided by Riley
(2014). Equation (1.1) converts fuel properties to an as-received basis. Equations (1.2) and (1.3)
adjust the hydrogen and oxygen contents by excluding moisture-related components. Tables 1.1—
1.3 summarize the fuel properties of coal, waste coal, and biomass embedded into the IECM,
respectively.

Note that for biomass with more than 20 wt.% moisture content, a drying process must be
considered. If on-site drying is applied, the associated cost and parasitic load should be
accounted for in the plant-level economic and performance calculations.

100 — M

= — 1.1
ARB = DB X 100 (1.1)
HA = HB — M x — (1.2)

= T .
16
A=0B—-Mx — 1.3
0OA=0 X To (1.3)
Table 1.1. As-Received Coal Property.
Coal Rank Bituminous Subbll'jgmmo Lignite
Pittsburgh #8 Hlinois Upper | Wyoming | North
Feedstock Name (Appalachian No.6 Freeport| Powder Dakota
Medium Sulfur)?! " | (NETL) | River Basin | Lignite
Higher
Heating | ki/kg 308423 27135 | 30980 19399 14003
Value
Carbon | wt.% 73.81 63.75 | 73.39 48.18 35.04
Hydrogen| wt.% 4.88 4.5 4.03 3.31 2.68
Fuel Oxygen | wt.% 541 6.88 4.79 11.87 11.31
Property -
Chlorine | wt.% 0.06 0.29 0.00 0.01 0.09
Sulfur | wt.% 2.13 2.51 2.29 0.37 1.16
Nitrogen | wt.% 1.42 1.25 1.33 0.7 0.77
Ash wt.% 7.24 9.7 13.03 5.32 15.92
Moisture | wt.% 5.05 11.12 | 1.13 30.24 33.03
Moisture | wt.% 5.05 11.12 | 1.13 30.24 33.03
Proximate Ash wt.% 7.24 9.7 13.03 5.32 15.92
Analysis i
volatile |\ o, 40.37 34.99 | 29.43 31.39 27.17
Matter




CF;‘;gn Wt.% 47.34 4419 | 56.41 33.05 23.89
SiO2 | wt.% 54.50 46.80 | 44.80 63.19 45.16
Al203 | wt.% 17.30 18.00 | 24.10 30.00 21.91
Fe20s | wt.% 4.50 20.00 | 17.30 2.90 6.97
Ca0 | wt% 10.70 7.00 4.20 0.91 16.42
MgO | wt.% 2.40 1.00 1.60 0.76 3.26
Ash Na:O | wt.% 1.48 0.60 0.00 0.38 0.78
Property KO | wt.% 1.11 1.90 2.70 1.49 0.80
TiO2 | wt% 0.70 1.00 1.30 0.09 1.63
MnO2 | wt.% 0.00 0.00 0.00 0.00 0.00
P20s | wt.% 0.27 0.20 0.10 0.08 0.81
SOs wt.% 7.04 3.50 3.90 0.20 1.26
Other | wt.% 0.00 0.00 0.00 0.00 1.00
Footnote:
1. Fuel properties are adjusted to an as-received basis using Equations (1.1) from the values reported in Table S1.1.
Table 1.2. As-Received Waste Coal Property.
Mining Approach Underground Surface
. Dekoven
Feedstock Name Herrin Refuse HéEQPL?\?ZIIJ; °| Refuse C_:oal
Coal Mach #1 Grove Coal Eagl:thlver
Higher Heating | |, . 4133 4617 17496
Value
Carbon wt.% 10.47 11.09 39.04
Hydrogen? wt.% 1.07 1.20 2.85
Oxygen? wt.% 2.99 2.53 2.21
Fuel Property Chlorine Wt.% 0.00 0.00 0.00
Sulfur wt.% 3.57 3.23 9.4
Nitrogen wt.% 0.42 0.41 0.93
Ash wt.% 73.84 73.64 40.90
Moisture wt.% 7.64 7.90 4.67
Moisture wt.% 7.64 7.90 4.67
Proximate Ash wt.% 73.84 73.64 40.90
Analysis Volatile Matter | wt.% 10.42 9.73 25.05
Fixed Carbon wt.% 8.10 8.73 29.38




SiO2 wt.% 56.51 61.04 44.51
Al2O3 wt.% 16.07 17.46 14.17
Fe20s wt.% 8.70 7.79 30.52
CaO wt.% 4.25 0.95 1.62
MgO wt.% 1.53 1.64 0.91
) Na20 wt.% 0.87 1.16 0.42
Ash Properties
K20 wt.% 3.20 2.68 2.10
TiO2 wt.% 0.80 0.81 0.77
MnO: wt.% 0.00 0.00 0.00
P20s wt.% 0.50 0.37 0.26
SOs wt.% 0.00 0.00 0.00
Other® wt.% 7.57 6.10 4.72
Footnotes:
1. Hydrogen weight percentage is adjusted using Equation (1.2) from the value reported in Table S1.2;
2. Oxygen weight percentage is adjusted using Equation (1.3) from the value reported in Table S1.2;
3. The Other value is adjusted so that the total sum is 100%.
Table 1.3. As-Received Biomass Property.
Agricultural |Forestry
Category Energy Crop Residue Residue
. . . . Corn Pine
Feedstock Name SWltch Miscant | Hybrid Torreflfg Stover Wheag Spruce
rass hus | Poplar | Wood # 1 |Straw 4
Chips
Higher
Heating |kJ/kg| 17159 | 16001 | 17773 | 23395 | 16230 | 16686 | 19305
Value
Carbon |wt.%| 42.04* | 40.36* | 45.03* | 57.93* | 41.24 |43.00*| 47.91*
Hydrogen |wt.%| 5.21 4.92 5.55° 5.57 5.15 | 6.08 5.58
Fuel Oxygen |wt.% | 37.59 37.19 | 42.01%| 32.10 | 36.51 | 38.62 | 37.04
ProPerty " Chiorine |wt.%| 000 | 0.05 | 001 | 000 | 0.09 | 0.23 | 000
Sulfur |wt.%| 0.15 0.05 0.25 0.00 0.09 | 0.08 0.03
Nitrogen |wt.% | 0.86 0.28 0.82 0.50 0.59 | 0.35 0.61
Ash |wt%| 4.94 2.61 1.13 1.80 10.68 | 4.86 2.52
Moisture |wt.% | 9.21 14.54 5.20 2.10 5.65 | 6.78 6.31
Moisture |wt.% | 9.21 14.54 5.20 2.10 5.65 | 6.78 6.31
Proximate| Ash |[wt.%| 4.94 2.61 1.13 1.80 10.68 | 4.86 2.52
Analysis :
\I/\;l)ﬁé're Wt%| 7541 | 72.12 | 78.85 | 66.90 | 70.10 | 75.92 | 71.86




(:Fa:;‘tfgn Wt%| 1044 | 1073 | 14.82 | 2920 | 1357 | 12.44 | 19.31
Si0, |wt%| 55.64 | 61.84 | 460 | 624 |53.747]2335| 33.16
AlOs |wt%| 474 | 098 | 150 | 117 | 199 | 002 | 52
Fe:Os |wt%| 308 | 135 | 200 | 056 | 0.00 | 055 | 2.86
CaO |wt%| 870 | 961 | 49.00 | 37.21 | 866 | 566 | 13.64
MgO |wt%| 12.03 | 246 | 850 | 341 | 611 | 036 | 2.9
Ash NazO |wt%| 149 | 033 | 040 | 196 | 015 | 091 | 088
Properties| K,O |wt%| 244 | 11.60 | 24.90 | 15.00 |20.67 | 4032 | 6.21
Tio: |wt%| 030 | 005 | 010 | 005 | 000 | 018 | 043
MnO. |wt%| 0.00 | 000 | 000 | 000 | 0.00 | 0.00 | 0.0
P.Os |wt%| 431 | 420 | 780 | 937 | 868 | 401 | 249
SOs |wt%| 306 | 263 | 120 | 237 | 000 | 383 | 149
Other |wt%| 4218 | 495 | 000 | 2266 | 000 |20.818| 30.748

Footnotes:

1. The fuel and ash properties are the arithmetic mean of the values in Table S1.3;

2. The ash property is the arithmetic mean of the values in Table S1.4;
3. Fuel properties are adjusted to an as-received basis using Equation (1.1) from the values reported in Table S1.3;
4. The Carbon value is adjusted so that the total sum is 100%;
5. Hydrogen weight percentage is adjusted using Equation (1.2) from the value reported in Table S1.3;
6. Oxygen weight percentage is adjusted using Equation (1.3) from the value reported in Table S1.3;

7. The SiO2 value is adjusted so that the total sum is 100%;
8. The Other value is adjusted so that the total sum is 100%.

1.4 Fuel Cost

The default fuel costs are estimated based on various literature using Equations (1.4) to
(1.10). The costs of waste coal and biomass in IECM are expressed in the 2022 cost year. Cost
adjustment is made using Equations (1.11) if the estimated cost data is in a different cost year.

Waste coal costs are derived from the Energy Information Administration (EIA) Coal Data
Explorer platform (EIA, 2023). Table 1.4 presents the national- and state-level as-delivered costs
for waste coal in 2021 and 2022, reported in current dollars. As waste coal samples are collected
from the Illinois Basin (Kolker et al., 2021), the waste coal as-delivered costs in Illinois State are

embedded into IECM.

Table 1.4. As-Delivered Waste Coal Cost.

Location Price (2021$/tonne) Price (2022%/tonne)
United States 16.49 18.30
Pennsylvania 15.01 18.04
West Virginia 28.92 N/A!

Ilinois? 16.49 18.30
Footnotes:

1. N/A stands for Not Available;
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2. For states without specific cost data, the U.S. national average cost is applied.

Biomass costs are estimated using relevant technical reports from the NETL and the
International Renewable Energy Agency (IRENA). The costs for hybrid poplar, switchgrass, and
torrefied wood are estimated based on the methodologies of Black et al. (2012), Buchheit et al.
(2021), and Stevens et al. (2021), respectively. The costs for miscanthus, corn stover, wheat
straw, and pine spruce chips are estimated using the energy-based feedstock costs reported by
IRENA (2015), in conjunction with mass-based transport cost (Stolaroff et al., 2021) and
assumed transport distance. In the following paragraph, we first discuss the estimation
methodology for hybrid poplar, switchgrass, and torrefied wood, as outlined in Equations (1.4) to
(1.7), and then introduce the estimation methodology for miscanthus, corn stover, wheat straw,
and pine spruce chips in Equations (1.8) to (1.10).

The cost estimation formulas for hybrid poplar and switchgrass are shown in Equations (1.4)
to (1.6), and the formula for torrefied wood is presented in Equation (1.7). In Equations (1.5) and
(1.6), the default costs are estimated based on the reported biomass properties and methods
(Black et al., 2012; Buchheit et al., 2021) in conjunction with the external biomass feedstock
consumption rate for 20 wt.% coal-biomass co-firing power plant derived from the IECM model
(2021). In Equation (1.7), the default cost is estimated based on the reported capital and O&M
costs (Stevens et al., 2021) in conjunction with the assumed transport distance (64 km) and cost
($0.10/tonne-km) (Stevens et al., 2021).

Fp = (1 =M) X Far (1.4)

ADCyp = (1.136 x 10711 x F]3) — 2.675x 1077 x F]ZJ + 3.153 x 1073 x Fp (1.5)
+116.2) x (1 — M) x FSTtMT

ADCge = (1.286 x 10711 x F3 — 3.028 x 10~7 X F2 + 3.569 x 1073 x Fp, (1.6)

+85.32) X (1 — M) x FSTtMT
CapC x CCF + WC + NGC + EC + OMC

PR X CF x 365

(1.7)

ADCry = X FSTMT 4 TCryy

The cost calculation formulas for miscanthus, corn stover, wheat straw, and pine spruce
chips are shown in Equations (1.8) to (1.10). The costs for the biomass are estimated based on
the summation of feedstock cost and transport cost, as shown in Equation (1.8). The feedstock
cost includes the expense of biomass cultivation (or acquisition), harvest, and delivery to the
field edge or roadside (DOE, 2011). The transport cost includes the expenses associated with
picking up the biomass from the field edge or roadside and transporting it to the end users. The
energy-based feedstock costs are retrieved from the IRENA report (2015) and listed in Table
S1.5. These reported cost data are based on the low heating value of biomass (Table S1.5).
Equations (1.9) and (1.10) are used to convert energy-based feedstock costs to mass-based
feedstock costs. In Equation (1.10), the low heating value of biomass is estimated based on the
higher heating value, moisture content, and hydrogen content of each biomass (EPA, 2007). The
transport cost of the truck is derived from the literature and shown in Table S1.6 (Stolaroff et al.,
2021). The assumed truck transport distance is 98 km (Mahmudi and Flynn, 2006; Kumar et al.,
2005). The mass-based costs for the biomass are determined by multiplying the average energy-
based feedstock costs by their heating value, plus the transport cost. Note that the cost
summation requires all components to be in the same cost year.

11



ADC,, = FC,, X FSTMT 4 TC_ X TD (1.8)
FC,, = FC, x LHV x FMMBtu 5 pSTtlb (1.9)
LHV,, = HHV,, — 10.55 x (M + 9 x HA) (1.10)

Biomass costs are adjusted to 2022 dollars using the Consumer Price Index (CPI) (Bureau of
Labor Statistics, 2023). The annual average chained consumer price index for all urban
consumers (C-CPI-U) serves as the cost index for these adjustments, as displayed in Equation
(1.11). The adjusted costs are presented in Table 1.5.

CPIA

—_— 111
CPIB (1.11)

RDA = RDB X

Note that the as-delivered costs for waste coal and biomass vary based on their properties,
processing treatment, as well as transport method and distance. The default as-delivered costs in
IECM may not be suitable for all co-firing scenarios.

Table 1.5. As-Delivered Biomass Cost.

Biomass Category Feedstock Price (2022%/tonne)
Energy Crop Switchgrass 112.8
Miscanthus 108.3
Hybrid Poplar 100.9
Torrefied Wood 123.6
Agricultural Residue Corn Stover 55.9
Wheat Straw 56.6
Forestry Residue Pine Spruce Chips 40.9

12




Section 2: Boiler Efficiency Algorithm

This section consists of 3 parts: (1) “Nomenclature” shows the symbol for the parameter in
formulas, (2) “Boiler Efficiency” shows the algorithm used to calculate the boiler efficiency for a
power plant, and (3) “Type of Heat Loss” shows the estimation formula for each type of heat loss
involved in the boiler efficiency algorithm.

2.1 Nomenclature

Symbol

Cpotash specific heat of bottom ash (kJ/kg+°C)

CglyASh specific heat of fly ash (kJ/kg+°C)

Cash concentration of carbon in collected ash (fraction)

Ceo burned carbon as CO (fraction)

fash as-received ash content of the fuel (mass fraction)

feab as-received carbon content of fuel (mass fraction)

T as-received hydrogen content of fuel (mass fraction)

fr20 as-received moisture content of fuel (mass fraction)

fs as-received sulfur content of fuel (mass fraction)

Fubc unburned carbon content in fly ash (%)

HHVuel higher heating value of the flue on an as-received basis (kJ/kg)

hr20(T) enthalpy of H20 component in flue gas at temperature T (kJ/kgemole)

hj(T) enthalpy of component j in flue gas at temperature T (kJ/kgemole)

HRsteam steam cycle heat rate of power plant (Btu/kwh)

HVcab heating value of the carbon, with a value of 32,797 (kJ/kg)

HVco heating value of the CO, with a value of 22,690 (kJ/kg)

Lo latent heat loss from water vapor (fraction)

E, sensible heat loss from water vapor (fraction)

LHy20 latent heat for water vapor, with a value of 2,419 (kJ/kg)

L Ashes losses from fly ash and bottom ash (fraction)

LBotash sensible heat loss from bottom ash (fraction)

Lcab losses from unburned carbon and carbon monoxide (fraction)

L Fiyash sensible heat loss from fly ash (fraction)

Lcas sensible heat loss of dry flue gas (fraction)

LH20 sensible and latent heat losses from water vapor (fraction)

Lr loss from radiation exchange with the surroundings (fraction)

Lunace unaccounted loss, including miscellaneous tolerance errors (fraction)

Mfagphi,H20 kilogram moles of H20 component in flue gas entering air preheater
(kgemole/kgfuer)

Mfagphi,j kilogram moles of component j in flue gas entering air preheater
(kgemole/kgfuer)

Mgotash mass flow rate of bottom ash exiting the bottom of the boiler (kg/hour)

MPFiyash mass flow rate of fly ash exiting the boiler (kg/hour)

Mfuel mass flow rate of fuel (kg/hour)

molen molecular weight of H, with a value of 1.01 (g/mole)

molenzo molecular weight of H20, with a value of 18.02 (g/mole)

MWjy gross electricity output of a power plant (MWyg)
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Percent percentage of a component in the blended fuel (wt.%)

Ptlyash percentage of ash entering flue gas stream (%)

Sretained sulfur retained in ash (%)

Subscript H20 H20 component in combustion air and flue gas

Subscript | components in combustion air and flue gas, including CO, COz2, N2, NO,
NO2, Oz, SO2, SOs3

Subscript orig measurement happens at the base plant where no pollution control
equipment is included

Superscript bio biomass

Superscript blend  blended fuel

Superscript ¢ coal

Superscript max maximum boundary of concentration of carbon in collected ash

Superscript wc waste coal

Thotfu temperature of the bottom ash exiting the bottom of the boiler (°C)

Ttdfan flue gas temperature exiting forced draft fan (°C)

Tunc uncorrected flue gas temperature after the heat exchanger (°C)

VM as-received volatile matter content of fuel (wt.%)

Tboiler boiler efficiency of the power plant (fraction)

2.2 Boiler Efficiency

The boiler efficiency algorithm (nuoiler) in IECM (2019b) is determined using the energy
balance method, which calculates net boiler efficiency by deducting heat losses to the
environment, as displayed in Equation (2.1). Six heat losses are considered in this algorithm.
They are the sensible heat loss of dry flue gas (Lcas), sensible and latent heat losses from water
vapor (LH20), losses from unburned carbon and carbon monoxide (Lcab), radiation loss (Lr),
losses from fly and bottom ashes (Lashes), and unaccounted 10ss (Lunacc). After determining these
six types of heat losses, the boiler efficiency of the base plant without any pollution control
equipment can be calculated.

Nboiler = 1- LGas - LHZO - LCab - LAshes - LR - LUnacc (2-1)

2.3 Type of Heat Loss
(a) Heat Loss from Dry Flue Gas

The sensible heat loss in dry flue gas (Lcas) is the difference in heat content of dry flue gas at
the uncorrected air preheater temperature and the atmospheric air temperature (IECM, 2019b).
Heat loss from water vapor in flue gas is calculated separately from heat loss from dry flue gas.

L _ 218 M¢gaphijorig X (hj (Tunc,orig) - hj (defan,orig)) (2.2)
Gas — HHVfuel

(b) Heat Loss from Water Vapor

Heat losses due to water vapor (Ln20) include latent and sensible heat losses. The latent heat
loss is from the vaporization of moisture and the combustion of hydrogen in the fuel, and
sensible heat loss is from water vapor in the flue gas (Singer, 1981).
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Lizo = Lo + Lo (2.3)

moley,o X fH)
—— 1] X
e (szo T 5% moley LHy20 2.4)
Hz0 HHV¢,
LSE _ Mfagphi,H20,0rig X (hHZO(Tunc,orig) - hHZO(defan,orig)) (2.5)
Hz0 HHViyel

(c) Heat Loss from Unburned Carbon and Carbon Monoxide
Heat loss due to incomplete oxidation (Lcab) is associated with the unburned carbon (UBC)
in ash and carbon monoxide (CO) in flue gas.

Cash

feap X HVeo X Ceo + HVeap X fasn X 1—Cusn (2.6)

Lo =
cab HH Vel

c,wc

The concentration of carbon in collected ash estimation in coal and waste coal (C_;,") relies
on empirical data from Yilmaz (2021) and the ash distribution data from IECM (2021). Equation
(2.7) presents the regression formula from Yilmaz (2021) which estimates the UBC
concentration in fly ash at coal-fired power plants using the volatile matter (VM) of the coal.
Equation (2.8) outlines the formula for determining the C:7y°, utilizing the estimated UBC in fly

ash

ash and the distribution data for the fly and bottom ashes (IECM, 2021).

FSVC = 43.927 — 1.2075 - VMSWE (2.7)
cowe — Fﬁ,t‘)/\f:c (2-8)
ash pﬂyash

The concentration of carbon in collected ash estimation in biomass (C2i¢) relies on
laboratory experimental data from Grammelis et al. (2006). The derived regression Equation
(2.9) is validated by an empirical trend.

Grammelis et al. (2006) analyzed ash samples of lignite and olive kernels co-firing cases and
determined the unburned carbon concentration in ash through loss-on-ignition analysis. The
empirical trend used is that for every 10% increase in biomass co-firing level on an energy basis,
there is a corresponding 1% decrease in boiler efficiency (Miedema et al., 2017; Pronobis and
Wojnar, 2013).

bio 03714 - VMPI® — 59865 (2.9)
ash = 100

The minimum Cash boundary is set to 0 for all fuels. The maximum value is constrained
based on the fuel properties and the concentration of post-combusted ashes, UBC, and sulfur, as
shown in Equation (2.10).

_ f, (2.10)

S .
fc + fash + fs X reitsl(r)led

max
ash
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The Cash estimation formula for blended fuel is presented in Equation (2.11).

blenq _ Percent® 43.927 —1.2075-VM€®  Percent™* (2.11)
Casfln = X +
100 l)ﬂyash 100
43927 — 1.2075 - VMWe N Percent®i©
Pryash 100
y (0.3714 - VMPI° — 59865)
100

(d) Heat Loss from Ash

Heat losses due to fly ash and bottom ash (Lashes) can be significant. Hot ashes produced by
fuel combustion can lead to substantial heat losses, depending on the quantity of ash and its
temperature.

Lashes = LFlyash + Lpotash (2.12)

The fly ash heat loss (Lgiyasn) primarily stems from the fly ash carried by the flue gas
leaving the boiler, representing the heat loss in the flue dust (Singer, 1981). Equation (2.13)
displays the estimation formula for sensible heat loss from fly ash (Singer, 1981).

FlyAsh
MFlyAsh % Cp yas X (Tunc - defan) (2-13)

Lrlyash =
Fyash ™ Mgyl HH Ve

The bottom ash heat 10ss (Lgotasn) COMes from the bottom ash leaving the bottom of the
boiler, representing the heat loss in the waste removed from the ash pit (Singer, 1981). Equation
(2.14) displays the estimation formula for sensible heat loss from bottom ash.

L _ Mgotash x CEOtASh X (Tbotfu - defan) (2-14)
Botash M¢yel HHVEye1

The specific heat of fly ash and bottom ash are needed for the above calculations. The values
are retrieved from coal combustion cases in the American Society of Mechanical Engineers
(ASME) (1964), as detailed in Table 2.1.

Table 2.1 Specific Heat of Ash.

Name Unit Value Source of Data
Specific Heat of Fly Ash kJ/kge°C 0.841 ASME (1964)
Specific Heat of Bottom kJ/kge°C 1.05? ASME (1964)
Ash

Footnotes:
1. The value is retrieved from the 7.3.2.12 equation of ASME (1964);
2. The value is retrieved from the 7.3.2.10 equation of ASME (1964).
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(e) Heat Loss from Radiation Exchange
Radiant heat loss (Lr) consists of heat lost to the surrounding air through radiation (Singer,
1981).
600

Lg = 0.001
r = 0.0015 + MW, X HR (2.15)

() Unaccounted Loss
The unaccounted loss (Lunacc) refers to losses that are unclassified and challenging to
measure (Singer, 1981).

Lynace = 0.005 (2.16)
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Section 3: Life Cycle Greenhouse Gas Emission Model

This section consists of 3 parts: (1) “Nomenclature” shows the symbol for the parameter in
formulas, (2) “Analysis Scope and Method” introduces the life cycle assessment boundary and
the overall life cycle greenhouse gas (GHG) emission calculation formula for a power plant, and
(3) “Greenhouse Gas Emissions by Stage” displays the estimation formula for each component
in the overall life cycle GHG emission of the power plant.

3.1 Nomenclature

Symbol
Ediesel

Ee

EFbio
EF.
EFLca
EFpIant

transport
EFbarge

transport
EF oP

'%rain .
ranspor
EF 27°P

truck

EFtes
EF ¢
FRubio

FRc
l:‘RCOZCap
FRwc
GWPy "
Gvalooyr

N20
MWhet

emission intensity associated with diesel production and combustion (kg
COZGC]/kgdiesel)

emission intensity associated with electricity consumption (kg
CO2eq/MWh)

biomass supply chain GHG emissions (kg CO2eq/kgbio)

coal supply chain GHG emissions (kg COzeq/kgc)

life cycle emissions of a power plant (kg CO2eq/MWhnet)

stack emissions of a power plant (kg CO2eqg/hour)

transport GHG emissions of barge (kg CO2eq/kgsuel/km)

transport GHG emissions of train (kg CO2eq/kgruei/km)
transport GHG emissions of truck (kg COzeq/kgfuel/km)

CO:2 transport and storage GHG emissions (kg COzeq/kg CO2-captured)
waste coal supply chain GHG emissions (kg CO2eq/kgwc)

biomass flow rate of a power plant (kgvio/hour)

coal flow rate of a power plant (kgc/hour)

captured CO:z2 rate of a power plant with CCS (kg CO2-captured/hour)

waste coal flow rate of a power plant (kgwc/hour)
global warming potential value of CHa (kg CO2eq)

global warming potential value of N20 (kg COzeq)
net electricity output of a power plant (MWhet)

Subcategories for Coal Supply

Cextraction
diesel

Chandle
diesel
Coverbu
diesel
Creclam
diesel
Cclean
e
Cextraction
e
Chandle
e
Coverbu
e

Cventilation
e

extraction
CMM¢h4 A

overbu
CMM¢ha

diesel consumption of coal extraction from underground or surface mines
(kgdiesellkgc)

diesel consumption of coal handling (Kgdiese/kgc)

diesel consumption of overburden removal at surface mine (Kgdieset/kgc)
diesel consumption of surface mine reclamation (Kgdieset/kgc)

electricity consumption of coal cleaning (MWh/kgc)

electricity consumption of coal extraction (MWh/kgc)

electricity consumption of coal handling (MWh/kgc)

electricity consumption of overburden removal at surface mine (MWh/kgc)
electricity consumption of underground mine ventilation (MWh/kgc)

coal mine methane release of underground mining (kg CHa/kgc)

coal mine methane release of surface mining (kg CHa/kgc)
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barge
Dc

train
D¢

truck
D¢

process
EFcl@ap
mining
EF.
process
EF?

EF(t:ransport
EFpandle
EF;I;}“f“g
EFfEl‘gmg

E clean
constru

E mining
constru

EmNH4-NO3

process
loss;

Subscript ¢

barge transport distance of coal (km)

train transport distance of coal (km)

truck transport distance of coal (km)

emissions of coal cleaning (kg CO2eq/kgc)
emissions of coal mining (kg CO2eq/kgc)
emissions of coal processing (kg CO2eq/kgc)
emissions of coal transport (kg CO2eq/kgc)
emissions of coal handling (kg COzeq/kgc)
emissions of surface mining (kg COzeq/kgc)
emissions of underground mining (kg CO2eq/kgc)

emissions of coal preparation facility construction (kg CO2eq/kgc)
emissions of coal mine commission, decommission, and construction (kg
CO2eq/kgc)

emissions of the ammonium nitrate fuel oil explosives consumption in
surface coal extraction and overburden removal (kg CO2eq/kgc)

loss factor of coal cleaning (fraction)

coal

Subcategories for Waste Coal Supply

Cextraction
diesel

cur
Ce

Cgens

Cgvash

barge
ch

train
ch
truck
ch
extraction
EFc

process
EF,,.

transport
EF,¢
Fm3t|iter
Flitertkg

extracted
lossqe

pellets
lossy,.

] slurry
wc

Subscript wc

diesel consumption of waste coal extraction (kgdiesel/KQwc)
electricity consumption of waste coal cold-curing (MWh/Kgwc)
electricity consumption of waste coal densification (MWh/kgwc)
electricity consumption of waste coal washing (MWh/kguwc)
barge transport distance of waste coal (km)

train transport distance of waste coal (km)

truck transport distance of waste coal (km)

emissions of waste coal extraction (kg CO2eq/kgwc)

emissions of waste coal processing (kg CO2eq/kgwc)

emissions of waste coal transport (kg CO2eq/kgwc)

unit conversion between cubic meter and liter, with a value of 1000 (L/m?)
unit conversion between liter and kg, with a value of 0.84 (kg/liter)

loss factor of extracted waste coal to waste coal product (Kgextracted/KQwc)
loss factor of waste coal pellet to waste coal product (Kgpeliet/KQwc)

loss factor of coal-rich slurry (kgsturry/KgQwec)
waste coal

Subcategories for Biomass Supply

44
12
AC soil
Arean

BW
Cabovegnd

molecular weight conversion factor from C to COz2 (fraction)

annual carbon stored in soil (kg C/hectarenio/year)

tree harvester covered area per unit time (hectare/hour)
baler width (feet)

carbon fraction of aboveground biomass (kg C/kgpio)
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Cabovegnd

oth
croot

Csoil
abovegnd
Co5

Cotz)elowgnd

Cg;oﬂ
Dpio-
D
Dt
DS
DT

DW

EcHa
Ecoz
Eherbicide

ENZO

fb

FC
FMJtMWh

FhatftZ

Fgatliter
Flbtliter

Flitertkg
Fmiletft

FochCr
cultivation
EFbio

Bl
EFE
Enga(;‘vest
EFjuc
Engr(Cz)cess
Eigir%duction
bio
EFII)(i)gref
B
BFguluation

carbon fraction of dry aboveground biomass for other land (kg C/hectarebio)

carbon stored in biomass root (kg C/hectarebio)

carbon stored in soil (kg C/hectarebio)

carbon dioxide equivalent emissions from aboveground biomass (kg
CO2eq/Kgpio)

carbon dioxide equivalent emissions from belowground biomass (kg
CO2eq/Kgpio)

carbon dioxide equivalent emissions from soil (kg CO2eq/kgbio)
barge transport distance of biomass (km)

train transport distance of biomass (km)

truck transport distance of biomass (km)

speed of tractor when dragging the disk tiller (mile/hour)

number of disk tiller pass needed before a planting (#)

disk tiller width (feet)

CHa release per biomass input to the torrefaction (kg CHa/kgpio-in)

COz2 release per biomass input to the torrefaction (kg CO2/kgpio-in)
emission intensity associated with herbicide consumption (kg
CO2eq/Kgherbicide)

N20 release per biomass input to the torrefaction (kg N2O/Kgpio-in)
fraction of biomass yield assumed to be present when estimating biomass
carbon stocks (fraction)

fuel consumption for harvester (Ibdiese/hp/hour)

unit conversion between MJ and MWh, with a value of 1/3600 (MWh/MJ)
unit conversion between hectare and square feet, with a value of 107,639
(ft?/hectare)

unit conversion between gallon and liter, with a value of 3.79 (liter/gallon)
unit conversion between pound and liter for diesel, with a value of 0.5391
(liter/Ib)

unit conversion between liter and kg, with a value of 0.84 (kg/liter)

unit conversion between mile and feet, with a value of 5,280 (feet/mile)
cropland created from other land due to indirect land use change (fraction)
biomass cultivation emissions (kg CO2eq/kgbio)

direct land use change emissions (kg CO2eq/kgbio)

emissions of biomass grinding (kg CO2eq/kgpio)

emissions of biomass harvesting (kg CO2eq/kgbio)

indirect land use change emissions (kg CO2eq/kgbio)

direct and indirect land use change emissions (kg CO2eq/kgbio)
emissions of biomass processing (kg CO2eq/kgbio)

biomass production emissions (kg CO2eq/kgpio)

emissions of biomass torrefaction (kg CO2eq/kgbio)

emissions of biomass transport (kg CO2eq/Kgbio)

emissions associated with diesel consumption during biomass cultivation
(kg CO2eq/kgbio)
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cultivation
EFfertuse

cultivation
EFherbuse

EFactoraiio
FU

FUT
GC
HD
HHV
HI

HPE

HWH

gnd
1ossbio

losspor

mfc
mf20
molen
moleo
N20%,
N20g5
N

NVN
NVn20
p

PS

PT

PW
ratioc

ratioyLyc/pruc

ratiorzs
ratiOresidue
ratiousel

rN20
S
Subscript bio

Subscript biofcr
Subscript biofpa

Subscript cr

emissions associated with fertilizer consumption during biomass cultivation
(kg CO2eq/kgbio)

emissions associated with herbicide consumption during biomass
cultivation (kg CO2eq/Kgbio)

energy-based emission allocation factor

manufacturer fuel use at standard power take-off at 1953 rpm tractor which
is used for dragging the disk tiller and planter (gallon/hour)

manufacturer fuel use of tractor and baler (gallon/hour)

planting increment cycle of biomass (year)

header operating speed of harvester (mile/hour)

higher heating value (kJ/kg)

harvest index. It represents the grain yield of a crop as a fraction of
aboveground biomass production, indicating the distribution of production
between grain and agricultural residue (fraction)

horsepower for harvester (hp)

header width of the harvester (feet)

loss factor of biomass grinding (fraction)

loss factor of biomass torrefaction (fraction)

carbon content of biomass (mass fraction)

moisture content of biomass (mass fraction)

molecular weight of N, with a value of 14 (g/mole)

molecular weight of O, with a value of 16 (g/mole)

N20 emission as the land changed to biofuel production from displaced
cropland (kg N20O/kgbio)

N20 emission from indirectly created cropland (kg N20/Kkgbio)

amount of nitrogen fertilizer consumed (kg N/hectare/year)

ratio of non-volatilized fertilizer to total nitrogen fertilizer (fraction)
ratio of N20 release from soil (fraction)

efficiency of agricultural residue collection from cropland (fraction)
speed of tractor when dragging the planter (mile/hour)

number of planter pass needed during planting (#)

planter width (feet)

ratio of as-received carbon content of raw willow to torrefied willow
(fraction)

fraction of a hectare of indirect land use change in a remote area, resulting
from the conversion of one hectare in direct land use change (fraction)
root-to-shoot ratio of the plant (fraction)

ratio of harvest residues to yield (fraction)

electricity consumption ratio of torrefaction process to grinding process
(fraction)

volatilized N20 per unit of nitrogen fertilizer (kg N2O/kg N)

share of land (fraction)

biofuel production

land changed to biofuel production from cropland

land changed to biofuel production from pastureland

cropland
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Subscript crfoth
Subscript crfpa
Subscript ec
Subscript fr
Subscript hp
Subscript hr
Subscript oth

Subscript pa
Subscript pafoth
Subscript pr
Subscript re
Subscript TW
Subscript wp
Subscript wr
Superscript dry
Superscript G
Superscript wet
T

Th

TO

Uptakeco,

Ugn
Ue
Up
VN
Vn2o
Y

Z

land changed to cropland from other land

land changed to cropland from pastureland

energy crop

forestry residue

herbaceous product

herbaceous residue

other land, consisting of both high and low carbon-stock areas, holds an
average carbon stock of approximately half of the typical values found in
temperate zone forests

pastureland

land changed to pastureland from other land

agricultural product

agricultural residue

torrefied wood

woody product

woody residue

dry basis

pre-harvested

wet basis

study period, with a value of 30 (year)

period for estimating biomass carbon stock (year)

tractor operating speed (mile/hour)

CO:z2 uptake during the biomass growth (kg CO2/kgbio)

diesel consumption during biomass cultivation (kgdiesei/hectare/year)
diesel consumption during biomass harvesting (kgdiesel/Kgbio)
electricity consumption during biomass grinding (MJ/Kgpio)
herbicide consumption during biomass cultivation (Kgnericidze/hectare/year)
ratio of volatilized fertilizer to total nitrogen fertilizer (fraction)
nitrogen fertilizer volatilizes nitrogen to form N20 (fraction)

annual biomass yield (kg/hectare/year)

annual biomass yield (short-ton/acre/year)

Subcategories for CO2 Transport and Storage

Al"easurvey

CconsSt
diesel
Cstorage

diesel
storage
Ce

Delivercg,
Densityco,

DerlSitYpipeline
Dpipe
Drilldepth
Drillower

seismic survey area (km?/kg CO2-captured)

diesel consumption of well installation (kgdieset/well)

diesel consumption of 3D Seismic-site preparation & site monitoring survey
operation (Kgdiesel/km?)

electricity consumption of site operations & brine management (MWh/kg
COZ-captured)

daily COz2 delivery amount (tonne/day)

CO:z2 gas density at standard temperature and pressure, namely 32°F and
14.5 psi (kg/m?)

density of steel pipeline (kg/mile)

pipeline diameter (inch)

well depth (m/well)

power of drilling equipment (MW)
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Drlllspeed
Transport
construction

Transport
Epig
ETransport

pumpleak

Transport

fugitive

storage

formleak
storage

wellconstruction

Estorage
suvery

constru
EGHG
E

pump
Esteel

Esurvery
Transport

EFCOZ
Storage

EFCOZ

Fugiativecy,
katmi
Fyrtdy

FkgtMT

Leakcq,

Lpipe

Nurrlwell
Periodpipe
Powerpump
StGElwell
Tortuositypipe
Uq

weightpipe

drilling rate of the well (m/h)

emissions associated with the construction of COz2 transport pipeline (kg
COZEQ/kg COZ-captured)

emissions associated with the pigging operation of CO2 transport pipeline
(kg CO2/kg CO2-captured)

emissions associated with leakage of the COz2 injection pump of CO2
transport pipeline (kg CO2/kg CO2-captured)

emissions associated with the fugitive of COz transport pipeline (kg CO2/kg
COZ-captured)

geological formation storage leakage (kg CO2eq/kg CO2-captured)
emissions associated with the construction of injection well (kg CO2eq/kg
COZ-captured)

emissions associated with 3D Seismic-site preparation & site monitoring
survey operation (kg CO2eq/kg COz2-captured)

emissions of the well construction (kg COzeq/well)

emissions for COz2 released to air from CO2 pump (kg/MW-day)

emission intensity associated with steel production (kg CO2eq/kgsteel)
emissions per seismic survey area (kg CO2eq/km?)

COg2 transport GHG emissions (kg CO2eq/kg CO2-captured)

CO: storage GHG emissions (kg CO2eq/kg CO2-captured)

methane fugitive emission of natural gas pipeline (m®/km-yr)

unit conversion between kilometer and mile, with a value of 0.62 (mile/km)
unit conversion between year and day, with a value of 365.25 (day/year)
unit conversion between kg and tonne, with a value of 10 (tonne/kg)

CO:2 leak factor of pipeline (unitless)

COz2 pipeline length (mile)

number of well required (#)

study period for the COz2 pipeline and injection (years)

power requirements for CO2 pump (MW)

amount of pipe welded steel required per well (kgsteet/well)

pipeline tortuosity factor (unitless)

diesel consumption per unit of brake specific drilling energy (kgdiese/ MWh)
additional pipeline weight factor due to valves (unitless)

3.2 Analysis Scope and Method

The boundary of the life cycle assessment (LCA) is shown in Figure 3.1. The major life
cycle stages for electricity generation plants include fuel supply, combustion-based power
generation, and, when applicable, CO2 transport and storage. Depending on the plant type, fuel
may include coal, waste coal, and biomass, which have different supply chains. The coal supply
chain involves mining, processing, and transport. The waste coal supply chain consists of
extraction, processing, and transport. The biomass supply chain includes land use change,
production, harvesting and handling, processing, and transport. The combustion-based power
generation consists of the base plant, pollution control systems, and the amine-based post-
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combustion carbon capture when applicable. The CO2 transport and storage covers pipeline
transport and geological sequestration.

___________________________________________
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Figure 3.1. Life Cycle Boundary of Co-Firing Power Plant with Carbon Capture and Storage.

Based on the scope of the LCA, a fuel-based life cycle GHG model is developed. This
model is integrated into the IECM. The IECM can then be used to perform a process-based LCA.
The functional unit of LCA is 1 MWh of electricity delivered to the power grid. The life cycle
emissions of the power plants are estimated using Equation (3.1), based on the IECM modeling
results and each stage’s GHG emissions. The GHG emission estimation method for each stage is
presented below. The considered GHG include CO2, CHa, and N20, with their Global Warming
Potential (GWP) values reported in Table S2.1 (IPCC, 2014).

GHG Emissions of Co-Firing Power Plants

FRC FRWC l:‘Rbio EFplant (31)
EF = EF. X ———— + EF,y X ———— + EFy;, X EF
LCA C MWnet wc MWnet bio MWnet MWnet T&S
% CozCap
MWhet

3.3 Greenhouse Gas Emissions by Stage

This subsection introduces and summarizes the GHG emissions estimation method by stage.
It begins with the stage of fuel supply, followed by electricity generation plant operation and
COg2 transport and storage.

(@) Fuel Supply
The fuels of interest include coal, waste coal, and biomass. For each, we present a brief
introduction, calculation formulas, emission results, and discussions.

Coal Supply

Coal is extracted through surface or underground mining, and then processed as needed
before being transported to the power plant by train, truck, or barge. The coal supply chain
emissions are calculated in Equation (3.2). Energy consumption and associated GHG emissions
of the coal supply chain are estimated based on NETL unit process files (NETL, 2009, 2010,
2011, 2013a-2013e), NETL technical reports (Skone et al., 2016; Cutshaw et al., 2023), and the
NETL CO2U LCA guidance toolkit (NETL, 2023). The calculation details for coal supply
emissions are listed in Equations (3.3) to (3.10). Table 3.1 summarizes the input for the coal
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supply chain GHG emissions calculation. Table 3.2 summarizes the emissions of coal supply
chain for Illinois No. 6 Coal and Powder River Basin Coal.

Coal Mining. This study considers coal samples from different mining approaches. For
underground mining, GHG emissions come from several sources, including mine commission,
construction, coal extraction, underground gas ventilation, and decommission (Cutshaw et al.,
2023). For surface mining, GHG emissions are associated with mine commission, construction,
overburden removal, coal extraction, mine reclamation, and decommission (Cutshaw et al.,
2023).

Coal Processing. GHG emissions of coal processing result from activities such as coal
handling and cleaning, which vary based on the coal type and processing requirements (Cutshaw
et al., 2023). Coal processing includes the energy needed to transport coal around the mine site
using trucks, conveyor belts, load-haul-dump machines, bulldozers, and front-end loaders
(Cutshaw et al., 2023). Coal cleaning involves processes on the mine site to separate coal from
rocks, dirt, clay, and other materials (Cutshaw et al., 2023).

Coal Transport. The emissions for each transport method (kg COzeq/kgrue/km) are derived
from literature (NETL, 2010, 2011; Federal LCA Commons, 2020). The transport GHG
emissions can be affected by vehicle type, geography, equipment efficiency, upstream fuel
production emission, and climate conditions (Facanha and Horvath, 2007; O’Connell et al.,
2023). The transport GHG emissions (kg CO2eq/kgruer) vary based on the vehicle fuel
consumption rate and carrying capacity as well as the transport distance of the fuel location and
the power plant.

GHG Emissions of Coal Supply Chain

EFC — EF:;nining + EF?rocess + EFtransport (32)

C

GHG Emissions of Coal Mining

mining
EFmining _ EFung (33)
c - EFmining
o sur
EFlTr:gmg — ((ngtractlon + Cgentllatlon) X Eo + Cg)i(etgglctlon X Egiesel + CMMg)ﬁtA{aCtlon (34)
X Gwpgggyr) x (1 + lossP™%*) 4 EmMining
mining __ tracti b tracti b 1 3.5
EFgoy "8 = ((Cgrtraction 4 cgverbu) x E, + (Cgxiagtion 4 cguerbu 4 creclam (3:5)
X Ediesel + CMMESP® X GWP2Y" + EmNH4NO3 ) 5 (1 4 lossP o)
mining
+ EMeongiry
GHG Emissions of Coal Processing
process _ ppprocess process
EF, - EFhandle + EFclea}lln dl (3.7)
process _ (~handl process
EFhandle - (Cean €% Ee + Cdiaensele X Ediesel) X (1 + lOSSc ) (38)
EFfoy " = C§°" x E, + EmEiiily, (3.9)
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GHG Emissions of Coal Transport

EFtransport _ EFtransport % Dgrain + EFtransport X DEFUCk + EFtransport % ch)arge (3.10)

c - train truck

barge

Table 3.1. Inputs of Coal Mining and Processing Emission Estimation.

'II:';E)Ie Stage Symbol Value Unit Source of Data
Cgxtraction 1.8E-05 | MWh/Kgc Cutshaw et al. (2023)
Cyentilation 4.3E-05 | MWh/Kkgc NETL (2013a)
Underground Feextraction | 43E.04 | kgaiesal/kge Cutshaw et al. (2023)
Mlnlngl diesel i
CMMExTaction | 2 7E-03 | kg CHa/kge Cutshaw et al. (2023)
Wlinois Eminin8 8.92E-04 | kg COzeq/kge | Cutshaw et al. (2023)
No. 6 Chandle 2.0E-05 | MWh/Kge NETL (2013b)
Underaround Chandle 1.5E-03 | kgdiesel/Kge NETL (2013b)
Coal J Cglean 4.2E-07 | MWh/kge NETL (2013c)
Processing? process : NETL (2013C),
g loss; 0.30 fraction Cutshaw et al. (2023)
Emdean 2.62E-05 | kg CO2eq/kge | Cutshaw et al. (2023)
cgverbu 8.6E-06 | MWh/kgc NETL (2013d)
(Cgxtraction 75E-07 | MWh/kgc NETL (2013d)
Cgxtraction 1.6E-04 | Kgdiesel/Kgc NETL (2013d)
Powder Surface cgverbu 6.8E-04 | Kguiesel/kgc NETL (2013d)
River Mining* Creclam 1.0E-04 | Kgdiesel/Kgc NETL (2013d)
Basin CMMZYerPY | 6.3E-04 | kg CHa/kgc Cutshaw et al. (2023)
EmNH4NO3 3.3E-03 | kg CO2eq/kge | Skone et al. (2016)
Em/nig 2.3E-04 | kg COzqlkge | Skone et al. (2016)
Surface Coal | chandle 1.4E-03 | kgdiesel/kgc NETL (2013e)
Processing" | lossP™“** |0 fraction Cutshaw et al. (2023)
Footnote:

1. The emission intensities associated with electricity (Ee) and diesel consumption (Ediesel) are displayed in Tables S2.2 and

S2.3, respectively.

Table 3.2. Coal Supply Chain Emissions.

Name | Illinois No. 6 Powder River Basin

Stage
Mining (kg CO.eq/kgc) 1.7E-01 3.5E-02
Processing (kg COzeq/kgc) 2.5E-02 5.5E-03
Transport (kg CO2eq/kgc/km)

By Train | 2.0E-05

By Truck | 1.2E-04

By Barge | 2.7E-05
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Coal mine methane (CMM) released from ventilation or overburden removal occupies a
large portion of the total coal supply chain GHG emissions (Skone et al., 2016, 2018a). Factors
such as coal seam depth, coal rank, and mining method are crucial in determining methane
release during mining (Irving and Tailakov, 2000). Methane emissions from underground mining
are typically higher than surface mining due to the greater gas content in deeper coal seams
(Irving and Tailakov, 2000).

Waste Coal Supply

Waste coal is extracted from impoundments, processed, and then transported to the power
plant by train, truck, or barge. The waste coal supply chain emissions are calculated in Equation
(3.11). GHG emissions for each stage of the waste coal supply chain are estimated based on the
energy consumption amount (Hanak, 2022) and emission intensity associated with consumption
(NETL, 2011a, 2014, 2023). The calculation details for waste coal supply emissions are listed in
Equations (3.12) to (3.14). Table 3.3 summarizes the input for the waste coal supply chain GHG
emissions calculation. Table 3.4 summarizes the emissions of waste coal supply chain.

Waste Coal Extraction. GHG emissions are contributed by diesel-driven equipment,
including a pit front-end loader, two pit trucks, and a plant front-end loader used to extract coal-
rich slurry from the impoundment (Hanak, 2022).

Waste Coal Processing. GHG emissions result from electricity-powered equipment used for
moisture separation, densification, and cold curing (Hanak, 2022).

Waste Coal Transport. Transport GHG Emissions (kg COzeq/kgwc/km) for waste coal are
assumed to be the same as those for coal transport.

GHG Emissions of Waste Coal Supply Chain
EFWC — EFSVXCtraction + EF‘IZII"COCeSS + EFtranSpOrt (3.11)

wcC

GHG Emissions of Waste Coal Extraction

EFextraction — Cg)_(tralction x Fmstliter o plitertkg 5 B x (1 + IOSSSIUTTY) (3.12)
w l1ese 1 wcC
GHG Emissions of Waste Coal Processing

EF‘}/)vrCocess — (C\eNaSh % (1 + IOSSSVXCtraCted) + Cgens X (1 + IOSS‘I,)villets) + Cgur) % Ee (3.13)

GHG Emissions of Waste Coal Transport

transport __ transport train transport truck transport barge 3.14
EF e = EFam X Diain 4 BF, 0P x DIk + BF 2P0 x D (3.14)
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Table 3.3. Inputs of Waste Coal Extraction and Processing Emission Estimation.

_T_;Se Stage Symbol Value Unit Source of Data
Extraction? cextraction 4.2E-07 M>/Kgsturry Hanak (2022)
LOSS‘i}lClrry 4 kgslurry/kgwc
C,‘;"aSh 8.1E-06 MWh/KQextracted
\é\gaas’lte Cdens 23E-05 | MWh/Kgpelkets
Processing® | Cg"" 2.4E-06 MWh/kgwe
lOSSS\,}%traCted 0.25 kgextracted/ kgwc
]osssvi“ets 0.25 KQpeltet/KQwe

Footnote:
1. The emission intensities associated with electricity (Ee) and diesel consumption (Edieser) are displayed in Tables S2.2 and
S2.3, respectively.

Table 3.4. Waste Coal Supply Chain Emissions.

Name | Waste Coal

Stage
Mining (kg CO-eq/Kgwc) 6.9E-03
Processing (kg COzeq/kguc) 2.4E-02

Transport (kg COzeq/kgwc/km)

By Train | 2.0E-05
By Truck | 1.2E-04
By Barge | 2.7E-05

The processing steps required for waste coal result in high energy consumption and GHG
emissions. Waste coal processing is the primary contributor to supply GHG emissions, primarily
due to the electricity used by the processing equipment.

Biomass Supply

Biomass is produced from cultivation and harvesting, processed as needed, and then
transported to the power plant by train, truck, or barge. The biomass supply chain emissions are
calculated in Equation (3.15). The GHG emissions of the biomass supply chain are estimated
based on the methods from NETL technical reports and unit process files (Skone et al., 2011;
NETL, 2010a—2010e, 2011b, 2012a-2012d, 2023) and external data of material and energy
consumption rate as well as yield (Kahle et al., 2001; Jacobson et al., 2013, 2014; Song et al.,
2016; Dumortier, 2018; Mann et al., 2013; Fortier et al., 2015; Caslin et al., 2015a, 2015b;
USDA, 2023). The calculation details for biomass supply emissions are listed in Equations (3.16)
to (3.63). Tables 3.5 to 3.9 summarize the input for the GHG emissions calculation of direct land
use change, indirect land use change, CO2 uptake, biomass cultivation, biomass harvesting, and
biomass processing, respectively. Table 3.10 summarizes the emissions of the biomass supply
chain for seven biomass samples.

Land Use Change. Land use change emissions associated with biomass cultivation consider
both direct and indirect land use change emissions, as detailed in Equation (3.16). These
emissions stem from four main components: changes in aboveground biomass, belowground
biomass, soil organic matter, and fertilizer usage. These are outlined in Equations (3.17) through
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(3.46). Direct land use change occurs when land previously used for other purposes is converted
to biofuel production. Indirect land use change occurs when grasslands and forests are converted
to cropland/pastureland somewhere on the globe to compensate for the displacement of
commodities due to biofuel production (Plevin et al., 2010). Three key assumptions are made:
(1) the biofuel production occurs on land that is assumed to consist of 24% cropland and 76%
pastureland. This assumption follows that of Skone et al. (2011), with the reference location
being Northern Missouri, (2) converting 1 hectare of land directly leads to 0.3 hectares of
indirect land use change in a remote area. The ratios for direct and indirect land use change are
estimated based on 2021 international land conversion data (EPA, 2010), and (3) agricultural and
forestry residues are treated as waste and thus do not cause land use change.

Biomass Production. The biomass production emissions are the summation of CO2 uptake
and biomass cultivation, as shown in Equation (3.47). CO: uptake is calculated based on the
carbon content of biomass, representing the carbon sequestered through photosynthesis during
cultivation. For energy crops and forestry residues, the CO2 uptake is estimated using Equation
(3.48), and agricultural residues’ CO2 uptake is estimated using Equation (3.51). In biomass
cultivation, associated GHG emissions result from energy consumption and the use of fertilizers
and herbicides. The cultivation process can yield one type or multiple types of biomass. When
multiple products are yielded, GHG emissions from production need proportional allocation
between products. An energy-based factor, derived from the higher heating value and yield rate
of each product, can be used for this allocation. Three key assumptions are made: (1) the energy
crop cultivation process produces only one type of biomass, thus, no allocation is needed, (2) an
energy-based allocation factor is used to allocate production GHG emissions between
agricultural residue and product, and (3) no fuel/fertilizer/herbicide-consumption emissions are
accounted for during the cultivation of forestry residues (Skone et al., 2012) and so no allocation
factor is applied to their GHG emissions.

Biomass Harvesting. Biomass harvesting generates GHG emissions primarily from the
energy consumed by harvesting equipment, as shown in Equations (3.58) to (3.59). Different
types of biomass require various harvesting methods. Different harvesting methods are
considered for three biomass groups: (1) herbaceous product, such as switchgrass and
miscanthus, (2) herbaceous residue, such as corn stover and wheat straw, and (3) woody product
and residue, such as hybrid poplar, willow, and pine spruce chips. The corresponding diesel use
estimation equations are provided in Equations (3.59a) to (3.59c¢). Table 3.8 shows the input for
estimating GHG emissions for each harvesting method.

Biomass Processing. GHG emissions of biomass processing depend on the specific
processing requirements. For the biomass discussed in this report, the processes of interest
include grinding and torrefaction. Grinding reduces the biomass size before it is delivered to the
boiler, while torrefaction is a pretreatment process that decreases moisture and volatile matter,
thereby increasing the biomass’s heating value (Kopczynski et al., 2017). Studies found that co-
firing torrefied biomass at a power plant achieved similar boiler efficiency to coal (Mun et al.,
2016).

Biomass Transport. Transport emissions (kg CO2eq/kgnio/km) are assumed to be like those
for coal transport.

GHG Emissions of Biomass Supply Chain

EFyjo = EFJSS 4 ERProduction | ppharvest | ppbrocess | pptransport (3.15)
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GHG Emissions of Land Use Change
EFpi = EFpio® + EFpiy

Direct Land Use Change

Spa =1— S
dluc _ abovegnd belowgnd il
EFbigc - (SCI‘ X (Cozbiofcr + COZbiofcr + COZ%IiOfCF) + Spa
abovegnd belowgnd soil dir
X (Cozbiofpa + COzbiofpa + C02biofpa) + Nzosoil)
X (1 + lossg?od) X (1 + lossgos) X (1 — mfyss
abovegnd
C02biofcr
B 44 ) ) [(fb % Th X Ygill)y,G x Cﬁli)oovegnd) _ (fb % Th X Yéirry,G x Cgrovegnd)]
- dry
1§ d Ybio X T
abovegn
COZbiofpa
dry,G abovegnd dry,G abovegnd
_44X-[<fb><Tb><Ybio X Coove8nd) — (b x Th x Ypu x €308 )]
T 12 dry
. . Ybio X T
roo
CObelowgnd _ ﬂ X '(Cbio B Cgl(_)o
2biofcr T dry
12 Ypio X T
t
CObelowgnd — ﬁ X '(Ctr)(i)(? - Cf)gOt
2biofpa 12 Yt()jiroy < T
soil
cosoil = 2 “Coofer_
10ICr 12 dry
Ybio >? T
soi
10Ipa 12 dry
Ybio X T

dry Ndry S

N20dit = rN20 x —Blo L x GWPY™

soi dry N20
Ybio
B (moley X 2 + mole,)
rN20 = NVy X NVyy0 + VN X Vnao X
moley
wet
Ydry _ Ybio
bio — wet
o 1 _dmezo
ry,G _ ry .
Ybio - Ybio X (1 ‘l;ratloresidue)
we
Cabovegnd _ mfc
bio - wet
root __ ry - apovegn
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(3.16)

(3.17)
(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
(3.29)

(3.30)
(3.31)



soil _ soil il
Cbiofpa - (Acbio - ACSgl ) xT

Indirect Land Use Change

Scrfoth = Ser X r'atiOILUC/DLUC X Fothaer
Scrfpa = S¢r X ratioILUC/DLUC X (1 = Fothaer)
Spafoth = Spa X ratiojLyc/pLuc

iluc _ abovegnd belowgnd soil
EFiluc — (scrfoth X (comfoth +cobelowend | cosoll )+ Sertpa

abovegnd belowgnd soil
X (C02crfpa + COZcrfpa + COZcrfpa) + Spafoth

abovegnd belowgnd soil ind
X (COZpafoth + COZpafoth + COZpafoth) + NZOsoil)

X (1 + lossg?od) X (1 + lossiiy) x (1 — mfys
a4 -[(fbx T x YAV x capoveend) — capovesn]

Coabovegnd _r oth
2crfoth 12 Ys.ry %< T
io
abovegnd
COZcrfpa

“ - [(fb X Th X YA€ w 2P °Vegnd) - (fb x Th x Ygi"% x ngo"eg“d)]

12 YoV x T
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dry,G abovegnd) _ ~abovegnd
Coabovegnd _ ﬁ ) [(fb X Tb X Ypa X Cpa ) Coth ]
2pafoth  ~ 19 Ydry x T
bio
CObelowgnd _ 44 '(CE?Ot - C(r)?}(l)t
2crfoth  — 19 dry
12 Ybio X T
Cobelowgnd _ ﬁ x '(Cg(rmt - ngOt
2crfpa - 12 Yg-ry % T
io
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2pafoth dry
12 _leio x T
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(3.32)

(3.33)
(3.34)
(3.35)
(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)



GHG Emissions of Biomass Production

production__ cultivation
EF,;, =Uptake T EFgi,

(o)

CO2 Uptake

k — 44 fwet 1 gnd 1 tor
Uptakecozecfr = I X mfVet x (1 + loss,; ) X (1 4+ lossyi,
ywet _ ywet o p X (1 —HI) + HI

re p X (1 —HI)
EFact _ HHV,, x Y¥et
ACOTallo = HHV, o x Yjeet + HHV,, X Yo
44 Ywet X mfwet + Ywet X mfwet

Uptakecozre = 12 X — C’reret Ll “PT % EFactor,), X (1 + loss

YI;AI]‘et — Ywet _ Ylyget
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GHG Emissions of Biomass Harvesting
EFpEVest = Ugp, X Egjesel X EFactoryyo X (1 + IOSSE?Od) X (1 + lossr
FC x HPE x Flbtliter  pyT x peatliter\  phatft2 o plitertkg
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(3.48)

(3.49)

(3.50)
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(3.52)
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GHG Emissions of Biomass Processing

grind
El:.p'rocess — EFbio
bio EFtorref
bio

EFS™™ — {_ x E, x FM/tMWh

bio

EF{Orel — (Eco, + Ecpa + Enzo) X (1 +1ossY) + U, X Ratioyge X Eo x FM/tMWh
GHG Emissions of Biomass Transport

EFtransport _ EFtransport % D

bio - train

train
bio

truck

transport truck transport
+ EF X Dpjo~ + EFprge X

Table 3.5. Inputs of Land Use Change Emission Estimation.

(3.60)

(3.61)
(3.62)

Dbarge

bio (3.63)

Feedstock Symbol Value Unit Source of Data
Switchgrass | mfisy 0.0921 fraction Bush et al. (2001)
mfYet 0.4204 fraction Bush et al. (2001)
ywet 8819 kg/hectare/year NETL (2010a), Bush et al.
(2001)
ratioresidue 0.22 fraction Skone et al. (2011)
Ngirg’ 112 kg N/hectare/year Skone et al. (2011)
ratioras 1.69 fraction Sainju et al. (2017)
Acsol 788 kg C/hectare/year Bai et al. (2020), Liebig et
al. (2008)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
lossgor 0 fraction Not Applicable
Miscanthus | mf¥ss 0.1454 fraction EPRI (2010)
mfXet 0.4036 fraction EPRI (2010)
ywet 22296 kg/hectare/year Jacobson (2013)
ratioresidue 0.26 fraction Kahle et al. (2001)
Ngfg 83 kg N/hectare/year Jacobson (2013), Song et
al. (2016), Dumortier
(2018), EPRI (2010)
ratiores 0.39 fraction Mann et al. (2013)
Acgci’(i)l 770 kg C/hectare/year Bazrgar et al. (2020)
10555?0‘1 1.20E-05 | fraction NETL (2011b)
losstor 0 fraction Not Applicable
Hybrid mfss 0.0520 fraction Zygarlicke et al. (2001)
Poplar mf}et 0.4503 fraction Zygarlicke et al. (2001)
ywet 12533 kg/hectare/year NETL (2022), Zygarlicke
et al. (2001)
ratioresidue 0.50 fraction Derrick (2023)
Ngirg’ 67 kg N/hectare/year NETL (2022), Zygarlicke
et al. (2001)
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ratiores 0.14 fraction Fortier et al. (2015)
Acsol 775 kg C/hectare/year Rytter (2012), Bazrgar et
al. (2020)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
loss{os 0 fraction Not Applicable
Willow mf5S 0.0890 fraction Bridgeman et al. (2010)
(before mfet 0.4417 fraction Bridgeman et al. (2010)
torrefaction) | ywet 12075 kg/hectare/year Caslin et al. (2015a)
ratioresidue 0.50 fraction Assumption based on
Derrick (2023)
N;;‘f;’ 123 kg N/hectare/year Jacobson (2014), ESF
(2017)
ratiorzs 0.22 fraction Quinkenstein et al. (2012)
Acsol 790 kg C/hectare/year Rytter (2012), Bazrgar et
al. (2020)
lossgor 0.33 fraction NETL (2012d)
Torrefied mf 0.5793 fraction Bridgeman et al. (2010)
Wood"?** ratioc 0.7625 fraction Bridgeman et al. (2010)
Assumptions | fb 0.5 fraction Skone et al. (2011)
Th 1 year Skone et al. (2011)
T 30 year Skone et al. (2011)
Cgfovegnd / 0.4 kg C/kg Skone et al. (2011)
C;l;ovegnd
Ny 50 kg N/hectare/year | Skone et al. (2011)
chrrY'G 1000 kg/hectare/year Skone et al. (2011)
YS;Y'G 5000 kg/hectare/year Skone et al. (2011)
croot 2000 kg C/hectare Skone et al. (2011)
Cpa%t 4800 kg C/hectare Skone et al. (2011)
Coopt 10000 kg C/hectare Skone et al. (2011)
Acsoll 553 kg C/hectare/year Zomer et al. (2017)
Acglt 665 kg C/hectare/year Franzluebbers and
Stuedemann (2009)
cggfi})th -10853 kg C/hectare Mayer et al. (2022), Zomer
C‘S:?ﬁl)a 599 g Clhectare Ie:trzrl{zgtzjgtl)glrs and
Chafoth -7503 kg C/hectare Stuedemann (2009)
ratioy yc/pruc | 0-3 fraction Skone et al. (2011)
Fothacr 0.5 fraction Skone et al. (2011)
ng?vegnd 40000 kg C/hectare Skone et al. (2011)
Ser 0.239 fraction Skone et al. (2011)
NVn 0.9 fraction Skone et al. (2011)
NVn20 0.125 fraction Skone et al. (2011)

34




VN 0.1 fraction Skone et al. (2011)

VN20 0.01 fraction Skone et al. (2011)

Footnotes:

1. Torrefied wood refers to willow processed through torrefaction;

2. The properties of willow after torrefaction are embedded into the IECM;

3. In general, the properties of raw willow are used for GHG emission estimation. The ratioc should be considered when the
properties of torrefied wood are used for GHG emission estimation.

Table 3.6. Inputs of CO2 Uptake Estimation.

Feedstock Symbol Value Unit Source of Data

Switchgrass mfXet 0.4204 fraction Bush et al. (2001)
lossﬁ?od 1.20E-05 fraction NETL (2011b)

Miscanthus mfXet 0.4036 fraction EPRI (2010)
lossﬁ?od 1.20E-05 fraction NETL (2011b)

Hybrid Poplar mfXet 0.4503 fraction (Zygar)licke etal.

2001
lossﬁ?od 1.20E-05 fraction NETL (2011b)

Willow (before | mf¥vet 0.4417 fraction Bridgeman et al.

torrefaction) (2010)
losstor 0.33 fraction NETL (2012d)

Torrefied mf Y&, 0.5793 fraction Bridgeman et al.

Wood*23 ' (2010)
ratioc 0.7625 fraction Bridgeman et al.

(2010)

Corn Stover mfie 0.4124 fraction ECN (2022)
mfsd 0.3825 fraction ECN (2022)
ywet 405 kg/hectare/year NETL (2010b)
HHV,, 16230 kJ/kg NETL (2010b)
HHV},, 16210 kJ/kg NETL (2010b)
HI 0.57 fraction NETL (2010b)
P 0.35 fraction NETL (2010b)
10555?0‘1 1.20E-05 fraction NETL (2011b)

Wheat Straw mfe 0.4300 fraction EPRI (2012)
mfsd 0.4265 fraction EPRI (2012)

y et 253 kg/hectare/year USDA (2024)
HHV,, 16887 kJ/kg EPRI (2012)
HHV}, 16901 kJ/kg ECN (2022)

HI 0.45 fraction Dai et al. (2016)

P 0.4 fraction Scarlat et al. (2010)
10555;‘* 1.20E-05 fraction NETL (2011b)

Forestry mfet 0.4791 fraction ECN (2022)

Residue loss%?od 1.20E-05 fraction NETL (2011b)

Footnotes:

1. Torrefied wood refers to willow processed through torrefaction;
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2. The properties of willow after torrefaction are embedded into the IECM;
3. In general, the properties of raw willow are used for GHG emission estimation. The ratioc should be considered when the
properties of torrefied wood are used for GHG emission estimation.

Table 3.7. Inputs of Biomass Cultivation Emission Estimation

Feedstock Symbol Value? Unit Source of Data
Switchgrass GC 10 year NETL (2010a)
Npet 102 kg/hectare/year Skone et al. (2011), Bush et
al. (2001)
Un 2.62 kg/hectare/year NETL (2010a)
ywet 8819 kg/hectare/year NETL (2010a), Bush et al.
(2001)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
Miscanthus GC 16 year Winkler et al. (2020)
Npet 71 kg/hectare/year Jacobson (2013), Song et al.
(2016), Dumortier (2018),
EPRI (2010)
Un 2.16 kg/hectare/year Caslin et al. (2015b)
ywet 22296 kg/hectare/year Jacobson (2013)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
Hybrid Poplar | Udc 4.52 kgdieset/hectare/yea | NETL (2022)
r
Npet 63 kg/hectare/year NETL (2022)
Un 2.53 kg/hectare/year NETL (2022)
ywet 12533 kg/hectare/year NETL (2022), Zygarlicke et
al. (2001)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
Willow GC 22 year Jacobson (2014)
(before Npet 112 kg/hectare/year ESF (2017), Jacobson
torrefaction) (2014)
Un 1.44 kg/hectare/year Caslin et al. (2015a)
ywet 12075 kg/hectare/year Caslin et al. (2015a)
lossiog 0.33 fraction NETL (2012d)
Corn Stover? GC 1 year Assumption
Npet 186 kg/hectare/year NETL (2010b)
Un 0.93 kg/hectare/year NETL (2010b)
ywet 2473 kg/hectare/year NETL (2010b)
HI 0.57 fraction NETL (2010b)
P 0.35 fraction NETL (2010b)
lossﬁ?od 1.20E-05 | fraction NETL (2011b)
Wheat Straw? | GC 1 year Assumption
Npet 87 kg/hectare/year USDA (2022)
Un 0.92 kg/hectare/year USDA (2024)
y et 1544 kg/hectare/year USDA (2024)
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HI 0.45 fraction Dai et al. (2016)

P 0.4 fraction Scarlat et al. (2010)

10555?;1 1.20E-05 | fraction NETL (2011b)
Assumptions FU 10.26 gallon/hour NETL (2010a)

DW 15.67 feet NETL (2010a)

DS 5.8 mile/hour NETL (2010a)

PW 40 feet NETL (2010a)

PS 5 mile/hour NETL (2010a)

DT 2 # NETL (2010a)

PT 1 # NETL (2010a)

VN 0.1 fraction NETL (2010a)

NVN 0.9 fraction NETL (2010a)

VN20 0.01 fraction NETL (2010a)

NVN20 0.0125 fraction NETL (2010a)

Eherbicide 16.46 kg CO2eq/kgnericide | Camargo et al. (2013)

T 30 year Assumption

Footnotes:

1. The emission intensities associated with diesel consumption (Ediesel) are displayed in Tables S2.3;
2. The Y"e can be calucated based on given yxet, HI, and P.

Table 3.8. Inputs of Biomass Harvesting Emission Estimation

Feedstock Symbol | Value? Unit Source of Data
FC 0.34 IDdieset/np/hour | NETL (2010c)
HPE 595 hp NETL (2010c)
HWH 15.02 feet NETL (2010c)
. HD 6 mile/hour NETL (2010c)
Switchgrass  "FyT 10.26 gallon/hour NETL (2010c)
and BW 9 feet NETL (2010c)
Miscanthus 5 5 mile/hour NETL (2010c)
ywet 8819/ kg/hectare/year | NETL (2010a), Bush et al. (2001),
22296 Jacobson (2013)
loss&’" | 1.20E-05 | fraction NETL (2011b)
FC 0.35 Ibdiese/hp/hour | NETL (2010d)
_ HPE 440 hp NETL (2010d)
Hybrid Waratch (2024), Ecolog (2023),
Poplar, Xuvol (2024), Deere (2024),
Willow Arean 2.14 hectare/hour | Tigercat (2024a), Tigercat (2024b),
(before WoodsmanPro (2024), Komatsu
torrefaction), (2024), Maskiner (2024)
and Pine ywet 12533/ kg/hectare/year | NETL (2022), Zygarlicke et al.
Spruce 12075 / (2001), Caslin et al. (2015a),
Chips 61537 Ghaffariyan and Dupuis (2021).
lossé" | 1.20E-05 | fraction NETL (2011b)
lossi2r | 0.33 fraction NETL (2012d)
FC 0.34 Ibgieset/hp/hour | NETL (2010e)
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HPE 360 hp NETL (2010e)

Corn Stover | HWH 7.92 feet NETL (2010e)

and Wheat HD 5.5 mile/hour NETL (2010e)

Straw? yyet 2473 /1544 | kg/hectare/year | NETL (2010b), USDA (2024)
loss&’¢ | 1.20E-05 | fraction NETL (2011b)

Footnotes:

1. The emission intensities associated with diesel consumption (Edieser) are displayed in Tables S2.3;

2. The Y can be calculated based on given Y¥¢t, HI, and P.

Table 3.9. Inputs of Biomass Processing Emission Estimation

Feedstock Symbol Value! Unit Source of Data

All Biomass, U, 0.36 MJ/kg NETL (2011b)

except for

Torrefied Wood

Torrefied Wood Eco2 5.25E-02 kg CO2eq/kgbio-in NETL (2012d)
Echa 4.2E-07 kg CHa/kgpbio-in NETL (2012d)
Enzo 4.1E-07 kg N20O/Kgbio-in NETL (2012d)
RatiOusel 0.05 fraction NETL (2012d)
losspos 0.33 fraction NETL (2012d)

Footnote:

1. The emission intensities associated with electricity consumption (Ee) are displayed in Tables S2.2.

Table 3.10. Biomass Supply Chain Emissions.

Biomass Enerav Cro Agricultural Forestry
Category 9y P Residue Residue
Name Switchgr | Miscant | Hybrid Torrefie | Corn Wheat Pine
Spruce
ass hus Poplar d Wood | Stover Straw .
Stage Chips
Direct Land Use
Change (kg -6.3E-02 | -3.1E-02 | -2.2E-02 | -1.2E-02 | 0.0E+00 | 0.0E+00 | 0.0E+00
CO2eq/Kgbio)
Indirect Land
Use Change (kg | 2.0E-01 |7.8E-02 |1.4E-01 |19E-01 | 0.0E+00 | 0.0E+00 | 0.0E+00
COzeq/kgbio)
CO.Uptake (kg | 1 5E40p | -1.5E+00 | -1.7E+00 | -2.2E+00 | -3.0E-01 | -5.1E-01 | -1.8E+00
COzeq/kgbio)
Cultivation (kg | 55 0y | 15602 | 2.6E-02 |56E-02 |15E-02 |3.E-02 | 0.0E+00
COzeq/kgbio)
Harvesting (kg | 1 602 | 62E-03 | 1.0E-02 | 1.4E-02 |17E-03 |G6.9E-03 | 2.1E-03
COzeq/kgbio)
processing (k9| 5 9p.02 | 5.9E-02 |5.9E-02 | 7.3E-02 |59E-02 |59E-02 | 5.9E-02
COzeq/kgbio)
Transport (kg CO2eq/kgpis/km)
By Train | 2.0E-05
By Truck | 1.2E-04
By Barge | 2.7E-05
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The GHG emissions of the biomass supply depend on factors such as land use type,
biomass property, yield, and processing requirements. For instance, the carbon content of
biomass plays a key role in estimating CO2 uptake during biomass growth. To clarify the
relationship between GHG emissions and key variables, such as biomass properties and yield,
certain equations are simplified and expressed as functions of these variables.

The simplification process consists of four steps. First, the main GHG emission sources that
contribute to biomass supply emissions are identified. These sources are associated with biomass
land use change, CO2 uptake, cultivation, and harvesting, as outlined in Equations (3.17) to
(3.59). Second, numerical values from Tables 3.5 to 3.9, excluding the values for key variables,
are input into the above equations. Third, these values are combined to form simplified
expressions, as presented in Equations (3.64) to (3.91). Finally, the simplified equations are
embedded into the IECM.

Simplified GHG Emission Estimation Equations for Switchgrass

0.2145 — 0.3597 X S + 0.1149 X S 3.64
EF{Iuc=.0.2813 x mf¥** + et = (364
. 2819xS,. +1.8841 %S _ (3.65)
EFpiy= przwet = X ratioyLyc/pLuc
44
Uptakecg, = — X mfvet (3.66)
EFcultivation _ 0.2171 (3'67)
bio — gwet
EFh_arvest — 0.06129 (368)
bio Zwet
Simplified GHG Emission Estimation Equations for Miscanthus
0.1594 — 0.3301 X S, + 0.1445 X S 3.69
EF{Iic=-0.1246 x mfye* + et = (369
L 2819xS,, +1.8841 %S _ (3.70)
EFpi= przwet = X ratioyLyc/pLuc
44 71
Uptakecqo, = T X mfet (3.71)
ppeultivation _ 0-1542 (3.72)
bio T gwet
ppharvest _ 0:06129 (3.73)
bio 7 wet
Simplified GHG Emission Estimation Equations for Hybrid Poplar
0.1272 —0.3383 x S + 0.1363 X S 3.74
EF{1u¢=-0.1088 x mf¥e* + et = .79
o 2.819%x S, +1.8841 xS _ (3.75)
bio = przwet = X ratioj_yc/pLuc
4
Uptakecg, = — X mf}vet (3.76)
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0.1470

EFcultivation —

bio T gwet
0.05634
Engaorvest — et

Simplified GHG Emission Estimation Equations for Torrefied Wood

0.2354 — 0.3628 X S¢ + 0.1118 X S,

EF{}}(‘;C <= -0.1185 X ratio, X meT?\}V +

X (1 + lossi3r
2.819 X Sy, + 1.8841 X S,

iluc__
EFtl)ilz)C_ Zwet
44
Uptakecq, = 3% ratio, X mf¥&y X (1 + lossiis)
o 0.2264
1
EFgliJOtlvatlon — et % (1 + IOSSE?(I;)

0.05634

harvest __
EFbiO - Zwet

X (1 + lossgos

Zwet )

. tor
X ratioyLyc/pLuc X (1 + lossgi,)

Simplified GHG Emission Estimation Equations for Corn Stover

HI
wet _— wet
Uptake = ﬁ x micre + p X (1 —HI) X mfc,pr 1
p coz = 75 L +L HHVpr HI
px(1=HD ' HAY, X px - HD
ivati 0.3930 1
EFglilgtlvatlon — 8
HI HAV, ™
wet I or
- X(1+px(1_HD) Y EAV, X px (1 —HD
EFl})lizgveSt _ 0.04478 _ y _ 1
ZWet X (1 + —) pr HI
re px(-HD) THEV, *pxd—mD

Simplified GHG Emission Estimation Equations for Wheat Straw

HI

t t
Uptakeco, = ﬂxquwr%-|_19><(1—HI)me°VX°er 1
ptakeco,; = - 12 1+ HI 1 HHV,,. HI
px (1—HD T HAV, *px (1 —HD)
. 0.2051 1
EFlc)lilgtlvatlon — %
HI HHYV, HI
ZWet x (1 + —) Pr
re px(1—HD) VTHAV, *px{d—HD
0.04478 1
EFh_arvest — X
bio gwet o (1 + L) + HHV,,,. » HI
re p X (1 —HI) HAV,. ~ p x (1 — HI)
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Simplified GHG Emission Estimation Equations for Pine Spruce Chips

44
Uptakecg, = I3 % mfXet (3.90)
EFh_arvest — 0.05634 (391)
bio Zwet

(b) Combustion-Based Power Generation

A combustion-based power plant burns fuel and consumes natural resources to generate
electricity for the grid. Meanwhile, the power plant emits GHG into the atmosphere. The GHG
emissions from the power plant operation refer specifically to the plant-level COz2 stack
emissions. The GHG emissions for the electricity generation plant are estimated using the IECM
model.

(c) CO2 Transport and Storage

Captured COz2 in a power plant is compressed to a supercritical state, transported via pipeline
to a CO2 storage location, and then injected underground for geological storage. The CO2
transport and storage (T&S) include pipeline transport and geological storage, as shown in
Equation (3.92). The GHG emissions for CO2 T&S are estimated using the method of NETL unit
process files (NETL, 2012e-2012j) as well as consumption rates and consumption emission
intensities of energy and material (NETL, 2011a, 2014, 2023; Skone et al., 2013, 2018b). The
calculation details for pipeline transport and geological storage are listed in Equations (3.93) to
(3.104). Tables 3.11 and 3.12 summarize the input and the GHG emissions results for CO2 T&S,
respectively.

Pipeline Transport. GHG emissions of CO2 transport stem from pipeline construction and
operation. Key emission sources include pipeline fugitive, pipeline pigging, and CO2 pump
leakage (Skone et al., 2018b).

Geological Storage. Storage emissions are estimated based on the hypothetical storage
location in the Permian Basin (Skone et al., 2013), assuming a 30-year project lifetime. GHG
emissions of COz2 storage stem from saline aquifer well assembly (including well construction
and closure), storage site preparation, monitoring, operation, brine management, seal leakage,
and formation leakage.

GHG Emissions of CO, Transport and Storage

_ Transport Storage
EFrgs = EFcoy o + EFogn (3.92)

GHG Emissions of Pipeline Transport

Transport __ Transport Transport Transport Transport

EFCOZ - E:fugitive + Epig + Epumpleak + Econstruction (393)

Transport __ LeakC02 X FUglatlveCH4 X DenSItYCOZ Lpipe kgtMT (3-94)
| DP— = . - X F

fugitive Fyrtdy % katm1 Dellvercoz

L. 1.339 (3.95)

E1FaMSPOTt — 8,82 x 10711 x (& X 1000)

p1g katml
Powerpymp = 0.0001867 X Deliverco, (3.96)
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Transport __ Epump X Powerpump

kgtMT
pumpleak X F

Delivercq,

Dpipe = 0.0222 X Lyjpe + 14.8

Densitypipeline = 1175.6 X Dpjpe” +87.13 X D
DenSitYpipeline X Lpipe

Deliverco, X F™ x Periodpipe

X (1 4+ weightpipe) X Egpeer X FE™MT

vipe + 29915

ETransport _
construction

GHG Emissions of Geological Storage

storage storage storage

storage __ storage
EFCOZ - Eformleak + Ewellconstruction + Esuvery + Ce
X AI-easurvey X Ediesel
torage
Es

wellconstruction

diesel

consSt constru kgtMT
_ Z Nurrlwell X (Steelwell X Esteel +C X Ediesel + EGHG ) X F&

X (1 + Tortuositypipe)

X Es+C

(3.97)

(3.98)
(3.99)
(3.100)

storage
diesel

(3.101)

(3.102)

Delivercg, X F"'% X Period
Drilldepth X Drillpower

pipe

consSt _
Cgiesel = Uq X

Drillspeed

storage __
Esuvery - Areasurvey X Esurvery

(3.103)
(3.104)

Table 3.11. Input Parameter for CO2 Transport and Storage Emission Estimation.

Stage! Symbol Value Unit Source of Data
Transport | Leakcg, 0.6 unitless NETL (2012¢)
Fugiativecy, | 2000 m3/km-yr NETL (2012¢)
Densitycq, 1.98 kg/m? NETL (2012¢)
Lpipe 100 mile NETL (2012e)
Delivercq, 11,000 tonnes/day NETL (2012¢)
Tortuositypipe | 0.05 unitless NETL (2013f)
weightyipe 0.05 unitless NETL (2013f)
Periodipe 30 year NETL (2013f)
Epump 180 kg/MW-day NETL (2012f)
Storage E?Si’ﬁiiik 0.005 kg CO2eq/kg CO2 | Skone et al. (2013)
Numy,¢p 2-15, depending | # of well NETL (2012f)
on well type?
Steelyen 1.0E+5 Kgsteet/well NETL (20129)
Uy 221 Kgdieset MWh NETL (2012h)
Drillgepth 12.2-2620, m/well Skone et al. (2013)
depending on well
type
Drillyower 0.45 MW NETL (2012h)
Drillgpeeq 17.8 m/h NETL (2012h)
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E&Et 217-46600, kg CO2eq/well NETL (2012))
depending on well
type
Areagy yey 6.2E-10 km?/kg CO2 NETL (2012j)
Esurvery 3.8E+03 kg CO2eq/km? NETL (2012i)
cororase 1.3E-05 MWh/kg CO2 Skone et al. (2013)
cztignge 1.2E+3 KQdiese/km? NETL (2012j)

Footnotes:

1. The emission intensities associated with electricity (Ee), diesel (Edieser), and steel (Esteer) consumption are displayed in Tables

S2.2 to S2.4, respectively;

2. The well types include stratigraphic test well, injection well, in-reservoir monitoring well, above seal monitoring well,
groundwater monitoring well, vadose zone monitoring well, water production well, and water disposal well.

Table 3.12. CO2 Transport and Storage Emissions.

Stage Emissions
Pipeline Transport (kg CO2eq/kg COx2-capturea/KM)* 1.1E-05
Geological Storage (kg CO2eq/kg CO2-captured) 1.3E-02

Footnote:

1. Pipeline transport GHG emissions are embedded into IECM as kg CO2eq/kg COz-captured, With a default transport distance of

100 km.
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Section 4: Case Study

This section consists of 2 parts: (1) “Input Parameter and Assumption” outlines the technical
parameters and key assumptions in the power plant configurations of the coal-fired and coal-
biomass co-firing power plants, and (2) “Major Result” presents the technical performance and
life cycle emissions of the studied cases, including the coal-fired plants without and with CCS,
biomass co-firing plants without and with CCS.

4.1 Input Parameter and Assumption

The coal resources examined in the case study include Illinois No. 6 (IL6) and Powder River
Basin (PRB) coal. The IL6 is a bituminous coal, while PRB is a subbituminous coal. The
biomass resources include seven biomass samples from energy crops, agricultural residues, and
forestry residues. Tables 1.1 and 1.3 list the properties of coal and biomass, respectively. The
bituminous coal has a much higher heating value and larger carbon content. Additionally,
torrefied wood and pine spruce chips exhibit relatively high heating values and large carbon
content, followed by hybrid poplar, switchgrass, wheat straw, corn stover, and miscanthus. Fuel
property comparison indicates that IL6 exhibits more favorable combustion characteristics
compared to PRB, and energy crops and forestry residues generally have better combustion
characteristics than agricultural residues. Better fuel property leads to better power plant
performance.

The GHG emissions for plant operation mainly depend on plant size, configuration, and
process design. Hypothetical pulverized coal (PC) power plants in Illinois and Wyoming serve as
reference plants. The reference PC plants are assumed to be supercritical, with a capacity factor
of 75%, a lifetime of 30 years, and a gross capacity of 650 MWg. The plants employ wet cooling
towers and are equipped with air pollution control systems, including Electrostatic Precipitator
(ESP), Selective Catalytic Reduction (SCR), and Flue Gas Desulfurization (FGD).

In addition, we explore the impact of biomass co-firing and CCS implementation by
configuring coal-biomass co-firing power plants. The gross capacity is kept the same for all
plants. Coal is co-fired with biomass on a 20% energy basis. An amine-based, post-combustion
CCS of 90% or 95% COz2 capture rate is included in the plant. Table 4.1 summarizes the vital
technical parameters and configuration assumptions for the power plants.

Table 4.1. Major Parameters and Assumptions for Pulverized Coal or Co-Firing Plants without
and with CCS.

Parameter Value Parameter Value
Base Plant: Cooling System: Wet Cooling
Tower
Power Plant Location III|n0|s_ and Traditional Air Pollution Control Systems:
Wyoming
Selective
Plant Type| Supercritical NOx Control | Catalytic
Reduction
Gross Capacity (MWy)|650 Particulate Control | E'SCtrostatic
Precipitator
Capacity Factor (%)|75 SOz Control Flue Gas_ .
Desulfurization
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Production Technolo Pulverized Coal | Carbon Capture and Storage (Whenever
9! Power Plant Applicable):
-Firi 0,
Co-Firing Level (%, eger_gy 20 CO:2 Capture Technology | Amine
asis)
. Amine Concentration
Fuel Transport: (WL.%) 30

Coal Transport Method|Train COz Capture Eﬁ'C'eg% 90 and 95

Coal Transport Round-Trip o
Distance (km)! 644 CO2 Transport Method | Pipeline
Biomass Transport Method | Truck CO2 Transport (km) | 161
Biomass Transport Round- 644 for IL, 1000 Geological
Trip Distance (km)?|for WY COz Storage Method Sequestration

Footnotes:
1. The coal transport distance is estimated based on Skone et al. (2018a);
2. The biomass transport distance is estimated based on the biomass availability reported by Milbrandt (2005).

4.2 Major Result
(a) PC Power Plants without and with CCS

Based on the IECM simulation results, the IL6 PC plant has 6% higher net plant efficiency,
1% higher net power output, 32% lower fuel consumption rate (Figure 4.1), and 9% less stack
GHG emissions than the PRB PC plant. Stack GHG emissions from both PC plants are more
than 800 kg CO2/MWh (Figure 4.2). The differences between the two power plants are mainly
due to IL6 being bituminous coal with better combustion characteristics. This leads to less
parasitic load on the power plant during electricity generation. In addition, the PRB PC plant
consumes more fuel to maintain the same gross capacity. As a result, the PRB PC plant’s stack
emissions are slightly higher than those of the IL6 PC plant.

Compared to PC plants without CCS, the deployment of CCS with a 90% CO:2 capture rate
results in a 29% reduction in plant net efficiency, a 14% reduction in net generation, and a 42%
increase in fuel consumption rate (Figure 4.1). Increasing the CO:2 capture rate from 0% to 95%
results in a 30% reduction in net efficiency, a 15% reduction in net generation, and requires a
45% increase in fuel consumption rate. However, the implementation of CCS does reduce plants’
stack GHG emissions by 90-95%. The addition of a CO2 capture system significantly affects
plant operation performance and fuel consumption rate due to the large parasitic load associated
with CCS operation, but the CCS can largely reduce stack emissions (Figure 4.2).
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Figure 4.1. Performance of 20% Co-Firing Power Plants without and with CCS: (a) Net Plant
Efficiency, and (b) Fuel Consumption Rate.

(b) Coal-Biomass Co-Firing Power Plants without and with CCS

Compared to PC plants without CCS, biomass co-firing plants show a 1% decrease in net
plant efficiency, a 0.2% reduction in net power output, and an 8% increase in fuel consumption
rate, while reducing life cycle emissions by 12% (Figures 4.1 and 4.2). Biomass co-firing slightly
affects the technical performance of power plants but reduces their life cycle emissions. The
results show that stack emissions from plant operation are the dominant source of life cycle
emissions at co-firing plants without CCS (Figure 4.2), accounting for over 90% of life cycle
emissions. The implementation of biomass reduces life cycle emissions due to its negative
supply emissions.

The study also evaluates the implementation of 90-95% CCS to the co-firing power plants.
Compared to co-firing plants without CCS, deploying CCS with a 90% and 95% CO2 capture
rate reduces net plant efficiency by 30% and 31%, respectively. Additionally, the co-firing
plants’ net power output decreases by 14% and 15%, while fuel requirements increase by 42%
and 46%, respectively. From a life cycle perspective, deploying a CCS system to co-firing power
plants with 20% biomass can reduce GHG emissions by an average of 97% and 104% under
90% and 95% CO:2 capture rates (Figure 4.2), respectively. The net-zero life cycle emissions can
be reached if coal is fired with switchgrass, miscanthus, hybrid poplar, torrefied wood, or pine
spruce chip at power plants with a 95% CO2 capture rate.
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Figure 4.2. Life Cycle Emissions of 20% Co-Firing Power Plants without and with CCS.

The evaluation results imply that implementing both biomass and CCS offers an opportunity
for co-firing power plants to achieve net-zero life cycle emissions. A distribution diagram is
created to show the contribution of each stage to the total life cycle emissions, with all emission
results treated as absolute values. Based on the life cycle emissions distribution (Figure 4.3), coal
supply and plant operation contribute the most to overall life cycle emissions, while biomass
supply provides significant reductions in emissions.

Comparison between Figures 4.3a and 4.3b shows that IL6 coal supply emissions contribute
16-31% of overall life cycle emissions at coal-biomass co-firing power plants, which is 2-3
times more than PRB coal. Plant operation emissions distribution is similar between the two
types of coal power plants. The life cycle emissions of the co-firing plants vary across biomass
types, coal types, and CO2 capture rates.
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(a) IL6 Co-Firing Power Plants (b) PRB Co-Firing Power Plants
B Coal Mining
Coal Processing
~ Coal Transport
I Biomass Production’
Biomass Processing
Biomass Transport
Plant Operation
CO, T&S

1.Negative emissions

Figure 4.3. Life Cycle Emissions Distribution of Coal-Biomass Co-Firing Power Plants with
95% CO: Capture Rate: (a) Illinois No. 6 Coal Co-Fired with Biomass, and (b) Powder River
Basin Coal Co-Fired with Biomass.

(c) Breakeven Biomass Co-Firing Level for Net-Zero Emissions

We also examine the relationship between the required breakeven co-firing level and
biomass types, coal types as well as CO2 capture rates.

Biomass Types. The breakeven co-firing levels of each biomass type show only a slight
variation, with a 1-2% difference. The breakeven co-firing levels are determined based on
biomass properties and supply emissions. Figure 4.4 shows the breakeven co-firing levels for the
five biomass samples from energy crops and forestry residues, since agricultural residue cannot
achieve net-zero emissions at a breakeven co-firing level below 30%. These results suggest that
energy crops and forestry residues have a larger carbon sequestration potential than that of
agricultural residues. Among five biomass samples, pine spruce chips achieve net-zero emissions
at the lowest co-firing level (10-14%, energy basis), while miscanthus has the highest required
co-firing level (11-15%, energy basis). On the other hand, torrefied wood required the lowest
mass basis breakeven co-firing level, while switchgrass required the highest mass basis co-firing
level. This indicates that biomass with a higher heating value and greater carbon content requires
lower levels of breakeven co-firing to achieve net-zero emissions.

Coal Types. The breakeven co-firing level is also affected by the coal properties and supply
emissions. IL6 coal, for instance, has a relatively higher heating value and larger carbon content
but significantly higher supply emissions than PRB coal, primarily due to the methane emissions
from underground mining. Biomass co-firing at IL6 power plants, thus, requires a relatively
higher breakeven co-firing level. This highlights the importance of mitigating upstream methane
emissions in coal mining processes.

CO2 Capture Rates. Increasing the capture rate from 90% to 95% effectively lowers the
breakeven co-firing level by an absolute 5%. Deploying CCS with a 95% CO:2 capture rate can
lead to breakeven net-zero life cycle emissions at biomass co-firing levels ranging from 10% to
16% on the energy basis (Figure 4.4).
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Figure 2.4. Life Cycle Emissions of 20% Co-Firing Power Plants with CCS for 95% CO2

Capture: (a) linois No. 6 Coal Co-Fired with Biomass, and (b) Powder River Basin Coal Co-
Fired with Biomass.
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Summary

This document organizes the updates to the IECM into four sections.

The “Fuel Database” section describes a function and database for users to configure a
power plant that combusts multiple fuels. To configure a co-firing plant, users first need to
specify the fuel blend percentages. They can then enter the property of more than one fuel. The
fuel can either be selected from the existing fuel database or custom as needed.

The “Boiler Efficiency Algorithm” section outlines the overall boiler efficiency calculation
formula. The IECM takes into account the property of each fuel to compute the boiler efficiency
of a power plant.

The “Life Cycle GHG Emission Model” section explains GHG emission estimation methods
for both fuel supply and CO2 T&S. For fuels, the model includes options for two coal samples,
one waste coal sample, and seven biomass samples. For CO2 T&S, the model includes pipeline
transport and geological storage. If a custom fuel is entered, its higher heating value is used to
determine the closest matching fuel proxy for calculating fuel supply GHG emissions. If the CO2
pipeline transport distance is not specified, the default pipeline length is used to calculate the
CO2 T&S GHG emissions.

The “Case Study” section presents the key inputs, assumptions, and results of the technical
performance and environmental impacts of co-firing power plants.
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Appendix

Appendix 1 Fuel Property of Coal, Waste Coal, and Biomass.

Table S1.1. Coal Properties.

Coal Rank Bituminous Subbituminous Lignite
Pi rgh # r . North
Feedstock Name (,;gi)glljaghiaﬁ Illinois No.6° FlrJeZFp))%rt ngr\?é?%zgivr\f er Daok;ta
Medium Sulfur)! (NETL)® Lignite®
Basis Dry As-Received | As-Received As-Received As-Received
Healt_ilr:%hf/ralue kJ/kg 308423 27135 30980 19399 14003
Carbon wt.% 73.81 63.75 73.39 48.18 35.04
Hydrogen wt.% 4.88 4.5 4.03 3.31 2.68
Oxygen wt.% 541 6.88 4.79 11.87 11.31
Fuel Property ™ cpiorine | wt.% 0.06 0.29 0.00 0.01 0.09
Sulfur wt.% 2.13 2.51 2.29 0.37 1.16
Nitrogen wt.% 1.42 1.25 1.33 0.7 0.77
Ash wt.% 7.24 9.7 13.03 5.32 15.92
Moisture wt.% 5.05 11.12 1.13 30.24 33.03
Moisture wt.% 0.00 11.12 1.13 30.24 33.03
Ash wt.% 7.63 9.7 13.03 5.32 15.92
sl | olatile g 4252 34.99 29.43 31.39 27.17
Fixed Carbon | wt.% 49.86 44.19 56.41 33.05 23.89
_ SiO2 wt.% 54.50 46.80 44.80 63.19 45.16
Ash Properties
Al20s3 wt.% 17.30 18.00 24.10 30.00 21.91
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Fe203 wt.% 4.50 20.00 17.30 2.90 6.97
CaOo wt.% 10.70 7.00 4.20 0.91 16.42
MgO wt.% 2.40 1.00 1.60 0.76 3.26
Na20 wt.% 1.48 0.60 0.00 0.38 0.78
K20 wt.% 1.11 1.90 2.70 1.49 0.80
TiO2 wt.% 0.70 1.00 1.30 0.09 1.63
MnO:2 wt.% 0.00 0.00 0.00 0.00 0.00
P20s wt.% 0.27 0.20 0.10 0.08 0.81
SOs3 wt.% 7.04 3.50 3.90 0.20 1.26
Other wt.% 0.00 0.00 0.00 0.00 1.00
Footnotes:
1. Source of Data: IECM (2019a, 2021);
2. Source of Data: NETL (2007);
3. Source of Data: NETL (2019);
4. Source of Data: EPRI (2008);
5. Source of Data: EPRI (2018).
Table S1.2. Waste Coal Properties.
Mining Approach Underground Surface
Feedstock Namel Herrin Refuse Coal | Herrin Refuse Coal | Dekoven Refuse
Mach #1 Lively Grove Coal |Coal Eagle River #1
Basis As-Received
Higher Heating Value Btu/lb 1777 1985 7522
Carbon wt.% 10.47 11.09 39.04
Hydrogen wt.% 1.92 2.08 3.37
Fuel Property
Oxygen wt.% 9.78 9.55 6.36
Chlorine wt.% N/A?
Sulfur wt.% 3.57 3.23 9.4
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Nitrogen wt.% 0.42 0.41 0.93
Ash wt.% 73.84 73.64 40.9

Moisture wt.% N/A2
Moisture wt.% 7.64 7.90 4.67
Ash wt.% 73.84 73.64 40.9
Proximate Analysis Volatile Matter Wt.% 10.42 9.73 25.05
Fixed Carbon wt.% 8.10 8.73 29.38
SiO2 wt.% 56.51 61.04 4451
Al203 wt.% 16.07 17.46 14.17
Fe203 wt.% 8.70 7.79 30.52
CaO wt.% 4.25 0.95 1.62
MgO wt.% 1.53 1.64 0.91
. Na20 wt.% 0.87 1.16 0.42

Ash Properties

K20 wt.% 3.20 2.68 2.10
TiO2 wt.% 0.80 0.81 0.77
MnO: wt.% 0.00 0.00 0.00
P20s wt.% 0.50 0.37 0.26
SOs wt.% 0.00 0.00 0.00
Other wt.% 5.71 5.63 4.17

Footnotes:
1. Source of Data: Kolker et al. (2021);
2. N/A stands for Not-Available.
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Table S1.3. Biomass Properties.

Category Energy Crop Agricultural Residue Forestry Residue
Mechanic |Manually Hvbri Corn|Corn
ally Harveste | , ,. y Torrefie| Corn | Stov | Stov Pine Pine
Miscan| d Wheat
Feedstock Name Harvested d thus? | Poplar d Stover | er | er Strawd’ Spruce | Spruce
Switchgra | Switchgr 2 Willow* | (704)°> [(889)|(890) (3155)° | (3156)°
sst ass! 5 5
Basis As-Received Dry and As-Received Dry As-Received
Ash Free
8 1623 8
Higher Btu/lb| 7333 7421 6879 | 7641 N/A 0 N/A
ngmg g N/A® 23308° N/A®
MJ/kg N/AE 17 18.05|13.64| 17.9 19.37 19.24
Carbon |wt% | 40.54 4355 | 4041 | 45.04 | 60.30 | 43.98 |44.18|35.57| 46.2 48.07 | 47.78
Fuel |Hydrogen| wt.% 5.28 5.13 492 | 6.13 5.80 539 |552|455| 6.52 5.72 5.43
Property | Oxygen | wt.% | 37.57 37.61 37.19 | 46.63 | 33.40 | 38.85 |37.69(32.98| 41.43 | 38.28 35.8
Chlorine | wt.% N/A8 N/A8 0.05 | 0.01 0.00 0.25 [0.000.01| 0.25 0.01 0.00
Sulfur | wt.% 0.20 0.10 0.05 | 0.25 0.00 0.10 |0.10|0.08| 0.084 | 0.02 0.04
Nitrogen | wt.% 0.92 0.79 0.28 | 0.82 0.52 0.62 |053|0.61| 0.38 0.37 0.84
Ash wt.% 5.95 3.93 2.61 1.13 0.00 475 [6.98|20.3| 521 1.25 3.79
Moisture | wt.% 9.53 8.89 14.54 | N/A® 0.00 6.06 |5.00|5.90| N/A® 6.30 6.32
Moisture | wt.% 9.53 8.89 1454 | 5.20 2.10 6.06 |5.00|590| 6.78 6.30 6.32
Ash wt.% 5.95 3.93 2.61 1.13 1.80 475 |6.98|203| 521 1.25 3.79
Proximate | \/olatile
Analysis’® | Matter wt.% | 69.03 81.79 7212 | 78.85 | 66.9 75.96 | 74.2 |60.13| 81.44 74.3 69.42
(Itza:;(tfgn wt.% | 15.49 5.39 10.73 | 1482 | 29.2 13.23 |13.82(13.67| 13.35 | 18.15 | 20.47
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Si02 | wt.% 62.71 48.56 61.84 | 4.60 54.04 23.35 | 38,51 | 2781
AlO3 | wt.% 8.39 1.08 0.98 1.50 1.99 0.02 4.72 5.67
Fe203 | wt.% 5.82 0.34 1.35 2.00 N/A3 0.55 3.72 2
CaOo wt.% 4.62 12.77 9.61 | 49.00 8.66 5.66 15.39 | 11.89
MgO | wt.% 3.65 20.41 2.46 8.50 6.11 0.36 3.98 1.82
Ash NazO |wt% | 059 2.38 | 033 | 040 , | 015 ol 091 | 031 | 144
N/A N/A® | N/A
Property K20 wt.% 1.95 2.92 11.60 | 24.90 20.67 40.32 8.31 4.1
TiO2 | wt.% 0.53 0.07 0.05 0.10 N/AS 0.18 0.5 0.35
MnO2 | wt.% N/AB N/A8 0.00 0.00 0.00 N/AB N/AB
P20s | wt.% 2.73 5.89 4.20 7.80 8.68 4.01 3.21 1.76
SOs wt.% 2.28 3.83 2.63 1.20 NJ/AS 3.83 1.62 1.35
Other | wt.% N/A8 N/A8 4.95 0.00 20.80 N/A8 N/A8
Footnotes:
1. Source of Data: Bush et al. (2001);
2. Source of Data: EPRI (2010);
3. Source of Data: Zygarlicke et al. (2001);
4. Source of Data: Bridgeman et al. (2010);
5. Source of Data: ECN (2022);
6. Source of Data: EPRI (2012);
7.The ash property is calculated based on the ICP-OES ssh elemental analysis result;
8. N/A stands for Not-Available;
9. The heating value is dry basis;
10. The proximate analysis data is on an as-received basis.
Table S1.4. Willow Ash Properties.
Category Energy Crop
Sample Number (No.)! 719 1305 1306 | 1307 | 851 852 867 868 869 870 720
SiO2 wt.% 8.08 2.30 27.40 | 2.00 | 16.76 | 2.83 1.11 1.89 2.35 1.82 2.05
Pr?;:rty AlO3 | wt.% 1.39 0.35 2.60 0.30 | 3.01 0.12 0.09 0.16 141 1.48 1.97
Fe20s | wt.% 0.84 0.33 1.40 0.20 | 0.85 0.42 0.21 0.30 0.73 0.49 0.35
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Ca0O wt% | 45.62 37.2 25.1 375 | 34.86 | 36.51 | 40.48 | 32.00 | 41.2 44.68 | 34.18
MgO | wt% 1.16 4.80 4.10 510 | 246 | 1.54 3.04 7.67 2.47 2.16 2.98
Na2O | wt.% 2.47 2.80 2.50 290 | 3.05 | 1.97 0.77 0.65 0.94 0.86 2.67
K20 wt.% 13.20 | 12.10 | 10.10 | 12.80 | 12.20 | 19.90 | 13.90 | 22.10 | 15.00 | 15.30 | 18.40
TiO2 wt.% 0.06 0.03 0.15 | 0.02 | 0.07 | 0.06 0.00 0.04 0.05 0.05 0.03
MnO2 | wt.% N/A?
P20s wt.% 10.04 10.2 7.30 10.8 | 10.36 | 12.9 8.16 11.68 | 7.40 7.18 7.10
SOs wt.% 1.15 3.20 260 | 3.60 | 1.70 | 1.94 1.70 3.09 1.83 2.33 2.92
Other | wt.% 13.67 2.95 1.30 250 | 1758 | 19.85 | 27.10 | 17.65 | 18.24 | 18.34 | 22.64
Footnotes:
1. Source of Data: ECN (2022);
2. N/A stands for Not-Available.
Table S1.5. Energy-Based Biomass Feedstock Cost.
Energy Crop . Forest Residue
Biomass Type Switch Agricultural P Hardwood Wood
Poplar WIThIrass | Miscanthus Bagasse | Sorghum | Willow| Residue Ine arcwood | waste
and other Residues | Residues
Cost? 1.5- 1.1-
(2014$/MMBtU) | 3.6 2.4-3.4 2.8-8.2 2.2 2.3-2.9 |3.1-34 1.4-3.5 1.2-15 09-14 3.9
Footnote:
1. Source of Data: IRENA (2015).
Table S1.6. Transport Cost.
Transport Method Truck Train
Cost (2017$/tonne/km)! | 0.10 0.04

Footnote:

1. Source of Data: Stolaroff et al. (2021).

Appendix 2 Global Warming Potential Value and Emission Intensity Associated with Consumption of Electricity, Diesel,

and Steel.
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Table S2.1. 100-Year Global Warming Potential (GWP).

Greenhouse Gas GWP Value! Unit
CO2 1 kg CO2eq
CHa 36 kg CO2eq
N20 298 kg CO2eq
Footnote:
1. Source of Data: IPCC (2014).
Table S2.2. Emission Intensity Associated with Electricity Consumption (Ee).
Greenhouse Gas Emission Intensity! Unit
CO2 5.47E+02 kg CO2/MWh
CH4 1.04E+00 kg CH4/MWh
N20 6.92E-03 kg N2O/MWh
Footnote:
1. Source of Data: NETL (2023).
Table S2.3. Emission Intensities of Diesel Production and Combustion (Ediesel).
Greenhouse Gas Diesel Production? Diesel Combustion? Unit
CO2 6.26E-01 3.08E+00 kg CO2/Kkgdiesel
CHa 4.19E-03 1.05E-04 kg CHa/Kgdiesel
N20 1.21E-05 1.21E-05 kg N20O/Kgdiesel
Footnotes:
1. Source of Data: NETL (2011a);
2. Source of Data: NETL (2014).
Table S2.4. Emission Intensity Associated with Steel Consumption (Esteer).
Greenhouse Gas Emission Intensity* Unit
CO2 2.2E+00 kg Cozlkgsteel
CHa 5.1E-03 kg CHa/KQsteel
N20 2.7E-06 kg N20O/Kgsteel
Footnote:

1. Source of Data: NETL (2016).
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