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ABSTRACT: This study examines greenhouse gas (GHG) and
criteria air pollutant (CAP) emissions trade-offs for renewable
diesel across 12 scenarios, involving different biochemical
conversion designs, biorefinery scales, and feedstocks. A conven-
tional design uses lignin for on-site heat and power, which exports
excess power to the grid. An alternative design exports lignin
pellets, offsetting other pellet production methods but requiring
grid electricity to meet biorefinery power demands. Net emissions
were quantified in Iowa and Georgia, selected considering
feedstock availability, coproduct displacement, and regional
power grids, assuming grid-exported power avoids coal or low-
carbon electricity. Results for the conventional design remained
consistent across the electricity displacement scenarios. When
comparing lignin utilization strategies, pelletizing lignin reduces sulfur dioxide, carbon monoxide, nitrogen oxides, and volatile
organic compounds (net emissions −0.66 mg MJ−1, 25 mg MJ−1, 25 mg MJ−1, 7.8 mg MJ−1, respectively). However, lignin
pelletization increases net particulate matter (fine and coarse) and ammonia (net emissions of 4.7 mg MJ−1, 13 mg MJ−1, and 0.26
mg MJ−1, respectively), alongside indirect GHG emissions due to grid electricity dependence. Additionally, processing 2000 tonnes
corn stover daily minimizes emissions for both designs. Only lignin pelletization with renewable electricity and additional particulate
matter and ammonia controls reduces all CAP and GHG emissions simultaneously.
KEYWORDS: biorefinery, lignin, greenhouse gas protocol, emissions, air quality, renewable fuels

1. INTRODUCTION
To reduce transportation sector greenhouse gas (GHG)
emissions, governments have implemented policies aiming to
eliminate fossil fuel consumption through adoption of clean
renewable fuels.1,2 For instance, California’s Low Carbon Fuel
Standard targets a 20% reduction in the carbon intensity of
transportation fuels by 2030 relative to 2010 levels.3 As a
consequence, and given market momentum for electrification
of the light duty vehicle fleet, the demand for advanced
biofuels for aviation (jet fuel), marine (bunker fuel and diesel),
rail (diesel), and heavy-duty vehicles (diesel) is expected to
increase in the near future.4

Second-generation biofuels derived from agricultural wastes
and forest residues can contribute to meeting these environ-
mental targets. Renewable diesel derived from lignocellulosic
biomass not only overcomes many limitations of conventional
corn ethanol and soybean biodiesel, such as competition with
food resources for land and intensive water use, but can also
lower GHG emissions compared to conventional (first
generation) biofuels and petroleum fuels.5 Unlike ethanol,
which as a gasoline substitute is limited to light-duty vehicles,
renewable diesel is seen as a long-term alternative to
decarbonize hard-to-electrify transportation modes such as

heavy-duty trucking and off-road vehicles.4 However, econom-
ic and technical challenges such as high biomass transportation
costs and complex conversion processes required to convert
lignocellulosic feedstocks into fuel products still limit the
advancement of second-generation biorefineries.5,6

Nevertheless, some environmental concerns associated with
production and use of lignocellulosic biofuels remain.7

Environmental impacts of biofuel supply chains are often
estimated using life-cycle assessment (LCA). LCA standards
and practices provide an appropriate framework for quantifying
the life-cycle environmental impacts of technologies and
consistently comparing systems producing the same product
based on multiple environmental impact categories.8 Multiple
studies have used LCA models to analyze the GHG emissions
of biofuel pathways9−12 with results varying often due to
different modeling assumptions. Differences in methods such
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as system boundary selection, inclusion, or exclusion of land-
use change emissions, model structure and input parameters,
and coproducts allocation approaches hinder the comparability
between LCA studies.10

More importantly, the scope of these analyses is often
limited to GHG emissions, and the impacts of other critical
environmental metrics such as criteria air pollutants (CAPs)
are typically overlooked.7,13 Ground-level ozone, particulate
matter (PM), carbon monoxide (CO), sulfur dioxide (SO2),
nitrogen dioxide (NO2), and lead, the primary CAPs, can cause
respiratory issues, exacerbate existing health conditions, and
even lead to premature mortality. Unlike GHG emissions,
which contribute to long-term climate change, CAPs have
more immediate and localized effects. When comparing their
monetized impacts, the marginal damage costs of CAPs often
exceed those of GHGs by orders of magnitude.14

This scarcity of air pollutants analysis in the biofuels LCA
literature can be explained because a rigorous investigation of
the CAP emissions of biofuel pathways requires detailed
process and emission modeling for the biorefineries,15 as well
as data characterizing the emissions of CAPs from upstream
processes in the supply chain.13 Previous assessments have
investigated spatial and temporal distributions of air pollutants
from different biofuel supply chains across the United States
(U.S.).13,16−19 For example, Tessum et al.13 constructed life
cycle inventories of six air pollutants for corn ethanol and
gasoline production. Hill et al.16 compared the societal costs of
GHG emissions and human exposure to fine particulate matter
caused by production and use of corn ethanol, soybean
biodiesel, and conventional fuels systems. A comprehensive
study on the life cycle particulate matter and ozone emissions
from various transportation technologies including, gasoline,
diesel, corn ethanol, and electric vehicles was provided by
Tessum et al.17 The impact of increased corn ethanol use on
the concentration of ozone and air toxics in the U.S. was
quantified by Cook et al.18 through air quality modeling.
Similarly, Ravi et al.19 leveraged life cycle inventory data with
air quality modeling to analyze the air quality impacts of
aviation fuel production from forest residues in the northwest-
ern U.S.
Thorough, previous assessments tend to focus on corn grain

ethanol and corn stover cellulosic ethanol,13,17,18 which do not
support the markets most in need of decarbonization solutions,
like diesel for heavy-duty trucking. Also, prior studies that
include assessment of air pollutant emissions usually do so
without simultaneous assessment of GHG emissions,13,16−19

thus not allowing for consideration of trade-offs of these two
critical environmental dimensions. Additionally, published
studies have not provided a detailed enough analysis
considering biorefinery design and operations and, therefore,
are not able to provide insights into how GHG and CAP
emissions are affected by changes to the process design,
biorefinery scale, or feedstock type. Understanding the impacts
of these parameters is critical to identify process designs that
minimize GHG and CAP emissions as well as to size and site
biorefineries based on feedstock availability and compliance
with potential air regulations.20

To fill in gaps in prior research, trade-offs between GHG and
CAP emissions for a biorefinery producing a renewable diesel
blend-stock (RDB) from two distinct biomass feedstocks (or
blends), three process scales, and two lignin utilization
strategies (generating a total of 12 design cases) are
investigated. This work integrates best-available process-

specific emission factors (EFs) (e.g., from Bhatt et al.20)
with detailed process modeling to quantify GHG and CAP
emission as well as credits associated with the displacement of
other production pathways for electricity and solid fuels that
result from the sale of these as coproducts of the biorefinery.
Moreover, regional variability of emissions associated with
displaced electricity and the impacts on coproduct credits were
studied through two different case study locations. The analysis
is not intended to estimate life-cycle emissions of the complete
biofuel supply chain but instead aims to identify potential
designs that co-optimally minimize GHG and CAP emissions
from lignocellulosic biorefineries as well as to construct an
emission inventory for future air quality modeling. The CAP
emissions analysis explores potential emission credits of five
criteria pollutants: nitrogen oxides (NOx), SO2, CO, and
particulate matter with diameters of 10 μm (PM10) and 2.5 μm
or smaller (PM2.5). Emissions of two precursors to the
atmospheric formation of ozone and PM are also analyzed,
namely, volatile organic compounds (VOCs), and ammonia
(NH3). Discussion focuses on comparing trade-offs of the 12
design cases in terms of GHG and CAP emissions.

2. METHODS
2.1. Biorefinery Process Model. The foundation of this

analysis is a robust engineering process model that estimates
material and energy flows necessary for quantifying the GHG
and CAP emissions of the biorefinery. The model described in
Davis et al.,15 along with emission results reported by Bhatt et
al.,20 detailing a biochemical pathway for converting herba-
ceous biomass into hydrocarbons (RDB), serves as the
foundational input to the GHG and CAP accounting model
developed in this study. A total of 12 design cases were
analyzed herein to assess the net emission outputs based on
varying feedstocks, facility scales, and lignin applications. The
hypothetical facility processes either corn stover or a uniform
format blend (UFB) of cellulosic biomass feedstocks
composed of 60% corn stover, 35% switchgrass, and 5%
municipal solid waste.15,20 Consistent with previous modeling
work, the plant scales were varied to process 2000, 5100, and
9100 dry metric tons of feedstock/blends per day (dmtd). The
2000 dmtd scale was selected as it is a standard scale used in
previous biorefinery design cases in the literature,6,15 while the
5100 and 9100 dmtd scales correspond to the fifth and 10th
percentile of existing petroleum refineries.20

One of the waste streams from biochemical conversion of
cellulosic biomass is lignin solid cake that results from
hydrolysate clarification. Two different uses of this lignin
waste were explored, which define two important aspects of the
design of the biorefinery. A lignin-for-electricity biorefinery
uses lignin as a combustion fuel (in addition to off-gas, biogas,
and sludge from wastewater treatment) to produce process
heat and power. Based on the amount of lignin solid cake
produced, more power can be generated than is demanded on-
site, so excess (coproduct) electricity is sold to the electrical
grid operator.
Alternatively, a lignin-for-pellets biorefinery was also ex-

plored, wherein the lignin solids are pelletized onsite and sold
for off-site combustion as a solid fuel. In this design,
biorefinery electricity demands are met by purchasing
electricity from the grid. Also, the off-gas and biogas waste
streams are combusted in a gas boiler, and the wastewater
treatment sludge is transported for off-site treatment. This is an
example of how the biorefinery is considered as a system,
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whose coproducts connect it to other systems that produce the
same products.
2.2. GHG and CAP Emissions. In previous analysis, Bhatt

et al.20 leveraged the model developed by Davis et al.15 and
EFs from the U.S. Environmental Protection Agency (EPA)
AP-42 database21 to estimate facility-level potential-to-emit of
the 12 design cases configured with different emission control
strategies for reducing regulated air pollutants. Potential-to-
emit is a metric measuring the maximum capacity of a
stationary source to emit an air pollutant under its physical and
operational design.20 In addition to four CAPs and three of
their precursors, net emissions from the three main GHGs
contributing to global warming were also quantified: carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O). The
GHGs and air pollutants emitted by core and supporting unit
operations within the biorefinery are illustrated in Figure 1 and
reported numerically in the Supporting Information (SI).
In all biorefinery designs, certain core operations and boilers

are important sources of GHG and CAP emissions. However,
as reported by Bhatt et al.,20 pelletizing the lignin reduces
overall emissions from the system due to reduction of the
amount of combusted fuel (in terms of heat input) in the
boiler.15 When lignin is used for pellet production, electricity
generated on-site is insufficient to meet process demands, and
the biorefinery will need to purchase electricity from the grid.15

Building on the studies by Davis et al.15 and Bhatt et al.,20 this
work compares the trade-offs between GHG and CAP
emissions, by considering coproduct credits.
2.3. Net GHG and CAP Emissions Accounting

Method. The life cycle GHG impacts of biofuels have been
extensively studied in the literature; however, the body of
literature analyzing CAP emissions of advanced biorefineries is

limited. Although GHG emissions from stationary sources such
as biorefineries are not currently regulated, embodied GHG
emissions of the fuels produced are, and biorefineries are
expected to be subject to air pollution regulations.23,24 Thus,
understanding the trade-offs between emissions of CAPs and
GHGs from the biorefineries, under different design
configurations, is important for informed decision-making.
The GHG and CAP accounting approaches used in this

analysis considered net GHGs and CAPs emissions. Since the
objective of this paper is to contrast the direct emission profiles
of different biorefinery configurations, upstream and down-
stream processes for each displaced product such as feedstock
processing and combustion of the fuel product were not
included. Therefore, the system boundary for each biorefinery
scenario included biorefinery operations only, as a first step
toward a well-to-pump LCA.
Each biorefinery configuration produced coproducts that

displace conventional products in their respective markets. To
account for the environmental benefits of coproducts, system
boundary expansion was applied. The system boundary
expansion approach captures the displacement of conventional
market products by biorefinery coproducts by allocating
process emissions to the primary product and deducting the
environmental impacts of the conventional products displaced
by the coproducts. This methodology aligns with LCA
methodologies for integrated biorefineries used in other
studies,25−27 avoiding arbitrary allocation factors that can
arise from economic and mass-based allocations.26 Economic
allocation, in particular, can lead to distorted results due to
market volatility affecting the costs of both electricity and
lignin pellets.26 Similarly, mass allocation was not used, as

Figure 1. Criteria air pollutants and greenhouse gases (carbon dioxide, methane, and nitrous oxide) emitted by core and supporting operations for
the production of a renewable diesel blend-stock from lignocellulosic biomass through aerobic respiration, modeled by Bhatt et al.19 (modified from
Eberle et al.22). The principal product of each system is renewable diesel blend stock; coproducts are shown as the other arrows exiting the system
boundary. For lignin-for-electricity design, the coproduct is electricity; for the lignin-for-pellets design, the coproduct is pellets.
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electricity, one of the coproducts, does not have a direct
physical mass relationship with solid products.
The functional unit was set to a megajoule (MJ) of the RDB,

reflecting the primary function of the biorefinery in fuel
production. Outputs from the process model and the EFs of
the products assumed to be displaced by the electricity and
pellets coproducts were used to calculate potential emission
credits given to the biorefinery. As illustrated in Figure 2, for
the biorefinery producing an electricity coproduct, the
additional electricity was assumed to displace either coal or
zero-carbon electricity, reflecting the curtailment of renewables
or nuclear power in the regions examined (elaborated later in
the Methods section). These two extremes were chosen to
represent the range of outcomes possible given that grid
modeling was outside of the scope of this research. Similarly,
lignin pellets coproduct were assumed to displace emissions
associated with conventional wood pellet production. More
details on the methodology used to calculate net emissions are
provided in the Supporting Information (section 3).
2.4. Case Study Locations. Considering the availability of

the two chosen feedstocks, we selected two case study
locations for evaluation. The locations for the two case studies
then determined the markets for electricity and pellets
coproducts, which provide additional contrast and thus
illuminate the potential impacts of different electricity
emissions profiles and displacement credits on net emissions
of the system.
2.4.1. Feedstock Availability. To select two case study

locations, we considered the annual availability of corn stover
and switchgrass at a county level as these are the main
components in the biomass feedstocks evaluated. Based on
published biomass resource assessments,6,28 we selected Sioux
County, Iowa and Brooks County, Georgia, as they are among
the counties with the highest feedstock availability at a
farmgate price of $60 per dmt. Sioux County, Iowa is projected

to produce 592,000 dmt of corn stover and Brooks County,
Georgia 37,000 dmt of switchgrass, respectively, in 2025.6

2.4.2. Selection of Displaced Products for Each Biorefinery
Design and Location. For biorefineries using lignin for
electricity generation, exported electricity displaces the
generator at the margin. Determining the marginal generator
in each of the case study regions requires detailed grid
modeling, which is beyond the scope of this work. Therefore,
we conducted a bounding analysis where electricity coproduct
credits were calculated by assuming that surplus biorefinery
electricity displaced either coal or zero-carbon (renewables or
nuclear) electricity. Coal was selected as an upper bound as it
represents the most emission-intensive technology in the
electrical grid of the studied locations.29 As EPA’s 2020
Emissions and Generation Resource Integrated Database29

(eGRID) indicates, coal generation in the eGRID subregions
containing Iowa (Midwest Regional Reliability Organization
West [MROW]) and Georgia (Southeastern Electric Reli-
ability Council South [SRSO]) accounted for 38% and 16% of
the total generation mix, respectively. Nonemitting, zero-
carbon technologies such as solar, wind, hydropower, and
nuclear�selected as the lower bound�accounted for 49%
and 25% of the total generation in the MROW and SRSO
subregions, respectively.30 Note that our analysis does not
consider technologies such as hydrogen-fueled combustion
turbines because hydrogen combustion impacts on CAP
emissions (especially NOx, but also from hydrogen production
approaches) and hydrogen leakage rates are yet to be well-
defined.
In a biorefinery using lignin to produce pellets, the displaced

emissions were assumed to be those associated with the
conventional production of wood pellets. The Southeastern US
is a large producer of wood pellets with six facilities in Georgia
(cumulative annual production capacity of 1,850,000 dmt).30,31

Iowa also has a wood pellet facility (10,000 dmt).30,31 Notably,
about 84% of pellets produced in the US are exported,

Figure 2. System boundaries and displaced systems for lignin-for-electricity and lignin-for-pellets biorefineries. The lignin-for-electricity biorefinery
displaces coal or renewable/nuclear electricity generation, contributing electricity to the grid. The lignin-for-pellets biorefinery displaces
conventional wood pelletization.
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primarily to Europe where they are cofired with coal or used in
residential heating.31 However, domestic markets for pellet use
remain underdeveloped, with studies highlighting economic
and technical challenges associated with cofiring biomass with
coal in the US.32−34

In our analysis, we assumed that the demand for pellets
remains constant. Therefore, any increase in pellet production
from lignin must be met with an equivalent decrease in the
level of conventional wood pellet production. This assumption
simplifies the displacement calculation by focusing on the
direct substitution of lignin-derived pellets for wood-derived
pellets without accounting for potential indirect market effects.
While in reality increasing the supply of lignin-derived pellets
could affect market prices and demand dynamics, our approach
assumes a fixed demand scenario, where the additional lignin-
based production directly offsets conventional pellet produc-
tion on a one-to-one energy basis.
Recall that our system boundary is cut off at the production

of the displaced fuels and does not include their end use
(Figure 2). Correspondingly, embodied emissions of the
infrastructure used in the displaced supply chains and other
upstream emissions were not accounted for in the analysis;
instead, only operational emissions were assumed to be
avoided by electricity and lignin pellets coproducts. To capture
geographic variations across case study states, location-based
and fuel-specific EFs were used in this analysis for displaced
electricity generation (section 2.5). Due to a lack of state-level
data on solid fuel markets, national-average EFs were used to
model the emissions of displaced wood pellets (section 2.6).
The EFs used to calculate coproduct emission credits are
provided in Table 1.

2.5. Emission Factors for Electricity Credits. As
previously discussed, EFs of coal generation were used to
construct an emissions inventory of GHGs and CAPs for
calculating electricity credits in lignin-for-electricity biorefi-
neries. Because there is no one database containing EFs for all
air pollutants examined in this study, EFs were retrieved from
multiple databases, as summarized in Table 1. Coal EFs of
CO2, CH4, N2O, SO2, and NOx were obtained from EPA’s
eGRID for year 2020 per eGRID subregion applicable to each

case study location.29 EFs reported by eGRID were derived
from plant-level generation and 2020 emissions data per
eGRID subregion level applicable to each case study location
(MROW and SRSO).29 Coal EFs for CO, PM2.5, PM10, and
VOCs at a North American Electric Reliability Corporation
(NERC) resolution come from the Greenhouse gases,
Regulated Emissions, and Energy Use in Technologies
(GREET) model27,35 (Midwest Reliability Organization
(MRO) and Southeastern Electric Reliability Council
(SERC) NERC regions were used for Iowa and Georgia,
respectively). The data reported by GREET were derived from
National Emission Inventory 2017 datasets35 and includes EFs
for different fuel combustion technologies, while eGRID data
reports EFs by fuel type and does not distinguish between
combustion technologies. EFs for NH3 were calculated by
using data of NH3 emissions reported to the EPA36 and
electricity generation efficiencies, at a NERC resolution for
2017, obtained from the GREET model.27 Finally, electricity
credits were assumed to be zero in cases where electricity
displaced renewable or nuclear sources, given their absence of
combustion emissions. It is important to recall that our system
boundary considers operational emissions only; therefore,
upstream emissions of renewable electricity technologies were
not included in the analysis.
2.6. Pelletization Emission Factors. To estimate the

emissions reduction from displacing wood pellets with lignin
pellets, we used fuel consumption data reported by Morrison
and Golden37 and GHG and CAP EFs from the GREET
model.27 The wood pellets credits were estimated by
considering operational emissions only (not life cycle) related
to diesel consumption for pelletizing (2.06 kg per tonne of
wood pellets)37 and biomass combustion for drying
pellets.27,37 Given that GREET does not include NH3 EFs,
the NH3 credit was estimated by using a nonroad diesel EF of
83.3 mg gal−1 of diesel and a biomass combustion EF of 0.63 g
kg−1, retrieved from EPA.36

2.7. Parametric Sensitivity Analysis on Coproduct
Credits. A parametric sensitivity analysis was performed to
analyze the impact of model parameters used in the
calculations of coproduct credits on the resulting net
emissions. Our sensitivity analysis focuses on coproduct credits
because changing other parameters requires access to the
original ASPEN process model, which this author group does
not have. Since our objective was to identify high impact
parameters across lignin utilization strategies, sensitivity was
tested for only one plant location and scale (Iowa, 2000 dmtd),
by independently increasing and decreasing five selected
parameters: biorefinery emissions, net electricity exports, lignin
exports, RDB output, and emission factors of all GHGs and
CAPs (Table 1) associated with displaced coal electricity and
wood pellets by 20%. These parameters were selected to
determine to which of the tested parameters was net emissions
most sensitive, as they are the only variables used in the net
emissions calculation.

3. RESULTS AND DISCUSSION
Results are organized by accounting methods. Results in
section 3.1 are reported in terms of net and gross emission
intensities normalized by the established functional unit (MJ).
Gross emission intensities were determined using gross
emission outputs, while net emission intensities represent the
difference between gross emissions and displacement credits.
First, results for the 2000 dmtd biorefinery are compared in

Table 1. Emission Factors for the Displaced Electricity and
Pellets

lignin-for-electricity
lignin-for-
pellets

pollutant

coal electricity
generation in Iowa (g

kWh−1)

coal electricity
generation in Georgia

(g kWh−1)

wood pellets
production (g

MJ−1)

CO2
a 1030 863 5.2

CH4
a 0.12 0.08 0.011

N2O
a 0.017 0.012 0.00029

SO2
a 1.1 0.17 0.0045

NOx
a 0.77 0.38 0.0089

COb 0.34 0.18 0.0033
PM2.5

b 0.07 0.04 0.00054
PM10

b 0.09 0.06 0.00069
VOCb 0.02 0.02 0.00082
NH3

b 0.0069 0.0068 0.000025
aElectricity emission factors at an eGRID subregion resolution (Iowa
= MROW, Georgia = SRSO). bElectricity emission factors at a NERC
region resolution (Iowa = MRO, Georgia = SERC). Emission factors
for coal electricity correspond to steam turbine coal generation.
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terms of lignin utilization strategies (section 3.1.1), followed by
a comparison of electricity displacement credits, location, and
feedstock (section 3.1.2) in lignin-for-electricity biorefineries.
Next, lignin-for-pellets biorefineries are compared across
feedstocks (section 3.1.3). Additionally, a discussion on the
impact of the biorefinery scale is presented in section 3.1.4.
Results from the sensitivity analysis identifying coproduct-
related high impact parameters are interpreted (section 3.2).
Finally, the implications of our results on the design of
lignocellulosic biorefineries are explored in section 3.3.
3.1. Net Emissions Analysis. 3.1.1. Trade-offs between

Lignin Utilization Strategies. Potential emission trade-offs
from different lignin utilization strategies were identified by
comparing the outputs of four modeled biorefinery designs at
the 2000 dmtd scale, illustrated in Figure 3. Net GHG
emissions, categorized by biogenic CO2, fossil CO2, CH4, and
N2O, are presented in Figure 3A. As results indicate, all
emitted CO2 is of biogenic origin and accounted as a positive
emission output by the system, with no fossil fuel consumed
within the biorefinery under either lignin utilization strategy. In
contrast, the avoided CO2 emissions from displaced coal
electricity are of fossil origin, while the majority of CO2
avoided by displacing wood pellets is also fossil-based, with
only a minimal biogenic CO2 credit from the combustion of

biomass (0.4 g of CO2 MJ−1). When comparing GHG
emissions outputs, CO2 emissions represent the primary
GHG emitted by the system, with net biogenic CO2 emissions
of the lignin-for-electricity biorefineries being three and 6
orders of magnitude higher than net CH4 and N2O emissions,
respectively; a similar trend is observed in lignin-for-pellets
results. The results indicate that net biogenic CO2 emissions
from the lignin-for-electricity designs are approximately 117%
higher than those of biorefineries in which the lignin is diverted
for pellets production. In terms of CH4 emissions, the lignin-
for-pellets design yields net negative CH4 emissions (due to
lower gross biorefinery emissions and larger CH4 credits from
the displacement of wood pellets), different from the net
positive CH4 emissions of the lignin-for-electricity design.
Furthermore, the net N2O emissions of lignin-for-electricity
and lignin-for-pellets biorefineries differ by an order of
magnitude. Results in Figure 3A demonstrate that lignin-for-
electricity biorefineries produce higher net GHG emissions
than the lignin-for-pellets biorefinery.
As shown in Figure 3B, net emission intensities of NOx, CO,

and VOCs in lignin-for-electricity biorefineries were generally
similar across electricity displacement scenarios. When
compared across lignin utilization strategies, net average NOx
emissions (25 mg of NOx MJ−1) for the lignin-for-pellets

Figure 3. Gross and net: A) greenhouse gas and B) criteria air pollutant emissions for a hypothetical biorefinery processing 2000 dry metric tons
per day of two types of herbaceous biomass feedstocks (corn stover and uniform feedstock blend [UFB]) to renewable diesel in Georgia and Iowa.
Two different uses of lignin are contrasted: lignin combusted to generate excess electricity exported to the grid and lignin used to produce pellets.
The results presented in this figure are reported on a functional unit basis (per MJ of fuel produced), which considers displacement credits from
coproducts.
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biorefinery were determined to be 72% lower relative to the
average net emissions of lignin-for-electricity biorefineries (92
mg of NOx MJ−1). Similarly, the lignin-for-pellets biorefinery
yielded an average 87% decrease in net CO emissions
compared to the average emissions of lignin-for-electricity
biorefineries (212 mg of CO MJ−1). Contrastingly, lignin-for-
electricity biorefineries showed lower PM2.5 and PM10
emissions, with net emissions varying from 14% to 35% and
34% to 43% lower than average net emissions lignin-for-pellets
biorefineries, respectively. The lower PM emissions are a
consequence of higher gross PM emissions from the
pelletization process in lignin-for-pellets biorefineries. More-
over, when lignin is used for pellets production rather than for
electricity generation, the average net emissions of VOCs
across all lignin-for-electricity scenarios were found to be 69%
lower than average emissions from lignin-for-pellets biorefi-
neries. Additionally, although both lignin utilization strategies
generate similar gross NH3 emissions, net NH3 emissions were
found to vary between 113 and 275 μg MJ−1 and 253 to 274
μg MJ−1 for the lignin-for-electricity and lignin-for-pellets
biorefineries, respectively. The broader range of net NH3
emissions observed in lignin-for-electricity biorefineries is
primarily attributed to the displacement of electricity.
Regarding net SO2 emissions, lignin-for-pellets biorefineries
yielded net negative results, ranging from −670 to −648 μg of
SO2 MJ−1, whereas the average net emissions of the lignin-for-
electricity biorefineries ranged from 8 to 24 mg of SO2 MJ−1.
In summary, the results presented in Figure 3B highlight the
reductions in NOx, CO, VOCs, and SO2 achieved by lignin-
for-pellets biorefineries compared with lignin-for-electricity
counterparts.
As our analysis reveals, the lignin-for-pellets biorefinery

generates lower net GHG emissions and outperforms the
lignin-for-electricity biorefineries in four of the seven studied
CAPs and precursors. Despite these reductions, the pellet
production process does emit greater PM2.5 and PM10 relative
to lignin-for-electricity biorefineries. Additionally, NH3 emis-
sions from the pretreatment process and the lack of large
displacement credits adversely affect the NH3 emissions profile
of lignin-for-pellets biorefineries. To address these challenges,
integrating additional emission controls, such as baghouses and
wet scrubbers�which have demonstrated control efficiencies
of 99%38,39 in reducing PM and NH3 emissions�could be a
viable solution. Implementing these retrofits should lead to
lower PM2.5, PM10, and NH3 net emissions compared with
lignin-for-electricity biorefineries, minimizing both GHG and
CAP emissions from lignin biorefineries.
3.1.2. Displacement Credits, Location, and Feedstock

Comparison Across Lignin-for-Electricity Biorefineries. Lig-
nin-for-electricity biorefineries were evaluated by considering
two displacement scenarios (zero-carbon and coal electricity)
for each combination of feedstock and location. As Figure 3A
illustrates, displacing either zero-carbon or coal electricity
yielded very similar results, both reducing fossil CO2, N2O, and
CH4 emissions between 0 and 5%, 0−3%, and 0−11%,
respectively. In a comparison of displacement credits from coal
electricity across locations, the variation in N2O and CH4
credits was less than 1% between locations. However, despite
coal electricity in MROW presenting a higher CO2 EF than
SRSO (Table 1), fossil CO2 credits generated in the Iowa
(MROW) biorefinery using corn stover were found to be 17%
lower than those of the Georgia (SRSO) biorefinery processing
UFB. This discrepancy correlates with the higher electricity

output generated by the biorefinery processing UFB, leading to
larger displacement credits. Conversely, a higher electricity
output correlates with increased boiler emissions and gross
emission intensity. In summary, the biorefinery in Iowa
utilizing corn stover generates lower net CO2 emissions (332
g CO2 MJ−1) compared to the UFB biorefinery located in
Georgia (350 g CO2 MJ−1).
The results shown in Figure 3B illustrate the variability in air

pollutant displacement credits across lignin-for-electricity
biorefineries. These credits indicate potential reductions in
the emission intensities of NOx (0−12%), CO (0−2%), PM2.5
(0−26%), PM10 (0−15%), VOCs (0−1%), NH3 (0−55%),
and SO2 (0−65%), depending on the source of the displaced
electricity. Notably, displacing coal electricity can yield
considerable SO2 credits due to the high sulfur content of
coal. For instance, coal plants in MRO (Iowa) generate a credit
of 15 mg of SO2 MJ−1 compared to those in SERC (Georgia),
which generate only 3.5 mg of SO2 MJ−1. This is attributed to
the use of subbituminous coal (lower sulfur content) in MRO
and use of bituminous coal (higher sulfur content) in SERC.40

Similarly, the displacement of coal results in large NH3 credits
relative to those of biorefinery NH3 emissions. These NH3
credits likely originate from NH3 slip in selective catalytic
reduction units utilized in coal power plants,41 while the
majority (82%) of biorefinery NH3 emissions are produced
during the enzyme production process.20 Furthermore, coal
displacement leads to moderate NOx and PM displacement
credits, whereas credits for CO and VOC appear to be
unaffected by the type of electricity displaced.
Additionally, our findings illustrate the impacts of feedstock

and location on the net emission intensities of air pollutants in
lignin-for-electricity biorefineries. For example, average net
biorefinery emission intensities for NOx, CO, PM2.5, PM10, and
VOCs were found to be 9%, 7%, 3%, 2%, and 21% lower in
Iowa than those of a biorefinery sited in Georgia. These
differences are mainly attributed to the lower boiler heat input
required by the corn stover (Iowa) biorefinery compared to
that of the UFB (Georgia) biorefinery, resulting in reduced
gross emissions. In contrast, net NH3 emission intensities were
found to be lower for the UFB biorefinery in Georgia, with
values ranging from 0.11 to 0.25 mg NH3 MJ−1, compared to
0.18 to 0.27 mg NH3 MJ−1 for the corn stover biorefinery in
Iowa. The lower range of net NH3 emission intensities in
Georgia is a result of compositional differences between
feedstocks, leading to higher NH3 emissions for the corn stover
biorefinery.15 To summarize, the results indicate that utilizing a
corn stover feedstock reduces the emissions of lignin-for-
electricity biorefineries for most of the studied air pollutants,
irrespective of the impact of displacement credits.
Results show that displacing coal-generated electricity yields

higher GHG and CAP displacement credits compared with
displacing zero-carbon electricity. However, as the capacity of
low-carbon electricity expands and fossil fuel power plants
retire within electrical grids, the potential displacement credits
of lignin-for-electricity biorefineries are expected to asymptote
toward those for the zero-carbon sources. Moreover, displacing
electricity from emerging energy technologies, such as
hydrogen-fuel combustion turbines, could present trade-offs
in GHG and CAP credits. Hydrogen use can lead to indirect
GHG emissions from hydrogen leakage42 and also produce
NOx emissions from combustion.43,44 Without substantial
coproduct credits, lignin-for-electricity biorefineries will likely
require investments in emission controls to treat NOx, CO,
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VOCs, and SO2 emissions below the levels of lignin-for-pellets
biorefineries. An alternative strategy could involve redesigning
the biorefinery to produce alternative lignin-based coproducts,
especially those that could yield larger GHG and CAP
displacement credits, such as chemicals.45,46

3.1.3. Feedstock Comparison Across Lignin-for-Pellets
Biorefineries. Net emission intensities of the lignin-for-pellets
biorefineries in both case study locations were calculated by
assuming wood pellets are displaced. However, the analysis
provides important insights into the impacts of feedstock and
displacement credits across GHGs and CAPs. For instance, the
comparison suggests that using corn stover as the feedstock
yields net biogenic CO2 and N2O emission intensities of 147 g
CO2 MJ−1 and 0.6 mg N2O MJ−1, respectively, while the
biorefinery processing UFB showed values of 162 g MJ−1 for
biogenic CO2 and 0.674 mg N2O MJ−1 for N2O. This
difference can be attributed to the reduced heat content in the
boiler feed from corn stover due its lower noncarbohydrate
content, leading to decreased biogas requirements.15 Addi-
tionally, corn stover biorefineries exhibit a lower net negative
CH4 emission intensity (−2.93 mg MJ−1) due to a lower gross
CH4 emission intensity and larger lignin output, in contrast to
UFB biorefineries (−2.70 mg MJ−1). Significant CH4 displace-
ment credits, particularly from the combustion of diesel fuel
used in pelletizing wood pellets, contribute to yield net
negative CH4 emissions across both feedstock types.
Conversely, displacement credits for CO2 and N2O were
minimal, suggesting that reducing these emissions requires
process improvements or increased lignin production for

greater credits. In summary, results underscore the impact of
feedstock selection and displacement credits on the net GHG
emissions of lignin-for-pellets biorefineries, with wood pellet
displacement credits affecting net CH4 emissions and corn
stover usage minimizing net GHG emissions.
In terms of CAP emissions, the net emission intensities of

NOx, CO, VOC, and SO2 for the corn stover biorefinery were
determined to be 14%, 14%, 35%, and 4% lower than those
resulting from the UFB biorefinery (Figure 2B). The net
negative SO2 emission intensities for the corn stover (−0.67
mg MJ−1) and UFB (−0.65 mg MJ−1) biorefineries were
primarily driven by the large displacement credit associated
with avoiding SO2 emissions from the wood pelletizing
process. Moreover, UFB biorefineries presented reductions of
5%, 2%, and 8% in their net PM2.5, PM10, and NH3 emission
intensities, respectively, compared with corn stover biorefi-
neries. The higher net emission intensities of PM2.5, PM10, and
NH3 observed in the corn stover biorefinery are a result of
higher gross emission intensities, as the influence of displace-
ment credits was minimal across all CAPs and their precursors
(SO2 excepted). These results suggest that lignin-for-pellets
biorefineries utilizing corn stover could benefit from the
implementation of additional PM and NH3 control tech-
nologies discussed earlier. With the incorporation of these
control measures, such as baghouses and wet scrubbers, lignin-
for-pellets biorefineries with corn stover feedstock could
achieve lower net GHG and CAP emission intensities
compared to both lignin-for-electricity biorefineries as well as
lignin-for-pellets biorefineries with UFB feedstock.

Figure 4. Changes in GHG and CAP pollutant net emissions from the 2000 dry metric ton per day corn stover lignin-for-electricity (A) and lignin-
for-pellets (B) biorefinery in Iowa resulting from varying parameters related to the coproduct credits by ±20%: renewable diesel blend-stock
(RDB) output, electricity exports, lignin exports, and emission factors.
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3.1.4. Impacts of Scale. Furthermore, the impacts of
biorefinery scale on net emissions intensity of the analyzed
GHGs and CAPs were compared. Results for all modeled
facilities are provided in Figures S1−S2 of the Supporting
Information. Facility scale was found to have a negligible
impact on the gross emission intensity since emissions and fuel
yields tend to scale linearly with feed rate (or scale).15 Based
on the results from all modeled scenarios, the gross emissions
intensity of the three modeled facility scales remains constant
for a given pollutant regardless of feedstock and lignin
utilization strategy. This result provides a practical approach
to estimating the gross emission outputs of lignocellulosic
biorefineries in this range of scales and can potentially aid in
the development of future emission inventories for similar
process designs.
3.2. Sensitivity Analysis Results. A sensitivity analysis

was performed to analyze the impacts of coproduct-related
process parameters, including RBD output, electricity and
lignin exports, and EFs used in the estimation of coproduct
credits, on the net emission intensity of the studied pollutants,
focusing on a single plant location and scale (Iowa, 2000
dmtd). Sensitivity results for the lignin-for-electricity biorefi-
nery are presented in Figure 4A, organized by pollutants. First,
the sensitivity of biorefinery RDB output was examined,
wherein a 16% decrease across all GHG and CAP emission
intensities resulted from a 20% increase in the fuel yields.
Conversely a 20% decrease in fuel yields led to a 25% increase
in the emission intensities for all studied GHGs and CAPs. As
expected, increasing fuel yields led to reduced net emissions
when both gross emissions and credits remained constant,
while the opposite was true for a reduction in fuel yields.
Furthermore, net emissions showed a nonlinear relationship
with fuel yields as neither displacement credits nor gross
emissions were proportional to changes in yields. This trend is
further highlighted in the results of the lignin-for-pellets
biorefinery, illustrated in Figure 4B.
The sensitivity analysis for GHG emissions of the lignin-for-

electricity biorefinery shows that changes in coal electricity EFs
had minimal effects on net CO2, CH4, and N2O emissions
(Figure 4A). As displacement credits are directly proportional
to EFs, an increase in EFs resulted in larger credits, leading to
lower net emissions. Similarly, modifying the biorefinery’s
electricity export also displayed a similar relationship, with
decreases in electricity outputs yielding higher net emissions
(lower displacement credits). Notably, changes in biorefinery
emissions had a nearly proportional effect on the net emission
intensities of GHGs, with a 20% increase leading to 21%, 23%,
and 21% increases to the baseline net biogenic CO2, CH4, and
N2O emissions, respectively. The greater sensitivity to
biorefinery emissions is attributed to the low displacement
credits observed in GHG emissions.
The emission intensities of CAPs exhibited a similar trend in

response to changes in electricity EFs and exports as observed
for GHGs. Notably, SO2 and NH3, with the largest
displacement credits, showed the greatest change in net
emissions, with a 37% and 11% deviation from the baseline,
respectively. Conversely, net emissions of CO, NOx, PM2.5,
PM10, and VOCs changed by less than 10% relative to the
baseline. Additionally, net emission intensities of SO2 and NH3
were also most influenced by changes in biorefinery emissions,
registering 57% and 31% changes to the baseline, respectively.
Sensitivity results further support the conclusion that
substantial reductions in the net GHG and CAP emissions

from lignin-for-electricity biorefineries require reductions in
direct biorefinery emissions.
Results from the lignin-for-pellets biorefinery, illustrated in

Figure 4B, indicate that modifications to the EFs of wood
pellet production and biorefinery pellet exports have minimal
impact on net biogenic CO2 and N2O emissions. This can be
attributed to the relatively small displacement credits observed
for CO2 and N2O. However, independently increasing pellet
exports and CH4 EFs results in a 26% decrease in net
emissions, as displacement credits outweigh direct CH4
emissions. Therefore, variations in biorefinery emissions led
to a lower change in net CH4 emissions, while net CO2 and
N2O emissions changed by 20% and 21%, respectively. In line
with the results for the lignin-for-electricity biorefinery, the
sensitivity analysis for the lignin-for-pellets biorefinery suggests
that minimizing CO2 and N2O biorefinery emissions is critical
to decrease net GHG emissions.
For CAPs, the EFs for wood pellets and biorefinery pellet

exports had a notable influence on the net emission intensity of
SO2, with results indicating a 25% change to the baseline
(Figure 4B). Net SO2 emissions were found to be dominated
by displacement credits; therefore, parameters directly
impacting displacement credits were found to be highly
sensitive. Consequently, for other CAPs, adjustments to the
baseline wood pellets EFs and biorefinery pellets exports had a
negligible effect on their net emission intensities, with changes
lower than 2% relative to the baseline. This is expected, as
displacement credits for CO, NOx, PM2.5, PM10, VOCs, and
NH3 were small compared to gross emissions. As a result,
biorefinery emissions showed a nearly proportional impact on
the net emission intensity of all CAPs except for SO2, which
changed by only 5% relative to the baseline net emission
intensity.
3.3. Implications. 3.3.1. Spatial Distribution of Emis-

sions. Results highlight how lignin pelletization reduces net
emissions of most CAPs (SO2, CO, NOx, and VOC), while
diverting the lignin for electricity export reduces net PM2.5,
PM10, and NH3 emissions. However, it is important to
consider the spatial distribution of the avoided air pollutants,
for which our analysis does not account for. The displacement
of electricity and wood pellets can mitigate air pollution
originating from the source of the displaced products such as
coal power plants or wood pelletizing facilities. For instance, in
the case of a biorefinery located in Iowa, air pollutant
reductions will occur in North Dakota, where the coal power
plant of the MRO market is located. Despite this limitation,
our analysis provides the foundations for conducting air quality
modeling and evaluating the spatial distribution of air pollutant
concentrations, as well as their impact on public health, both in
terms of remaining emissions and avoided. Marginal air quality
impact from a select renewable diesel blendstock production
scenarios analyzed in this work and its comparison to the
feedstock production will be included in a future publication.47

3.3.2. Electricity-Associated Emissions. As the results
indicated, lignin-for-pellets biorefineries were found to reduce
biorefinery biogenic CO2 by over half relative to lignin-for-
electricity biorefineries. However, lignin pelletization incurs
higher indirect fossil GHG emissions due to the electricity
consumption required for biorefinery operations. The extent of
electricity-associated emissions in lignin-for-pellets biorefi-
neries depends on the carbon intensity of the local grid
(Figure S5). Therefore, to mitigate electricity-associated
emissions, it is advisible to locate lignin-for-pellets biorefineries
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in regions where low-carbon electricity sources are readily
available, especially considering the expected decline in average
electricity emission factors due to the increasing adoption of
renewable energy technologies. Additionally, when factoring in
the benefits of reduced CAP emissions, lignin pelletization
could offer a cooptimized approach to minimize CAP and
GHG emissions. This could be achieved through the
implementation of additional control technologies targeting
PM and NH3 emissions, coupled with the utilization of low-
carbon electricity to power the biorefinery operations.
An alternative method to mitigate electricity-associated

emissions of the lignin-for-pellets biorefinery could involve
the combustion of a fraction of the pelletized lignin for on-site
electricity generation. This strategy could reduce reliance on
grid electricity, thereby reducing indirect electricity emissions.
However, this hybrid lignin utilization approach comes with
certain trade-offs. The combustion process would likely lead to
an increase in emissions of other CAPs, as results from the
lignin-for-electricity biorefinery demonstrate. Moreover, the
added costs of the solids boiler and the loss of coproduct
revenue could make this strategy unfeasible from a techno-
economic perspective, a result requiring further investigation
beyond the scope of this analysis. Overall, while lignin-for-
pellets biorefineries offer a viable solution to reduce both the
GHG and CAP emissions of lignocellulosic biorefineries,
further analysis is required to fully understand the environ-
mental and economic implications of the strategies discussed
here.
3.3.3. Other Potential Lignin Markets. The results

presented here provide insights into the combinations of
lignin utilization, scale, and feedstock that could effectively
reduce both GHG emissions and CAPs in lignocellulosic
biorefineries when emissions from electricity and wood pellets
are avoided. However, it is important to acknowledge that
these results and conclusions must be considered within the
context of the displaced products. The environmental benefits
of lignin utilization depend on the assumption that lignin-
derived products, such as pellets or electricity, are displacing
conventional alternatives with higher emissions such as fossil-
based electricity. The magnitudes of the GHG and CAP
reductions are directly tied to the characteristics of these
displaced products and the efficiency with which lignin can
substitute for them. Therefore, while the analysis demonstrates
potential environmental benefits, the real-world implications
are dependent on the specific market dynamics, demand, and
availability of both lignin-based and conventional products in
each context.
Several studies have demonstrated the potential of lignin as a

precursor for carbon fibers, which could displace petroleum-
based materials like polyacrylonitrile.45,48,49 Displacing poly-
acrylonitrile, which is associated with significant GHG and
CAP emissions (Figure S6), would result in different
coproduct credits and influence overall net emissions
compared to displacing wood pellets. While the coproduct
credits from lignin pellets may vary based on the displaced
product, lignin-for-pellets facilities still provide greater environ-
mental benefits than lignin-for-electricity facilities, largely due
to the significant reduction in boiler emissions. However,
further research is needed to fully explore lignin’s market
potential beyond its role as a fuel, particularly in high-value
applications such as carbon fiber production. Future market
studies, which were beyond the scope of this analysis, will be

crucial to better understand the feasibility of lignin in domestic
markets.
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eGRID:Emissions & Generation Resource Integrated Data-
base
GHG:Greenhouse Gas
GREET:Greenhouse Gases, Regulated Emissions, and
Energy Use in Technologies
IPCC:Intergovernmental Panel on Climate Change
LCA:Life Cycle Assessment
MJ:Megajoule
MROW:Midwest Regional Reliability Organization West
NH3:Ammonia
NO2:Nitrogen Dioxide
N2O:Nitrous Oxide
NERC:North American Electric Reliability Corporation
NREL:National Renewable Energy Laboratory
PM:Particulate Matter
RD:Renewable Diesel
RDB:Renewable Diesel Blend-stock
SI:Supporting Information
SO2:Sulfur Dioxide
SRSO:Southeastern Electric Reliability Council South
TPD:Tonnes Per Day
UFB:Uniform Format Blend
VOC:Volatile Organic Compounds
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