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Biomass can be converted via fermentation, pyrolysis, gasification, or combustion to a variety of bioenergies,
and each conversion technology generates streams with different flows and CO, concentrations that can
undergo carbon capture. We use system-wide optimization models to determine the conversion
technologies and level of carbon capture that lead to the minimum breakeven cost of fuel for a range of
capacities and sequestration credits. We investigate how the optimal systems depend on constraints, such as
energetic biorefinery self-sufficiency; and parameters, such as biomass availability. Pyrolysis to gasoline/diesel
with hydrogen purchase produces liquid fuel for the lowest cost when energy purchase is allowed, with flue
gas capture incentivized at sequestration credits of $48-54 per Mg CO,. With increasing sequestration cred-

Received 23rd February 2022, its, gasification to gasoline/diesel with carbon capture becomes optimal. When all bioenergies are considered,

Accepted 9th May 2022 the cost per forward motion of electricity and hydrogen is lower than for liquid fuels because of the higher
DOI: 10.1039/d2ee00625a efficiency of electric motors and hydrogen fuel cells. We find that while gasification to electricity results in the

greatest greenhouse gas mitigation under the current energy production mix, gasification to hydrogen is
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Broader context

expected to result in the greatest mitigation in the future as the energy production mix changes.

Bioenergy with carbon capture and sequestration (BECCS) is expected to be pivotal in global warming mitigation. BECCS systems include conversion
technologies such as fermentation to ethanol, pyrolysis to gasoline/diesel, gasification to gasoline, combustion to electricity, and gasification to electricity or

hydrogen. However, it is not yet clear which of these different conversion technologies with integrated carbon capture has the greatest economic and CO,
mitigation potential. Accordingly, we determine the cost-optimal BECCS strategy under a wide range of scenarios and assumptions. Looking into the future, we

present the expected mitigation potential of the most promising BECCS strategies through 2050.

1 Introduction

Given the continued fossil fuel-based emissions and the worsening
effects of climate change, effective methods of greenhouse gas
(GHG) mitigation and carbon dioxide removal (CDR) are needed.
While bioenergy can result in some net emissions due to farming
inputs, transportation, and other material consumption, it typically
results in significantly lower emissions than the fossil fuels it
replaces® and, importantly, can result in net-negative emissions if
the CO, generated at the biorefinery is captured and sequestered
underground in secure geological storage. Thus, bioenergy with
carbon capture and sequestration (BECCS) can both mitigate fossil
fuel usage and actively remove CO, from the atmosphere. For these
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reasons, BECCS features prominently in many pathways found by
the Intergovernmental Panel on Climate Change that limit global
warming to 1.5 °C above pre-industrial levels."

The most common biofuel in the United States is currently
ethanol, typically made by fermenting the sugars in corn grain.
However, this results in competition between food and fuel in
terms of both corn use and in terms of the cropland used to
grow the corn.® For this reason, significant research has been
performed on using nonfood crops such as grasses and woody
biomass,”” and growing these crops on land not suitable for
food crop production, often referred to as marginal lands.>®*’

There have been many technoeconomic analyses that focus
on one specific fuel and conversion technology, such as the
conversion of biomass to ethanol via fermentation,>*™* gaso-
line/diesel via pyrolysis'*™® or gasification,'”*® hydrogen via
gasification,'® ! and electricity via either direct combustion®*
or gasification and combustion.”*** Some of these studies also
include carbon capture in their analyses.” "' ™'%2%?1,2%25 How-
ever, the results of these studies can be difficult to directly
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compare because of the wide array of process, economic, and
environmental assumptions they are based on. Some researchers
have directly compared multiple conversion technologies, but
typically without considering carbon capture. For example, Anex
et al’*® and Garcia-Veldssquez and Cardona®” compared the
economics of pyrolysis to gasoline/diesel, gasification to gaso-
line/diesel, and fermentation to ethanol. The studies that do
include carbon capture are Muratori et al.,*® who compared
fossil fuels and biomass to power or liquid fuels, and Yan
et al.”® and Sanchez and Callaway®*® who both compared direct
combustion and integrated gasification and combustion.

However, some questions remain open. First, each conversion
technology is typically studied with either no carbon captured, or
with capture from one source. However, some conversion tech-
nologies have multiple CO, streams with varying concentrations
and pressures that would have different costs and energy require-
ments of capture. For example, a biorefinery using fermentation
has potential CO, capture sources in the nearly pure CO, released
from fermentation, the biogas generated from anaerobic
digestion of wastewater, and the flue gas from solid residue
combustion.® Second, comparisons across multiple BECCS
systems have been carried out at a fixed capacity. Importantly,
as the capacity increases, the capital and fixed costs per unit of
fuel decrease, but the average cost of transporting the feedstock
to the biorefinery increases."*>" The capital and fixed costs of
biorefineries based on different conversion technologies scale
differently, so the optimal conversion technology and fuel may
change as the capacity changes. The optimal capacity of a
biorefinery producing ethanol has been studied before with®> and
without®** carbon capture, but no studies have examined the
optimal capacity of a biorefinery using pyrolysis or gasification.
Third, estimations of GHG mitigation of BECCS systems are based
on the current state of technologies for calculating the benefit
for mitigating electricity or hydrogen production. An important
consideration however is the expected evolution of technologies
used for electricity and hydrogen production, and therefore the
evolution of the GHG benefit for mitigating them.

To address these open questions, we compare the economic
and environmental performance of biorefineries using fermen-
tation, pyrolysis, gasification, or combustion. Biorefineries
using each conversion technology have multiple conversion
and configuration options (e.g., biorefineries using pyrolysis
can either purchase hydrogen or produce it onsite) and carbon
capture options. We use optimization, under varying inputs
(e.g., sequestration credit, capacity, biomass availability), to
identify the cost-optimal strategy, which is defined by the
conversion technologies, fuel output, types of purchased energy
inputs, and streams which undergo carbon capture.

In this paper, after introducing our methods and assumptions,
we start, in Section 3.1.1, with results for the first biorefineries
that would likely be built: pioneer plants producing liquid fuels.
For these pioneer plants, which have higher costs and lower
performance because of their novelty, we present how the cost-
optimal strategy changes as a function of carbon incentive and
biorefinery capacity. After many of these plants have been built,
future plants (n™ plants) will no longer have overdesign of
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equipment or reduced performance. For these n™ plants that
produce liquid fuels, we discuss cost-optimal strategies, how
representative biorefinery strategies are affected by changes in
key cost parameters, and GHG emissions of biorefineries that
have energy inputs other than biomass (Section 3.1.2) or are
energetically self-sufficient (Section 3.1.3). In Section 3.1.4, we
present how n™ plants utilizing fermentation may benefit from
lignin valorization. In Section 3.2.1, we consider biorefinery
strategies that produce electricity or hydrogen in addition to those
producing liquid fuels, and identify cost-optimal biorefinery
strategies when costs are normalized to forward motion in
vehicles. For these optimal strategies, we then present, in Section
3.2.2, the expected total GHG mitigation into the future as the
emissions associated with fuel generation change.

2 Methods

We first present background and assumptions on biomass
growth and transportation, biorefinery conversion technologies,
and carbon capture. We then discuss the method of economic
evaluation we use, and the structure of the optimization model
we develop to analyze BECCS systems.

2.1 Feedstock and supply chain modeling

We assume switchgrass is the feedstock for strategies using
fermentation, while poplar is the feedstock for strategies using
thermochemical conversion methods, based on the choice of
feedstock in the literature.®'®'® As a baseline, we assume
average yields of 10 Mg km > and 13 Mg km > for switchgrass
and poplar, respectively, but consider a range of yields based on
average land availability and productivity in the US Midwest
(see S9 in the ESIt).**® To mitigate drastically increasing costs
of delivering biomass from farms to the biorefinery at large
distances, processing depots can pretreat and/or densify the
biomass close to the farms. The densified biomass can then be
transported to the biorefinery by either truck or rail with lower
variable costs ($/(km Mg)), though the processing depot incurs
additional costs.>**®* We use a model developed by Ng et al.
that assumes a uniform spatial distribution of biomass, and
allows biomass to be transported to the biorefinery directly via
truck, or first to a depot via truck and then to the biorefinery by
either truck or rail, choosing the cost-optimal transportation
method at each distance.** Even with depots, we assume a
maximum biorefinery capacity of 30000 Mg feedstock day .
While biorefineries of this size do not exist today, previous
analyses suggest that if bioenergy were to be adopted widely, then
biorefineries of this size would not be unreasonable.'® Using this
bound also allows us to include results for nearly any biorefinery
capacity that might be feasible. Assumed transportation cost
and energy requirements, and feedstock growth parameters are
available in Tables S2.1 and S2.2 in the ESL}

2.2 Conversion technologies

Schematics of the conversion technologies considered, the fuel
outputs, and the streams from which carbon can be captured

This journal is © The Royal Society of Chemistry 2022
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are shown in Fig. 1. More detailed information on carbon flows,
fuel yields, and cost parameters can be found in the ESIL{

2.2.1 Fermentation. The sugars in biomass are biologically
converted to ethanol, while the solid residues, consisting
mostly of lignin, are combusted to generate heat and electricity.
To overcome biomass recalcitrance, researchers have developed
different pretreatment technologies, such as dilute acid, ammonia
fiber expansion, y-valerolactone, extractive ammonia, and copper-
catalyzed alkaline hydrogen peroxide.*® As a baseline, we use the
process conditions and equipment costs in the report by National
Renewable Energy Laboratory (NREL) where dilute acid (DA) is
used as pretreatment.® We then add the possibility of carbon
capture from the three different CO, sources: fermentation,
biogas, and flue gas. The cost, energy, and process parameters
used, and the relative carbon flows between process units are
available in the ESI,{ in Table S5.1 and Fig. S7.1, respectively.

2.2.2 Pyrolysis. Biomass is first converted into vapor, a
portion of which can be condensed into bio-oil, with the non-
condensable gases combusted to generate heat and electricity.
The bio-oil is then upgraded by hydrotreating and hydrocracking,
which requires hydrogen. That hydrogen can either be purchased,
or a portion of the non-condensable gases can be reformed into
hydrogen. We use the baseline parameters of technoeconomic
analyses performed by NREL researchers."®*° Cost, energy, and
process parameters used are available in the ESI,f in Table S5.2
and carbon flows are depicted in Fig. S7.2.

Pyrolysis also leads to biochar production along with bio-oil and
non-condensable gases. While biochar can be utilized to sequester
carbon in soil and for soil remediation, there is still significant
uncertainty on its effect on yields, herbicides/pesticides, soil
stability, toxicity, and long-term storage potential.*' Instead, by
combusting the biochar, additional heat and/or electricity can be
produced, resulting in a credit for selling excess electricity.'® For

View Article Online
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sequestration credits that incentivize carbon capture, the carbon
from the combusted biochar can be captured and sequestered,
which along with the GHG mitigation from generating electricity
results in greater GHG mitigation than administering biochar to
soil. For these reasons, we do not consider carbon sequestration
in biochar, and instead we include the potential for capture of
the carbon in the flue gas generated from the combustion of the
biochar. Similarly, we do not consider sequestration of bio-oil
because this prevents the production of fuels, and this study is
focused on systems that produce bioenergy.

2.2.3 Gasification. Biomass is gasified into syngas, which,
after cleaning, can be converted to a wide range of liquid fuels,
such as diesel and gasoline, isobutane, dimethyl ether, or
methanol. The conversion process generates a fuel gas that is
combusted to meet the heat and electricity demands of the
biorefinery, and releases flue gas. Reports by NREL have
identified gasoline production via methanol and dimethyl ether
intermediates as a promising option, so that is the focus of this
paper.'® In the NREL system, CO, is released as part of syngas
cleaning, and in the flue gas from fuel gas combustion. The
CO, from syngas cleaning is already pressurized to 3.5 bar, and
is quite pure at 99% CO,.

Alternatively, the syngas can undergo steam reforming and
water-gas-shift to generate hydrogen, which is purified with
pressure swing adsorption (PSA). The remaining gases after PSA
and some of the clean syngas may be combusted to meet heat
and/or electricity demands.** Another alternative is to combust
the syngas, after cleaning, to generate electricity. When either
hydrogen or electricity is produced, there is no carbon in
the final fuel, and therefore the vast majority (>90%) of the
carbon in the feedstock can potentially be captured at the
biorefinery.>® The cost, energy, and process parameters used
for gasification and conversion to each fuel are available in
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Fig. 1 Conversion technologies, fuel outputs, and carbon capture options considered in this paper.
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Tables S5.2 and S5.3, and the relative carbon flows are in
Fig. S7.3-587.5 in the ESL}

2.2.4 Direct combustion. One of the simplest ways to
convert biomass to a useful fuel is to directly combust it
(without gasification) and generate electricity. This conversion
technology has lower capital costs than integrated gasification
and combustion, but also has lower electricity efficiency.>
Here, like for pyrolysis, we consider only one point source of
carbon capture: flue gas. Process parameters used for direct
combustion are available in Table S5.3 and relative carbon
flows are in Fig. S7.6 in the ESL}

2.3 Carbon capture and emissions

2.3.1 Carbon capture technology. We assume that carbon
capture from biogas and flue gas is performed using mono-
ethanolamine (MEA) absorption, as it is the current typical
industrial capture technology.** We assume a fixed capture rate
of 85% of CO, in flue gas based on the literature.**** Given that
advances are being made in new capture technologies, such as
membrane separation®® and new solvents for CO, absorption,*”
we also consider the general effect of energy and capital
requirements of the capture technology on the cost of carbon
capture in Fig. S8.1 in the ESLf The CO, released from
fermentation and syngas is highly pure and therefore requires
only dehydration prior to compression and sequestration.”**

2.3.2 Carbon incentives. Minimizing costs means that
carbon capture will not be selected unless financial incentives
are applied. There are a number of economic policies that can
incentivize carbon capture and that have been examined in the
context of biorefineries, such as a carbon tax, carbon pricing
with cap-and-trade systems, or a sequestration credit.**”° We
apply a sequestration credit and investigate how different credit
amounts affect the fuel cost and optimal strategy.>*

2.3.3 GHG emissions. For the GHG balance, our analysis
encompasses emissions and sequestration associated with
growth and harvesting of the feedstock, transportation, and
biorefinery operation, shown in Fig. 2. Emissions from fertilizers,
chemicals, seed, fuel consumption, N,O emissions and seques-
tration from soil CH, oxidation and soil organic carbon (SOC)
changes are taken from Gelfand et al.*® Emissions from materials
consumed at the biorefinery are taken from the US life cycle
inventory database.’” We also consider the emissions mitigated by
replacing electricity, hydrogen, and liquid fuels. All emissions are
normalized to carbon dioxide-equivalent (CO,e). We do not
include emissions from transporting the final fuel product. The
parameters for emissions are available in Table S2.1 in the ESL¥
We use forecasts developed by the U.S. Energy Information
Administration and by the Net Zero America project for future
energy production mixes and emissions.’>>*

We consider two different sets of emissions. The first set is
direct emissions, which are GHGs either emitted or sequestered
within the bounds of our system, for example from biomass
growth and carbon sequestration. The second set is indirect
emissions, which are emissions incurred or mitigated, such as
by the consumption or displacement of liquid fuels, hydrogen,
or electricity.
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Fig. 2 Schematic of sources of direct emissions, direct sequestration, and
indirect and mitigated emissions for a biorefinery producing gasoline and
electricity. (Orange: transportation emissions, red: harvesting emissions,
blue: sequestration of carbon captured at biorefinery, green: SOC seques-
tration, gray: indirect emissions, yellow: mitigated emissions).

2.4 Economic analysis

Economic assumptions and cost data for all strategies are given
in Tables S3.1, S3.2 and S5.1-3 in the ESL{ For first-of-a-kind
(pioneer) plants, we use an existing method to adjust capital
investment and plant performance to account for equipment
overdesign and reduced performance associated with new
plants.”®> A discussion of the method and parameters we
assume for each technology are available in Section S4 in the
ESL7

We calculate the breakeven price, or the price required to
obtain a zero net present value (NPV), also known as the
minimum fuel selling price (MFSP). All costs are indexed to
2017 US dollars, and the breakeven cost is reported per gallon
gasoline-equivalent (GGE). When used for transportation, electricity,
hydrogen, and liquid fuels require different engines with different
efficiencies, so the breakeven cost is normalized to $/(G] forward
motion) for comparisons amongst strategies producing different
fuels. We assume net efficiencies of 30% for internal combustion
engines, 80% for electric motors, and 50% for hydrogen fuel cells/
electric motors.

2.5 Optimization

We identify a strategy as the combination of conversion tech-
nology t € T, type(s) of energy inputs purchased e € E, type of
fuel output f € F, and source(s) of carbon capture ¢ € C. The
elements of these sets are given in Table 1. We abbreviate
strategies as Technology.EnergyPurchased.FuelType.Carbon-
CaptureSources. For example, pyrolysis to liquid fuels with
hydrogen purchase and carbon capture from flue gas is
abbreviated as Pyr.H2.Liq.Flu. A dash for energy purchased

Table 1 Set elements for biorefinery strategies

Set Set elements

T Fer, Pyr, Gas, Comb

E -, Elec, H2, H2Elec

F Lig, H2, Elec

C -, Fer, FerBio, FerBioFlu, Syn, Flu, SynFlu

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ee00625a

Open Access Article. Published on 27 May 2022. Downloaded on 12/4/2025 7:47:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

means that no energy is purchased, and the same for carbon
capture.

The optimization problem is formulated as a mixed-integer
nonlinear programming (MINLP) model, and the formulation
and notation are shown in S1 in the ESI.{ Binary variables are
used for conversion technology and carbon capture selections
and for logical restrictions (e.g., only one strategy may be
chosen), while continuous variables are used for material,
energy, and cash flows. The model is implemented in GAMS
36.2.0 and solved using a global optimization solver - BARON.>®

We choose to minimize the cost of fuel production as the
objective function. While the proposed framework could be
utilized to study BECCS systems with different objective functions,
that may focus on different economic or environmental
performance metrics, the primary purpose of BECCS systems is
to produce fuel with net-negative emissions, or at least signifi-
cantly lower emissions than current petroleum-based fuels.
Furthermore, if we select carbon sequestration, or another purely
environmental metric, as an objective function, there would be a
single strategy that would be optimal regardless of sequestration
credit, and likely independent of biorefinery capacity. For these
reasons, we minimize the breakeven cost of fuel production to
determine biorefinery strategies that are most economically
viable, and are therefore most likely to be implemented. We
account for the environmental performance of these BECCS
strategies with the inclusion of a sequestration credit that govern-
ments may apply to weight the importance carbon capture and
sequestration.

3 Results and discussion

We first present results for pioneer plants producing liquid
fuels before doing the same for plants based on mature
technologies, referred to as n™ plants. We analyze the impact of
requiring energetic self-sufficiency, and the role that lignin valor-
ization may play in biorefineries using biological conversion. In
Section 3.2, we consider all bioenergies, analyze the costs normal-
ized to forward motion in vehicles, and present the expected GHG
mitigation under different future scenarios.

3.1 Liquid fuels

3.1.1 Pioneer plant analysis. First, we consider a pioneer
plant producing liquid fuels. Pioneer plants typically have high
capital costs and low performance due to equipment overdesign
and lack of experience with the process. The increase in capital
costs and decrease in performance is a function of parameters
such as the number of new processes and their complexity.>®> We
consider fermentation, pyrolysis, and gasification to liquid fuels,
and carbon capture from any source. If the energy demand for
the optimal amount of carbon capture exceeds the heat and
electricity generated at the biorefinery, electricity may be pur-
chased from the grid. The dependence of the optimal strategy,
and its breakeven cost, on the capacity of the biorefinery and the
sequestration credit applied is illustrated in Fig. 3. The GHG
balances of the different optimal strategies are shown in Fig. 4.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Breakeven cost of liquid fuel from a pioneer plant as a function of

sequestration credit and biorefinery capacity. Solid black lines show
boundaries of where a specific biorefinery strategy is chosen.

Fermentation has the highest technological maturity among
the studied conversion technologies and is optimal at low
capacities. At higher capacities, reduced capital costs due to
economies of scale favor gasification. The CO, released from
both fermentation and syngas cleaning is very pure, so carbon
capture is incentivized at sequestration credits of only
$24-33 per Mg CO,. Flue gas capture is incentivized at credits
of $60-80 per Mg CO,, depending on the capacity and conver-
sion technology. Gasification results is the largest CO, emis-
sions at the biorefinery, so strategy Gas.Elec.Liq.SynFlu results in
more carbon capture than any other biorefinery strategy produ-
cing liquid fuels and purchasing electricity, making it increas-
ingly favorable as the sequestration credit increases. No strategy
using pyrolysis is optimal for pioneer plants due to the relatively
low technological maturity of pyrolysis compared to fermenta-
tion and gasification, and because strategies utilizing pyrolysis
can only capture carbon from relatively dilute flue gas.

3.1.2 n' plant analysis. In contrast to the pioneer plant, for
the n'™ plant analysis, all biorefineries are assumed to operate at
peak capacity and have no overdesign of equipment. For the
remainder of the paper, all analyses are performed on n™ plants.
In this section, electricity may still be purchased to increase the
amount of carbon capture if such a decision is optimal.

The breakdown of how different costs contribute to the
breakeven price, and the sensitivities of the breakeven costs
to changes in feedstock farm price, transportation cost, and
electricity price are shown in Fig. 5. For several representative
strategies, we include the breakdown and sensitivities for no
carbon capture and the maximum amount of carbon capture
that can be achieved with energy purchase. The switchgrass
transportation cost is higher than its farm price, so the break-
even price is slightly more sensitive to the transportation than
the farm price. The opposite is true for poplar, which has a
much higher farm price than transportation cost, resulting in
high sensitivity of the breakeven cost of pyrolysis or gasification
strategies to changes in the farm price. Electricity is never sold
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Fig. 4 Mitigated GHG emissions per mass feedstock for biorefinery strategies in Sections 3.1.1-3.1.3 processing 2000 Mg feedstock per day. GHG
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in any strategy using gasification, so increasing the electricity
price either does not affect, or increases, the breakeven price.
Depending on the amount of carbon capture, electricity may be
either purchased or sold in strategies using fermentation or
pyrolysis, so an increase in electricity can either increase or
decrease the breakeven cost of fuel production.

The breakeven cost as function of sequestration credit and
biorefinery capacity is shown in Fig. 6A. With no, or a low,
sequestration credit, strategy Pyr.H2.Liq.— produces liquid fuel at
the lowest cost. At higher capacities, economies of scale reduce
the capital cost per unit fuel produced. At sequestration credits
of $48-54 per Mg CO,, strategy Pyr.H2Elec.Liq.Flu becomes
optimal, which notably requires the purchase of electricity.
Similar to the case of pioneer plants, at high sequestration
credits, Gas.Elec.Liq.SynFlu is the optimal strategy.

3.1.3 Energetically self-sufficient biorefineries. As seen in
the previous section, many economically optimal solutions
involve either the purchase of electricity to increase CO,
capture rate or, in the case of biorefineries using pyrolysis,
the purchase of hydrogen to increase yield. However, purchas-
ing external energy relies on the existing energy infrastructure
and may limit where a biorefinery can be built. Furthermore,
using grid electricity, a significant portion of which is produced
by fossil fuels, can reduce the renewability of the process and
incur a GHG emission penalty for the CO, generated during
electricity production.®® If renewable electricity were available,
a strategy for which energy is purchased will no longer have
the GHG emission penalty from the electricity production.
However, an energetically self-sufficient biorefinery will still
result in greater GHG mitigation. As an example, consider
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strategy Gas.—.Liq.SynFlu. If 0.392 MW h per Mg feedstock of
renewable electricity were purchased, the liquid fuel yield
would be maximized, leading to an additional mitigation of
0.064 Mg CO,e per Mg feedstock. However, that clean electricity
could instead be used to displace fossil liquid fuels, which would
mitigate 0.335 Mg CO,e per Mg feedstock (for details of these
calculations, see S11 in the ESIt). For these reasons, we consider
the effect of sequestration credit and biorefinery capacity on the
optimal strategy when energetic self-sufficiency is enforced in an
n™ plant. If there is insufficient excess heat or electricity at the
biorefinery to capture carbon, some of the feedstock may be
combusted to supply the energy, at the expense of decreased fuel
yield. The results are shown in Fig. 6B.

Similar to the case when energy purchase is allowed, pyrolysis
is the optimal conversion technology at low or no sequestration
credits. The cost of carbon capture from syngas is low, so as the
sequestration credit increases, Gas.—.Liq.Syn becomes the optimal
strategy. However, biorefinery strategies using pyrolysis benefit
more from increasing capacity because they have a higher capital
cost than gasification strategies; therefore, as the capacity
increases, a higher sequestration credit is needed to incentivize
changing to strategy Gas.—.Liq.Syn. At sequestration credits of
$76-108 per Mg CO,, Gas.-.Liq.SynFlu becomes the optimal
strategy. The credit required to incentivize flue capture with
energetic self-sufficiency is higher than when energy purchase is
allowed because some of the feedstock is burnt to supply the
increased heat and electricity demand of carbon capture, which
decreases fuel yield.

3.1.4 Lignin valorization in biorefineries using fermentation.
To achieve energetic self-sufficiency, enforced in the previous
section, waste streams or off-gas are combusted. However, one
distinction of the biological platform is that it can leave a lignin-
containing stream relatively intact, which can be converted into
value-added chemicals rather than combusted to generate
electricity.”” NREL researchers have also examined the potential
conversion of off-gases from pyrolysis into by-products, but these
byproducts can only be produced in relatively small quantities
(<3% by mass of the dry feedstock).”” Meanwhile, because
around 15% of switchgrass consists of lignin, NREL projects that

This journal is © The Royal Society of Chemistry 2022

by 2030, 12% of the mass of the feedstock could be converted into
valuable byproducts.*® Since this higher potential yield of bypro-
ducts makes biorefineries utilizing fermentation more suitable for
and sensitive to byproduct conversion, we focus on byproducts
only in biorefineries using fermentation.

We examine the effect of energy requirement of the production
and sale of an unspecified byproduct on the cost of ethanol
production in an energetically self-sufficient biorefinery with
a 2000 Mg feedstock/day capacity and no sequestration credit.
The energy requirement includes both heat and electricity require-
ments, with the electricity requirement normalized to the heat
required to produce that electricity with an assumed turbo-
generator efficiency of 38%, with 50% of the inlet heat to the
turbogenerator able to be recovered to meet heating demands.
The profit accounts for revenue from the sale of the byproduct
minus the operating costs of the lignin valorization process. The
results of this analysis are shown in Fig. 7. We find that at profit
margins greater than $1 per kg byproduct, the benefits of lignin
valorization can lead to a lower breakeven fuel cost than strategy
Pyr.-.Liq.—, which has the lowest fuel production cost among all
other energetically self-sufficient strategies considered.

3.2 All bioenergies

We simultaneously consider the production of liquid fuels as in
Section 3.1, the production of hydrogen via gasification, and
the generation of electricity via either direct combustion or with
integrated gasification and combustion. While purchasing
hydrogen or electricity can reduce the capital cost required to
generate them on-site from biomass, it reduces the renewability
of the biorefinery because it requires fossil resources. If energy
purchase is allowed, then a number of questions arise: How
much external energy purchase is allowed? If natural gas is
purchased to meet all heat and electricity demands, can then
electricity be sold to the grid? Can these facilities still be
considered biorefineries (when they use fossil energy)? Furthermore,
in the case of a power plant with carbon capture, heat and electricity
are not purchased to meet the energy demands of carbon capture,
rather, the yield is reduced as some heat and electricity generated on-
site are used for carbon capture. To keep our analyses consistent

Energy Environ. Sci., 2022, 15, 2679-2689 | 2685
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with such power plants, in the remainder of the paper we assume
that biorefineries are built to produce bioenergy (as liquid fuels,
electricity, hydrogen, etc.), and therefore may not purchase energy.
Instead, biorefineries may combust a portion of the biomass feed-
stock to generate additional heat or electricity to meet carbon capture
energy demands at the cost of fuel yield, if such a decision is
optimal.

3.2.1 Economic analysis. We examine how sequestration
credits and capacity determine the economically optimal strategy.
As mentioned in the Methods section, different bioenergies are
associated with different engine efficiencies, so we minimize the
breakeven cost per unit energy of forward motion ($ per GJ
forward motion). The results are shown in Fig. 8.

When costs are normalized to forward motion, gasification
to either electricity or hydrogen is always optimal due to the
higher efficiencies of electric motor and H, fuel cells. At higher
sequestration credits, such that carbon capture is incentivized,
strategies producing electricity or hydrogen have the additional
advantage of being able to capture nearly all the carbon in the
feedstock, while the carbon captured in liquid fuels strategies
is limited because a significant fraction of the inlet carbon
ends up in the fuel. For electricity production, even though
integrated gasification and combustion has higher capital costs
than direct combustion, its higher electricity yield makes it
preferable.

At low credits and capacities, Gas.—.H2.- is the optimal
strategy. As the capacity increases, the higher capital costs of
gasification to electricity become less significant and the higher
production of energy compared to gasification to hydrogen
(6.3 vs. 5.3 GJ forward motion per Mg feedstock) makes strategy
Gas.—.Elec.— optimal. As the sequestration credit increases,
capture from syngas is incentivized for gasification to both
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electricity and hydrogen, as both strategies include a high-
purity CO, stream. However, the two strategies have different
CO, concentrations in the flue gas they generate (29% for
gasification to hydrogen, 19% for gasification to electricity).
The higher concentration of CO, in flue gas for gasification to
hydrogen means that less energy is required, reducing the cost
of capture, and making strategy Gas.—.H2.SynFlu optimal once
flue capture is incentivized.

3.2.2 Current and future GHG mitigation. To examine
future GHG mitigation, direct and indirect emissions and
sequestration/mitigation must be considered. Direct emissions
are assumed to be constant over the 30 year period. However,
mitigated emissions (e.g, from the replacement of grid electricity),
change over time as the production mix of electricity changes.
Therefore, estimates of the future production mix of electricity and
hydrogen are needed. We consider two scenarios: one base case
scenario based on current policies®® and one based on reaching net-
zero GHG emissions by 2050 with high rates of electrificiation.>*
The corresponding production mixes and GHG emissions of elec-
tricity and hydrogen are given in Tables S6.1 and S6.2 in the ESL

We present here the GHG mitigation of the biorefinery
strategies that were found to be economically optimal in the
previous section: gasification to hydrogen or electricity. The
expected mitigation over time of strategies producing liquid
fuels can be found in the Fig. S10.1-S10.3 in the ESI.{ The
balance of direct and indirect GHG emissions and mitigation
using electricity and hydrogen production mixes estimated by
the U.S. Energy Information Administration’s 2020 Annual
Energy Outlook are shown in Fig. 9A. In 2020-2045, gasification
to electricity is expected to result in greater GHG mitigation
than gasification to hydrogen with the same amount of carbon
capture. This is because the electricity produced displaces grid
electricity, which has higher average GHG emissions per unit
energy than hydrogen. Over time, electricity is projected to be
produced by an increasing percentage of renewable sources
which means that the electricity GHG emissions, and therefore
mitigated emissions for displacing grid electricity, decrease

This journal is © The Royal Society of Chemistry 2022
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over time. On the other hand, hydrogen is projected to be
produced primarily by steam methane reforming, and the small
fraction of hydrogen produced via hydrolysis uses grid electricity,
so the GHG emissions of hydrogen production are expected to
remain relatively constant over time.>® Thus, in the year 2050,
gasification to hydrogen is expected to result in greater GHG
mitigation than gasification to electricity. Over 30 years, we
expect gasification to electricity to result in greater GHG mitiga-
tion than gasification to hydrogen for any level of carbon capture
(160 kgCO,e more mitigation per Mg feedstock for no capture,
170 kgCO,e more for syngas capture, and 140 kgCO,e more for
syngas and flue capture).

Fig. 9B shows the GHG mitigation balance for the high
electrification scenario. Solar and wind are projected to become
the primary sources of electricity (55% of electricity produced
by wind and 31% by solar in 2050), which quickly reduces the
GHG emissions of grid electricity. Therefore, producing electricity
from biomass gasification and combustion has lower GHG miti-
gation in the high electrification scenario relative to the base case
scenario in Fig. 9A. Even with high electrification, hydrogen
production by electrolysis is not projected to occur in significant
quantities until 2040. Together, lower emissions from grid elec-
tricity and still high emissions from hydrogen mean that in the
high electrification scenario, gasification to hydrogen is expected
to result in much greater GHG mitigation than gasification to
electricity (300 kgCO,e more mitigation per Mg feedstock for no
capture, 280 kgCO,e more for syngas capture, and 180 kgCO,e
more for syngas and flue gas capture).

4 Conclusions

We studied the economics and GHG mitigation potential of various
BECCS strategies using system-wide models. We performed sensi-
tivity analyses by solving thousands of optimization problems with

This journal is © The Royal Society of Chemistry 2022

varying parameter values. For strategies that produce liquid fuels,
we found that fermentation to ethanol is optimal for lower-capacity
pioneer plants, while pyrolysis to gasoline/diesel with hydrogen
purchase is the cost-optimal strategy at low sequestration credits
for n™ plants. The optimal strategy changes as the sequestration
credit and capacity increase, with gasification to gasoline/diesel
being favored at high sequestration credits for both pioneer and n
plants. When all bioenergies are considered, gasification to either
hydrogen or electricity is always the cost-optimal strategy when
costs are normalized to forward vehicle motion, and also have
higher GHG mitigation potential than liquid fuel production
because there is no carbon in the fuel produced. With the current
mix of electricity and hydrogen, gasification to electricity with
carbon capture from both syngas and flue gas results in the greatest
GHG mitigation, but in the future that will likely change. Gasifica-
tion to hydrogen is expected to have the highest GHG mitigation of
all strategies by 2040 in the base case scenario, and the highest
GHG mitigation by 2025 in the high electrification scenario.
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Nomenclature

BECCS Bioenergy with carbon capture and sequestration
CCS Carbon capture and sequestration

CDR Carbon dioxide removal

CO,e Carbon dioxide equivalent
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DA Dilute acid

GGE Gallon gasoline equivalent

GHG Greenhouse gas

MEA Monoethanolamine

MFSP Minimum fuel selling price

MINLP  Mixed-integer nonlinear programming
NPV Net present value

NREL National Renewable Energy Laboratory
PSA Pressure swing adsorption

SoC Soil organic carbon
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