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Carbon-negative energy removes carbon dioxide from the atmosphere while providing energy to society.
The pyrolysis-biochar platform achieves carbon-negative energy by producing bio-oil as an energy
product and biochar as a carbon sequestration agent. This study evaluates the economic and environ-
mental performance of conventional fast pyrolysis (FP) and autothermal pyrolysis (ATP) systems with and
without pretreatment of three kinds of biomass to produce sugars, phenolic oil, and biochar as valuable
products while achieving carbon negative emissions. Techno-economic (TEA) and life cycle analysis (LCA)
results show minimum sugar selling prices (MSSP) as low as zero while achieving significant carbon

Received 24th August 2022,
Accepted 1st November 2022

DOI: 10.1039/d2gc03172h

dioxide removal from the atmosphere. Comparison of these systems to direct air capture (DAC) shows
that the pyrolytic systems are competitive both in terms of net carbon dioxide (CO,) removal per unit of
energy consumption and cost of removing CO, which ranges between $30 to —$139 per ton CO,
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1 Introduction

The 2018 report of the International Panel on Climate Change
(IPCC) recommends that by 2030 carbon dioxide emissions be
reduced to 49% of 2017 emissions and attain carbon neutrality
by 2050 to limit global temperature rise to 1.5 °C." The 2021
IPCC report suggests expedited reductions in GHG emissions
with a goal of reaching net-zero CO, emissions.” Strategies for
reducing greenhouse gas emissions, thus far, are not sufficient
to reach this goal, leading to calls for removal of carbon
dioxide from the atmosphere.?

Several carbon removal strategies have been proposed. In
terms of economic incentives for implementing them, some
are limited to income from sequestering carbon. Examples
include afforestation and direct air capture (DAC).
Afforestation is the reestablishment of forests for the purpose
of carbon removal. Some companies already use afforestation
to off-set their carbon emissions.* It is relatively inexpensive,
but there are limits to the amount of land that can be dedi-
cated to this practice. Direct air capture uses large fans to flow
air across sorbents that remove carbon dioxide and recover it
as pure gas streams destined for geological storage.” One of
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the main roadblocks for DAC is the cost of CO, removal. The
process is very energy-intensive, requiring around 4.5-17 kW h
of energy for capturing 1 kg of CO, from the atmosphere.®’
Other approaches to carbon removal also generate electric
power or fuels, providing additional economic incentives for
adoption.® Prominent examples of so-called carbon negative
energy include bioenergy with carbon capture and sequestra-
tion (BECCS) and the pyrolysis-biochar platform. Originally
developed to capture CO, emissions from coal gasification
power plants, BECCS substitutes biomass for coal to achieve
carbon negative energy. Because growing biomass fixes carbon
from the atmosphere, that part of the biogenic carbon con-
verted to carbon dioxide during gasification and sequestered
represents net removal of carbon dioxide from the atmo-
sphere.’ The syngas from biomass gasification can be used for
either electric power generation or production of fuels. The
pyrolysis-biochar platform produces bio-0oil as an energy
product and sequesters biogenic carbon in the form of a car-
bonaceous solid known as biochar.'®'" Rather than sequester-
ing it in geological deposits, this recalcitrant solid is applied
to soils where it provides ecosystem services. Each of these
approaches has advantages and challenges.® Most promi-
nently, gasification can sequester a larger portion of biogenic
carbon than pyrolysis but is challenged by the economics and
reliability of CO, storage.® Pyrolysis is attractive for its ability
to be deployed at small scales well matched to the distributed
nature of biomass supply and has more attractive economics.
This study explores the economics and environmental per-
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formance of a carbon negative energy system based on pyrol-
ysis of biomass.

Fast pyrolysis is the thermochemical conversion of biomass
with the potential production of a wide range of products,
including biofuels, fermentable sugars, and biobased
chemicals."®™** Although biofuels from fast pyrolysis appear to
be economically attractive,'®® technical challenges have hin-
dered its commercial adoption.'®?° Among these challenges is
difficulty in providing energy to the reactor as the process is
scaled up.”"**> Autothermal pyrolysis (ATP) was recently devel-
oped to overcome this challenge by admitting air into the
pyrolysis reactor at equivalence ratios of around 0.06. Partial
oxidation of some of the products of pyrolysis releases enough
energy to sustain endothermic pyrolysis reactions.”!
Autothermal pyrolysis simplifies reactor design and enables
process intensification resulting in several-fold increase in
reactor throughput. A novel application of ATP is the pro-
duction of pyrolytic sugar, phenolic oil, and biochar to achieve
carbon-negative energy.*

The feasibility of producing cellulosic sugars from pyrol-
ysis of lignocellulosic biomass has been demonstrated by
removing or passivating naturally occurring alkali and alka-
line earth metals (AAEM) in biomass, increasing the value of
pyrolytic products.>* Passivation is attractive as it avoids the
difficulty of effectively removing AAEM from the biomass. The
earliest passivation studies employed sulfuric acid as pretreat-
ment to convert AAEM into thermally stable sulfate salts, pre-
venting the metals from catalyzing pyranose and furanose
ring fragmentation.”® However, acid pretreatments can
promote char agglomeration during pyrolysis, interfering with
reactor operation.’®>” A recent study by Rollag et al.*® found
that pretreatment with ferrous sulphate not only passivated
AAEM but prevented char agglomeration, which was attribu-
ted to the ferrous ions serving as lignin depolymerization
catalyst.

Pyrolytic sugars include pyranose and furanose monosac-
charides but mostly the anhydrosugar levoglucosan from cell-
ulose depolymerization.>” Levoglucosan has a wide range of
commercial applications such as fermentation to ethanol,*
polymerization to bioplastics,®® and upgrading to pharmaceu-
ticals®' and green solvents.*” Techno-economic analysis (TEA)
of an ATP-based biorefinery producing levoglucosan crystals
estimated a minimum selling price of $1333 per MT, which is
much less than its current market price of $50 per kg.>* A TEA
on solvent liquefaction as a pathway for production of fermen-
table sugars for fermentation to ethanol found the minimum
fuel selling price (MFSP) ranged between $2.98 to $4.06 per
gallon. A life cycle analysis (LCA) in the same study estimated
GHG emissions from the resulting fuel were 25%-45% lower
than for petroleum-derived gasoline.* In addition, an LCA of
biobased levoglucosan estimated its global warming potential
to be half that of petroleum-derived chemicals.?* TEA and LCA
of an integrated pyrolysis and anaerobic digestion system for
production of ethanol and phenolic compounds estimated the
MFSP to be $1.21 per gallon with net GHG emissions of
—16.6 g CO,. per M]3
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Another major pyrolysis product is phenolic oil, consisting
of a wide range of phenolic compounds derived from the
thermal depolymerization of lignin in biomass.*® Phenolic oil
can be upgraded to fuels and other products.'®?” Of particular
interest in the present study is the use of phenolic oil in the
production of an asphalt binder substitute known as
bioasphalt.*®*° Traditional asphalt, derived from petroleum,
is a key building material around the world for roads and high-
ways.”' Finding a biobased substitute for asphalt will be
important as the use of fossil fuels is curtailed to mitigate
climate change. Peralta et al.*® described the use of biorenew-
able resources as bio-binders in the production of alternatives
to asphalt. Raouf et al.*® found that the rheological properties
of bio-oil from switchgrass and bitumen binders made them
feasible replacements for petroleum-based asphalt binders.

The environmental advantages of biobased binders have
been previously investigated. Samieadel et al.** reported GHG
emissions of around 0.37 kg CO, eq. per kg for bioasphalt pro-
duced from hydrothermal liquefaction of pig manure slurry
with the bioasphalt containing 10% bio-0il and 90% pet-
roleum-based asphalt. Zhou et al.** reported LCA of a biochar
modified bioasphalt with GHG emissions ranging between
0.16-0.19 kg CO, eq. per kg of product. Biobased binders
appear to be economically attractive. Dang et al.*” found that
producing dextrose, calcium acetate, and bioasphalt from an
integrated 2000 metric ton per day (MTPD) fast pyrolysis biore-
finery processing woody feedstock has prospects for achieving
an internal rate of return as high as 68%.

This study evaluates the techno-economic analysis (TEA)
and life cycle analysis (LCA) of conventional fast pyrolysis (FP)
and autothermal pyrolysis (ATP) biorefineries processing three
different types of lignocellulosic biomass, namely corn stover
(CS), red oak (RO) and yellow pine (YP). Both untreated
biomass and biomass pretreated to enhance pyrolytic sugar
production were evaluated. These carbon negative energy
systems are compared to the economic and environmental per-
formance of a direct air capture (DAC) plant.

2 Materials and methods

To support the TEA and LCA, process models of ATP and FP
biorefineries were developed. Corn stover (CS), red oak (RO)
and yellow pine (YP) were evaluated as potential feedstocks for
these biorefineries. Four major product streams were modeled:
levoglucosan-rich sugar; phenolic oil; biochar; and tail gas
consisting of light oxygenated compounds and non-condensa-
ble gases, which are burned for process heat for the ATP scen-
ario, while the light oxygenates are blended with phenolic
compounds in case of the FP scenario. Outputs from this ana-
lysis included MSSP and extent and cost of carbon removal.
Sensitivity and uncertainty analyses are employed to identify
key cost and emission drivers and the probability of processes’
profitability. These pyrolysis-based carbon negative energy
technologies are compared to direct air capture (DAC) of CO,.
This study is comprised of eight scenarios utilizing three
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kinds of lignocellulosic biomass in FP and ATP systems which
are as follows:

i. Corn stover fed fast pyrolysis
pretreatment

ii. Corn stover fed autothermal pyrolysis with no pretreat-
ment (CS ATP, no PT)

iii. Corn stover fed autothermal pyrolysis with FeSO, pre-
treatment (CS ATP, PT)

iv. Red oak fed fast pyrolysis system (RO FP) with no
pretreatment

v. Red oak fed autothermal pyrolysis with no pretreatment
(RO ATP, no PT)

vi. Red oak fed autothermal pyrolysis with FeSO, pretreat-
ment (RO ATP, PT)

vii. Yellow pine fed autothermal pyrolysis without any pre-
treatment (YP ATP, no PT)

viii. Yellow pine fed autothermal pyrolysis with FeSO, pre-
treatment (YP ATP, PT)

(CS FP) with no

2.1 Autothermal pyrolysis (ATP) and conventional fast
pyrolysis (FP) systems

This study was developed from experimental data generated at
Iowa State University on conventional fast pyrolysis of
untreated lignocellulosic biomass*®** and autothermal pyrol-
ysis of biomass that was either untreatedor pretreated with
ferrous sulfate for the purpose of enhancing sugar pro-
duction.”® Table 1 shows the yields of sugar, phenolic oil, and
biochar (kg kg™" input) from laboratory experiments for the
different scenarios (other products not included in the table
are non-condensable gases, light oxygenated compounds, and
water). Conventional FP of yellow pine is not included in the
analysis because no experimental data was available for this
scenario.

Fig. 1 and 2 are flow diagrams of the FP and ATP processes
to produce sugar, phenolic oil, and biochar. The two processes
differ primarily in whether biomass is pretreated and how
thermal energy is supplied to the process.

2.1.1 Conventional fast pyrolysis (FP) scenario. As shown
in Fig. 1, biomass is coarsely chopped, dried to 10% moisture
content and further ground to 2-3 mm particle size. The
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Fig. 1 Simplified flow diagram for conventional fast pyrolysis for the
production of sugar, phenolic oil, and biochar production (adapted from
Rover et al.*%).
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Fig. 2 Simplified flow diagram of autothermal pyrolysis system for pro-
duction of sugar, phenolic oil, and biochar production (adapted from
Rover et al.>3).

biomass is fed to fluidized bed pyrolyzer to produce a product
stream comprising of pyrolysis vapors, biochar and non-con-
densable gases (NCG). Gas cyclones separate biochar followed
by condensers and electrostatic precipitators to recover heavy
ends and light ends of bio-oil. The heavy ends consist of
sugars and anhydrosugars (mostly levoglucosan) and phenolic
compounds. The remaining non-condensable gases are reuti-
lized along with natural gas (NG) to meet process heating

Table 1 Yields of sugar, phenolic oil, and biochar and input of FeSO, for fast pyrolysis (FP) and autothermal pyrolysis (ATP) with and without

biomass pretreatment and three kinds of biomass feedstock

Biochar yield
(Wt% dry biomass)

FeSO, input

(wt% dry biomass) Source

Lignocellulosic ~ Operating  Sugar yield Phenolic oil yield*
biomass conditions (wt% dry biomass) (wt% dry biomass)
Corn stover (CS) FP 0.9 13.5

ATP,no PT 0.9 15.0

ATP, PT 11.8 18.1
Red oak (RO) FP 7.7 20.0

ATP,no PT 4.4 19.0

ATP, PT 15.5 21.0
Yellow pine (YP) ATP,noPT 5.4 18.0

ATP, PT 19.0 19.4

“Includes phenolics recovered during cleaning of sugars.

9292 | Green Chem., 2022, 24, 9290-9302

20.5 0.0 Elliot et al.** and Rollag et al.*®
23.0 0.0

14.0 7.5

13.2 0.0 Dalluge et al.,”” Elliot et al.**
15.0 0.0 and Rollag et al.*®

11.0 1.0

14.0 0.0 Rollag et al.*®

17.0 1.0

This journal is © The Royal Society of Chemistry 2022
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requirements while the light oxygenates are further blended
with phenolic oil. The heavy ends undergo a hot water wash to
separate the water-soluble sugars and water-insoluble phenolic
oligomers. The resulting sugar solution is contaminated with
partially water-soluble phenolic monomers, which are removed
in a resin adsorbent column. The separated phenolic mono-
mers are combined with the phenolic oligomers recovered
from the liquid-liquid extraction unit to produce a mixture
called phenolic oil (PO). This product is sold as feedstock for
production of bioasphalt.

2.1.2 Autothermal pyrolysis (ATP) scenario. As shown in
Fig. 2, biomass is coarsely chopped and either dried to 10%
moisture content and ground to 2-3 mm particle size (for the
ATP, no PT cases in Table 1) or pretreated with ferrous sulfate
solution before drying and further grinding (for the ATP, PT
cases in Table 1). Pretreatment (FeSO,) enhances sugar pro-
duction, as described by Rollag et al.>® The biomass is pyro-
lyzed in a fluidized bed in the presence of a small amount of
air to achieve autothermal operation.>® As with the FP scen-
ario, a gas cyclone removes biochar from the product stream
followed by a condenser and electrostatic precipitator to
recover heavy ends of bio-oil. The light ends of bio-oil are not
condensed but rather burned with the non-condensable gases
in a furnace to provide process heat for drying biomass. As
with the FP scenarios, the heavy ends are hot water washed
to separate the sugar and phenolic oil. The raw sugar solu-
tion is passed through a resin column to remove phenolic
monomers, which are combined with the phenolic oligomers.
This product is sold as feedstock for production of bio-
asphalt.

2.2 Process modelling

The pyrolysis systems were modeled with Aspen Plus™ assum-
ing 250 MTPD of biomass processing capacity.*> FP scenarios
employ no further pretreatment of biomass (corn stover and
red oak), while ATP scenarios have three instances (corn
stover, red oak, and yellow pine) employing pretreatment and
three without any pretreatment. All the ATP scenarios employ
air at an equivalence ratio of 0.045 to support partial oxidation
of pyrolysis products for the purpose of autothermally heating
the pyrolysis reactor.

The major unit operations modeled include: (i) the pre-
treatment section where chopping, drying, and grinding of
biomass occurs; (ii) the FP and ATP reactors; (iii) the cyclone
separator to remove solid biochar from the pyrolysis vapors;
(iv) the heavy ends recovery section where heavy ends are sep-
arated and condensed from NCG, light oxygenates, and water;
(v) the sugar block that yields purified sugar solution from
the heavy ends through liquid-liquid extraction and SMB
unit; (vi) a steam generator block for the FP scenarios that
burns non-condensable gases from the pyrolyzer along with
natural gas to provide process heat to the system; and (vii) a
furnace block for the ATP scenarios that burns NCG and light
oxygenates to produce process heat for the drying section.
Further details of the process model are available in Rover
et al.*?

This journal is © The Royal Society of Chemistry 2022
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2.3 Techno-economic analysis (TEA)

TEA is a method for estimating a technology’s economic feasi-
bility and profitability using five fundamental components:
process model design, equipment selection and sizing, econ-
omic analysis, process optimization, user interface.*® In this
study, TEA assumes a biorefinery facility employing FP and
ATP of 250 MTPD of lignocellulosic biomass to produce pri-
marily levoglucosan-rich sugar along with biochar and pheno-
lic oil as byproducts. Most of the financial assumptions for the
plant are based on data from Rover et al.*>* Installation factors
for the project come from Peters et al.*” Discounted cash flow
rate of return (DCFROR) analysis was employed to evaluate the
plant’s economic viability. The plant life was assumed to be 10
years. The internal rate of return (IRR) was set at 10%. All the
financial assumptions employed a 2015$ basis. Table 2 shows
the key financial assumptions for quantifying the minimum
fuel selling price (MSSP). The annual operating costs include
labor, overhead, maintenance, and insurance.

The material, energy, and byproduct revenue costs are tabu-
lated in Tables 3 and 4. According to the US Billion Ton report
of 2016, the price of lignocellulosic woody biomass ranges

Table 2 Key financial assumptions for a 250 ton per day biomass fast
pyrolysis (FP) and autothermal (ATP) biorefinery producing sugar, phe-
nolic oil, and biochar

Parameters Assumptions
Equity 40%
Construction period 1 year

Plant life 10 years

Working capital 15% of fixed capital investment
Depreciation period 7 years, 200 double declining balance
Plant salvage value 0
Start-up time 0.5 years
Revenue and cost Revenue: 50% of mean annual revenues
during startup
Revenues variable cost: 75% of mean annual
variable costs
Fixed costs: 100% of mean annual fixed costs
IRR 10%
Interest rate of financing 8% annually

Table 3 Material and energy flows of a 250 ton per day fast pyrolysis
(FP) and autothermal pyrolysis (ATP) biorefinery processing corn stover
(CS), red oak (RO), or yellow pine (YP)

Flowrate (MT per day)

Cost ($ per MT

Materials & energy FP ATP or kW h or MJ)
Biomass (CS/RO/YP) 250 250 —41

Solids handling 50 50 -8

Methanol 95 95 -500
Electricity (kW h) 5000 5000 —0.067°
Natural gas (NG) 8.5 — ~0.005”
Process water 95 95 -0.2

FeSO, Table 4 Table 4 -550

Phenolic oil credit Table 4 Table 4 500

Biochar credit Table 4 Table 4 80

“ Electricity price in $ per kW per h. ? Natural gas price in $ per MJ.

Green Chem., 2022, 24, 9290-9302 | 9293
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Table 4 Sugar, phenolic oil, and biochar flow rates of 250 ton per day fast pyrolysis (FP) and autothermal pyrolysis (ATP) biorefineries with and

without biomass pretreatment (PT)

Flowrate (MT per day)

Biomass Operating conditions Sugars Phenolic oil Biochar FeSO, pretreatment
Corn stover (CS) FP, no PT 2.25 33.75 51.25 —
ATP, no PT 2.25 37.5 57.5 —
ATP, PT 29.5 45.25 35 18.75
Red oak (RO) FP, no PT 19.25 50 33 —
ATP, no PT 11 47.5 37.5 —
ATP, PT 38.75 52.5 27.5 2.5
Yellow pine (YP) ATP, no PT 13.5 45 35 —
ATP, PT 47.5 48.5 42.5 2.5

between 36-73 per MT.*® This study assumed an average price
of $41 per MT for lignocellulosic biomass, as employed in pre-
vious studies.*® Electricity for grinding biomass was assumed
to be around 20 kW h per ton.”® While the ATP system did not
require external energy sources, the FP system required natural
gas (NG) in the amount of 350 kW h per ton biomass pro-
cessed’® at a cost of $0.005 per M]J ($5.68 per MMBTU) based
on previous studies and market prices.’* The FeSO, used to
pretreat biomass in some of the ATP scenarios is not recycled
in the plant but incorporated into the biochar. The market
price of FeSO, ranges between $520-650 per MT (per com-
munication with Crown Technology, Inc. Aug. 29, 2019); we
assumed $550 per MT. Biochar and phenolic oil revenue were
assumed to be $80 per MT>® and $500 per MT,>**° respectively.
We assumed that 99% of the methanol used to regenerate the
resin columns in sugar cleaning was recovered® with a re-
placement cost of $500 per MT.>® The mass and energy bal-
ances for unit operations were obtained from the process
model. The process model also provided operating conditions
and performance parameters utilized for equipment selection
and sizing purposes.

2.4 Life cycle analysis

Life cycle analysis (LCA) is a well-known methodology for eval-
uating the environmental impact of industrial products includ-
ing extraction and processing of raw materials and manufac-
turing, distribution, usage, recycling, and disposal of the
product. The quantification of GHG emission investigated in
this study follows International Organization for Standards
(ISO) 14040 and 14044.°””% In this study, we employed the
greenhouse gases, regulated emissions, and energy use in
transportation (GREET.net) developed by Argonne National
Laboratory to quantify the GHG emissions for sugar pro-
duction from corn stover ATP.>>°° Tables 5 and 6 are the GHG
emission inventories for all the input and output resources
used in the LCA. The system boundaries for the two pyrolysis
plants are shown in Fig. ES1 and ES2.f The key material and
energy input were lignocellulosic biomass, electricity, NG (for
FP scenarios), and ferrous sulfate (for ATP, PT scenarios) as
their key material and energy input. While, the key output
were sugar, phenolic oil, and biochar. This study assumed that

9294 | Green Chem., 2022, 24, 9290-9302

Table 5 Lifecycle analysis inventory table of greenhouse gas emissions
factors

Parameters GHG emission Sources
Biomass (CS/RO/YP) 0.027 kg CO, per kg GREET
Electricity 0.48 kg CO, per kW per h GREET
Natural gas 0.58 kg CO, per kg GREET
FeSO, 0.33 kg CO, per kg Genovese et al.®

Table 6 Lifecycle analysis inventory table of phenolic oil (PO) and
biochar (BC) with and without pretreatment (PT) of corn stover, red oak
and yellow pine

GHG emissions

(kg CO,. per kg)

Operating

Biomass conditions Phenolic oil Biochar Sources

Corn stover (CS) FP,noPT  —2.21 -1.59 CO, removal®
ATP, no PT -2.21 -1.59
ATP, PT —-2.21 -0.74

Red oak (RO) FP,no PT  -1.98 -1.1 CO, removal®
ATP, no PT -1.98 -1.1
ATP, PT -1.98 -0.99

Yellow pine (YP) ATP,noPT -1.98 -1.1 CO, removal®
ATP, PT -1.98 -1.02

“Described in the ESI (Tables ES1-ES37).

biomass was available within a 20-mile radius of the plant.
The biomass emission factor used in this study was based on
lignocellulosic biomass production in the US and included the
allocated land-use emissions associated with harvesting of
corn stover, red oak and yellow pine. Electricity was assumed
to be provided by the US National Grid. For the FP scenario,
natural gas was assumed to be shale gas from US production.
FeSO, for pretreatment in the ATP scenarios (fed by CS, RO
and YP) was considered since it cannot be recycled in the
process, yet. The FeSO, emission factor considered include
emissions related to purification, operational and transpor-
tation of the chemical product and finally waste manage-
ment.®! Biochar was assumed to be land applied as soil

This journal is © The Royal Society of Chemistry 2022
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amendment and carbon sequestration agent Changes to
biochar carbon retention rate, carbon content and biochar
transportation distance from plant location (assumed
40 miles)®* vary the biochar emission factor. For the LCA, we
assumed that the biochar yield from autothermal pyrolysis,
which consumes much of the biochar, was 6.5 wt% (kg kg™ of
corn stover input), 10 wt% (kg kg™ of red oak input), and
16 wt% (kg kg™ of yellow pine input). Since the FeSO, used to
pretreat biomass ends up in the biochar, we corrected all
biochar yields to a Fe-free basis. We assumed that 70% of the
carbon in the land-applied biochar was still sequestered after
100 years.®® Although the phenolic oil could be used for the
production of biofuel, this study assumed it was used for the
production of bioasphalt, making it a carbon sequestration
product along with the biochar. We assumed 100% carbon
stability after 100 years for phenolic oil used in bio-asphalt.
We assumed the asphalt product contained 50% recycled
asphalt, and the ratio of bio-asphalt to petroleum asphalt was
0.44."> Changes to the asphalt carbon content, recycling rate,
and processing could influence the bio-asphalt emission
factor. The ESIt of this paper includes detailed calculations of
carbon removal via bio-asphalt and biochar.

The functional units chosen for the LCA are 1 kg of carbon
in biomass (CS/RO/YP), 1 M] of biomass, and 1 MJ of energy
input for the comparison scenario with DAC. These functional
units were chosen to allow comparison of carbon removal via
pyrolysis to direct air capture, which does not typically gene-
rate an energy product. By comparing systems using energy
usage, we hope to identify carbon negative emission techno-
logies that are effective in removing carbon with minimal con-
sumption of energy.

2.5 Sensitivity and uncertainty analysis

Sensitivity analysis was used to evaluate the effects of different
process parameters on MSSP and GHG emissions. The effect
of £20% changes in the values of key process parameters like
sugar, phenolic oil, biochar yield, corn stover price, operating
hours, etc., on MSSP and GHG emissions were investigated.
Uncertainty analysis examines the impact of simultaneously
varying key system parameters. This approach captures a wide
range of potential outcomes. In this study, we employed
Monte Carlo simulation to analyze the uncertainties associated
with the processprofitability. For the simulation, the first step
was to account for the historical prices of sugars, biomass (CS/
RO/YP), electricity, asphalt and natural gas (NG). The sugar
price was based on historical data from the US Department of
Agriculture.® The biomass prices were based on delivered
lignocellulosic biomass prices from 2016 Billion-Ton report,*®
which we assumed averaged $41 per MT of biomass. Electricity
and natural gas (NG) prices were based on US average indus-
trial prices.®” Finally, the asphalt price was obtained from the
Georgia Department of Transportation, which reports market
prices for asphalt.”® The complex nature of the energy market
makes it difficult to assign energy prices. The large variability
in energy prices was addressed by comparing root-mean
square error for several best-fit distribution curves. The distri-
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butions considered were: normal, lognormal, exponential, chi-
square, gamma, Cauchy, Laplace, Weibull minimum and
maximum extreme value, and Sech squared. Due to the
limited availability of sample data points for biochar and
FeSO,, a triangular distribution was assumed for both the
parameters.®® The simulation iterates with a unique set of
values for the price parameters considered and generates a net
present value (NPV) probability distribution.

3. Results and discussion
3.1 Techno-economic analysis

Fig. 3 shows the installed equipment costs associated with the
proposed FT and ATP biorefinery systems. In each case,
biomass pretreatment and sugar recover are among the most
expensive unit operations, accounting for around 56% and
67% of the equipment costs for FP and ATP, respectively. The
pyrolysis section of the plant is also a significant capital cost
for the FP plant, representing 25% of equipment costs whereas
the pyrolysis section is only 10% of equipment costs for the
ATP system. The total installed equipment cost are $13 M and
$11 M for the FP and ATP systems while the total fixed capital
investment (TFCI) are $19 M and $16 M for the FP and ATP
systems, respectively. Fig. 4 details the contributions of operat-
ing expenses and product revenues on MSSP for the various
biorefinery scenarios. The MSSP for a corn stover-based
250 MTPD biorefinery was $1.9 per kg, —$0.57 per kg, and
$0.23 per kg for the FP, ATP no PT and ATP PT scenarios,
respectively. The MSSP for a red oak-based 250 MTPD was —
$0.13 per kg, —$0.44 per kg, and —$0.14 per kg for the FP, ATP
no PT and ATP PT scenarios, respectively. The MSSP for a
yellow pine-based 250 MTPD was —$0.25 per kg and $0.09 per
kg for the ATP no PT and ATP PT scenarios, respectively. With
the exception of the FP and ATP PT scenarios for corn stover,
MSSP were negative for all other scenarios. A negative MSSP in
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Fig. 3 Installed equipment costs comparison for a 250-metric ton per
day fast pyrolysis (FP) and autothermal pyrolysis (ATP) biorefineries for
sugar, phenolic oil, and biochar production.
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Fig. 4 Contributions to the minimum sugar selling price for a 250 ton per day fast pyrolysis (FP) and autothermal pyrolysis (ATP) biorefineries pro-

ducing sugar, phenolic oil, and biochar.

this study signifies that the plant can attain a positive NPV
from revenues generated by selling phenolic oil for production
of bio-asphalt and biochar as soil amendment (no carbon
removal credits). Thus, the negative ROIs are referred to as
opportunity cost (OC) which signifies an excess investment
that is not required for the pyrolysis facilities because of high
product revenues in Fig. 4. The by-product revenues are more
than the expenditures for proper functioning of the plant
along with the expected 10% rate of return. ESI Fig. ES3f
shows the contributions of different parameters (in $M)
towards annual operating costs and revenues, sugar being sold
at an average market price over the past 16 years. This gave the
understanding how annual sugar and byproduct revenues
played a pivotal role in bringing down the MSSPs of the seven
(out of eight) plants considered in this study, specifically the
ones with FeSO, pretreatment, resulting into profitable enter-
prises, while the corn stover-fed FP plant with no pretreatment
resulted in a negative or unprofitable enterprise. Fig. 5 is a
sensitivity analysis for the corn stover-based biorefinery scen-
arios. The three most significant process parameters for the FP
(Fig. 5(a)) and ATP no PT (Fig. 5(b)) scenarios were operating
hours, phenolic oil price, and biomass price. On the other
hand, the same for the ATP PT (Fig. 5(c)) scenario the most sig-
nificant process parameters were phenolic oil price, operating
hours, and FeSO, cost.

Fig. ES4-ES6 in the ESIf show the results of TEA sensi-
tivity analysis for red oak feedstock. The three most signifi-

9296 | Green Chem., 2022, 24, 9290-9302

cant parameters affecting red oak fed FP and ATP (with and
without pretreatment) were phenolic oil price, plant operation
hours and biomass price. Similar sensitive parameters with
same significance were found for yellow pine fed ATP (with
and without pretreatment) plants as shown in Fig. ES7 and
ES8 in the ESLf RO ATP(PT) and YP ATP (PT) scenarios
showed much lesser sensitivity towards FeSO, price because
of much reduced pretreatment requirements for red oak and
yellow pine compared to corn stover. On the whole, the TEA
sensitivity results suggest that process robustness and pheno-
lic oil yield are the key factors for the processes. The TFCI for
all scenarios had a lower impact on process profitability than
in similar studies. This could be attributed to the low capital
intensity and the high product output of the FP and ATP
process.

3.2 Life cycle analysis

Fig. 6 illustrates the various contributions to carbon removal/
carbon emitted (kg C per kg C in biomass) for different scen-
arios of 250 MTPD biorefineries investigated in this study.
Corn stover-based biorefineries achieved net carbon removal of
—0.33, —0.38 and —0.22 kg of C per kg of C in corn stover for
the FP, ATP no PT, and ATP PT scenarios, respectively. The red
oak-based biorefinery achieved net carbon removal of —0.27,
—0.28 and —0.27 kg of C per kg of C in red oak for the FP, ATP
no PT and ATP PT scenarios, respectively. The yellow pine-
based biorefinery achieved net carbon removal of —0.25 and

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Sensitivity analysis of minimum sugar selling price (MSSP) for
corn stover-based biorefineries (a) fast pyrolysis (FP), (b) autothermal
pyrolysis (ATP) without pretreatment, and (c) ATP with FeSO, pretreat-
ment sugar production with phenolic oil and biochar byproducts. Labels
include the baseline values of each parameter.

—0.27 kg of C per kg of C in yellow pine for ATP no PT and ATP
PT, respectively.

Bioasphalt and biochar both were major contributors
towards achieving net carbon removal. Corn stover cultivation,
collection, and delivery to the biorefineries contributed
around 0.02 kg of C per kg of C in biomass towards positive
emissions with similar positive contributions from electricity
consumption at the FP and ATP biorefineries. The FP biorefi-
neries had additional carbon emission of around 0.01 kg of C
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material and energy resources of a 250 ton per day fast pyrolysis (FP)
and autothermal pyrolysis (ATP) biorefinery that produces sugar, pheno-
lic oil, and biochar (EM-emission, PO-phenolic oil, and BC-biochar).

per kg of C in biomass from the use of natural gas (NG), while
ATP with FeSO, pretreatment accounted for carbon emission
of around 0.01 kg of C per kg of C in biomass for corn stover
scenario and even lesser for red oak and yellow pine scenarios.

Assuming average biomass production of 5 tons per acre,
these results indicate net removal of CO, from the atmosphere
of around 4.9 tons per acre per year for most of the scenarios
evaluated. These CO, removal rates are at least 4.5 times
greater than can be achieved by other agricultural practices
such as no-till agriculture.®”

Fig. 7 shows the sensitivity analysis of net GHG emissions
(kg C per kg C biomass and kg CO,. per M] biomass) to
changes in key process parameters for corn stover-based biore-
fineries. Net GHG emissions were about —0.033, 0.038, and
—0.022 kg CO,. per MJ of corn stover processed (upper x-axis
values of charts) or —0.33, —0.38, and —0.22 kg C per kg C in
corn stover (lower x-axis values of charts) for FP, ATP no PT
and ATP PT scenarios, respectively. The two most impactful
process variables affecting GHG emissions were the emission
factors (EF) of phenolic oil and biochar. In the case of corn
stover-based biorefineries, the most significant parameter was
biochar EF for both the FP and ATP no PT scenarios followed
by EF for phenolic oil. For biorefinery scenarios based on red
oak and yellow pine, the most significant parameter was EF for
phenolic oil followed by EF for biochar. It should be noted
that the EF for phenolic oil is strongly dependent on the
energy required to convert it into bio-asphalt, the ratio of phe-
nolic oil-to-petroleum-based asphalt, and the carbon content
of the phenolic oil. Similarly, the EF for biochar is affected by
the recalcitrance of field-applied biochar, the energy input
required to transport and land apply biochar, and the carbon
content of biochar, among other factors. The sensitivity ana-
lyses for GHG emissions for red oak and yellow pine feed-
stocks are found in Fig. ES9-ES13 in the ESL.{ The scaling
factors and their corresponding calculations for converting
from kg CO,. per MJ biomass to kg C per kg C in biomass are
also found in the ESL.}

3.3 Uncertainty analysis

Uncertainty analysis was performed on historical prices of
sugar, biomass, electricity, asphalt, and natural gas found in
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parameter.

Fig. 8. The best-fit distributions obtained for sugar, biomass,
electricity, asphalt, and natural gas prices were Laplace,
Weibull minimum extreme value, Weibull maximum extreme
value, normal, and gamma distribution, respectively. Due to
insufficient historical data, we assumed the biochar price to
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have a triangular distribution with a mean price of $80 per MT
and a range of $5 to $160 per MT. Similar approach was taken
for FeSO, price, and we took a price range in between $520 per
MT and $650 per MT (as per communication with Crown
Technology, Inc. Aug. 29, 2019) with a mean value of $585 MT.

Fig. 9 shows the best-fit distributions achieved in this ana-
lysis. Sugar price has averaged $280 per MT from 1993-2015
while varying between $100 and $700 per MT. The sugar price
distribution showed a low probability of negative sugar prices,
which was an artifact of the distribution analysis. The prob-
ability of biomass prices being between $35 and $55 per MT
was very high, with low probability of being as high as $100
per MT. Industrial electricity and natural prices ranged
between 4.0 and 7.5 cents per kW per h and $3 and $13 per
mcf. It is important to note that electricity and natural gas
prices are heavily regulated in the US, so the distributions
might not capture the true volatility of price. A limitation of
this approach is that market prices are likely to follow trends
from the last five years than the previous 10.

The probability density functions of the net present values
of the sugar FP and ATP biorefineries are shown in Fig. 10.
The best scenarios to achieve positive NPV are biorefineries
based on pretreated red oak and pretreated yellow pine. On the
other hand, corn stover-based biorefineries, although achiev-
ing net carbon removal, only attained very low and even nega-
tive NPV; thus, the corn stover-based biorefineries are not
economically attractive unless a credit is assigned for carbon
removal, as subsequently explored for corn stover fed ATP
(with and without pretreatment) scenarios. Drops in the
market price of asphalt of more than 60% between 2013 and
2017, as shown in Fig. 8, were a key factor contributing to the
risk of negative NPV. Low sugar prices and high corn stover
costs could similarly contribute to commercialization risk.
Moreover, the higher requirement of FeSO, for pretreatment of
corn stover contributed to comparatively higher costs com-
pared to biorefineries using woody feedstocks (red oak and
yellow pine). The lower probabilities were attained primarily in
scenarios with much lower yield of sugar and phenolic oil,
such as untreated corn stover.

3.4 Comparison with direct air capture system

Table 7 compares negative GHG emissions per energy con-
sumed for 250 MTPD corn stover-biorefineries and a direct air
capture (DAC) system®® as a function of the source of energy to
run the facilities, which includes mixes of renewable energy®®
and fossil energy sources.”® It should be noted that DAC
systems, unlike the carbon negative biorefineries proposed
here, do not produce energy or chemical products. For com-
parison purposes, the functional unit for the three systems was
converted to 1 MJ of energy input (Table ES4 in the ESIT shows
detailed calculations for each system considered). While there
are some DAC systems that can rely solely on renewable energy,
most emerging systems employ fossil fuels for generation
thermal energy to regenerate sorbents and, even to generate
some of the power used in the process.”® Thus, for this study,
we converted the corresponding electricity input of the DAC

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Historical prices for biomass, sugar, electricity (U.S.), asphalt (U.S.), and natural gas (U.S.).

Fig. 9 Best-fit probability density distributions for historical biomass, sugar, electricity, asphalt, and natural gas prices.
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Fig. 10 Probability distributions of the fast pyrolysis (FP) and autother-
mal pyrolysis (ATP) biorefineries net present values over a period of
around 27 years (1994-2021) for production of pyrolytic sugars from
corn stover (CS), red oak (RO), yellow pine (YP) with and without
biomass pretreatment (PT).

Table 7 Comparison of GHG emissions for corn stover (CS) fed fast
pyrolysis (FP), autothermal pyrolysis (ATP) (with and without pretreat-
ment) biorefineries and direct air capture (DAC) using different electricity
supplies

CSFP CSATP CSATP

(no PT) (PT) DAC
Electricity supply (kg CO,e per MJ energy) References
Global grid 2030 — — — —-0.037  Deutz et al.®®
Global grid 2050 — — — —-0.12
Germany grid — — — 0.00016
Renewable grid1 -34 -3.91 -231 —
Renewable grid 2 -3.36 -3.9 -2.3 —
Fossil fuel grid 1 —-3.25 —3.7 -2.19 — GREET®
Fossil fuel grid2 -3.2 -3.8 221 —
This study -33 3.8 225 — Calculated

This journal is © The Royal Society of Chemistry 2022

system to thermal energy and assume world power grid mix-
tures (see ESI Table ES4t). Red oak and yellow pine scenarios
compared to DAC plants with different electrical resources are
shown in the ESI (Tables ES6 and ES77).

The 250 MTPD corn stover-based FP and ATP no PT biorefi-
neries achieved negative GHG emissions ranging between —3.2
to —3.4 kg CO,. per MJ and —-3.7 to —3.9 kg CO, per MJ of
energy usage, respectively. An ATP PT biorefinery based on
corn stover, while producing more sugar than the biorefineries
without biomass pretreatment, did not reach as high of carbon
removal ranging only between —2.1 to —2.3 kg CO, per M] of
energy usage. This is primarily because this scenario produced
a lower yield of biochar with lower carbon content (see
Table ES3 in ESIT for calculation details for all three biomass
feedstocks).

Considering a world power grid mixture of 2030 and 2050,
the DAC plant achieves negative GHG emissions of only —0.04
and —0.12 kg CO,. per M] energy, respectively. In fact, DAC
plants operating on the German grid would have positive GHG
emissions. On an energy basis, the proposed carbon negative
biorefineries achieve over an order of magnitude greater
carbon removal on an energy consumption basis than DAC
plants.

The cost of CO, removal is a key metric for assessing the
performance of carbon removal technologies. For the ATP and
FP biorefineries, this was calculated as the difference between
biorefinery operating costs and revenues for phenolic oil,
sugars, and biochar (as soil amendment) divided by the net
CO, removed. Because market prices for commodity products
like sugars are high variable over time, the cost of CO, removal
for a biorefinery are also expected to vary considerably. Fig. 8
plots sugar prices (left axis) and CO, removal costs (right axis)
over time, from 1994-2022, for corn stover-based biorefineries
(FP, ATP no PT, and ATP PT). Over the past decade, FP systems
would have had a positive cost for CO, removal ranging
between $18-$30 per ton of CO, removed. However, the ATP

Green Chem., 2022, 24, 9290-9302 | 9299
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scenarios all achieved negative costs for CO, removal; that is,
the value of pyrolysis products not used as carbon sequestra-
tion agents exceeded the operating costs of the biorefinery. A
negative cost of CO, removal indicates that carbon credits
would increase the profitability of a commercially viable
process. Corn stover-based biorefineries based on ATP no PT
had CO, removal costs of —$9 per ton CO, to —$17 per ton CO,
while the ATP PT scenario had CO, removal costs of —$9 to —
$139 per ton CO, over the last decade. In comparison, pro-
jected DAC systems have CO, removal costs ranging between
$100 to $1000 per ton of CO, removed.>”"

The cost of CO, removed for 250 MTPD biorefineries based
on red oak and yellow pine are shown in ESI Fig. ES14 and
ES15.7 For the red oak and yellow pine scenarios, since MSSPs
were negative in the last decade, the cost of CO, removal was
also negative, indicating a highly profitable process for carbon
removal.

Red oak and yellow pine-fed ATP facilities with pretreat-
ment would generate additional profits from carbon credits at
plant capacities smaller than 250 MTPD. ESI Fig. ES16-ES18}
investigate the cost of CO, removal for corn stover, red oak,
and yellow pine fed 50 MTPD FP and ATP plants. It is observed
that for corn stover, red oak and yellow pine the cost of CO,
removal remains positive for FP and ATP without pretreatment
scenarios (plant capacity being 50 MTPD). For corn stover FP
and ATP no PT scenarios (Fig. ES1671) the costs vary between
around $144-$151 per ton CO, removed and $81-$87 per ton
CO, removed in the past decade respectively. The same for red
oak (Fig. ES17t) vary between around $11-$78 per ton CO,
removed and $28.5-$68 per ton CO, removed in the past
decade respectively. Considering, yellow pine fed ATP (no pre-
treatment) 50 MTPD plant (Fig. ES187) the cost of CO, removal
varies between around $28-$77 per ton CO, removed in the
past decade. Henceforth, from sustainability point of view, all
the five aforesaid scenarios remain highly competitive to a
DAC plant (Fig. 11).

On the other hand, all the FeSO, pretreated ATP scenarios
showed mostly very minimal cost of CO, removal, being as low
as $19 per ton of CO, removed for corn stover scenario
(Fig. ES16t), and mostly negative cost of CO, removal specially
for woody biomass, varying between around —$137 to $9 per
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Fig. 11 Costs of CO, removal and minimum sugar selling prices (MSSP)
for corn stover (with and without pretreatment) fed fast pyrolysis (FP)
and autothermal pyrolysis (ATP) biorefineries as a function of the histori-
cal US sugar price.
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ton CO, removed for red oak (Fig. ES17}) and —$172 to $2 per
ton CO, removed for yellow pine (Fig. ES18t) in the past
decade. Thus, from both economic (considering present
market price of sugar) and environmental point of view, the
ATP plants with FeSO, pretreatment especially for woody
biomass scenarios are both economically and environmentally
lucrative at much smaller plant capacity, also while consider-
ing the fact that it can obtain additional revenues from carbon
price (given a carbon market).

These findings suggest that the ATP system can be operated
to maximize product revenues or carbon removal. Thus, public
incentives could play an important role in the optimal ATP
facility configuration. Furthermore, an ATP system could vary
its product distribution in response to market prices and
public incentive values.

4 Conclusions

This study investigated the prospects for carbon-negative pyrol-
ysis biorefineries. Biorefineries based on conventional fast
pyrolysis (FP) and autothermal pyrolysis (ATP) at a scale of
250 MTPD were compared. Three feedstocks (corn stover, red
oak, and yellow pine) were converted into levoglucosan-rich
sugar, phenolic oil, and biochar. In three ATP scenarios, the
lignocellulosic feedstocks were treated with FeSO,, which
resulted in a higher yield of sugars and phenolic oil, while the
feedstocks remain untreated for the FP and ATP (without pre-
treatment) scenarios leading to smaller yields of both of these
products.

All the ATP scenarios achieved significantly lower capital
costs compared to FP scenarios. This reflects the relative sim-
plicity of the oxygen-blown pyrolyzer, which does not require
equipment like heat exchangers and other ancillary equipment
associated with a conventional fast pyrolysis plant. Both FP
and ATP plants achieved negative MSSPs for woody (lignin-
rich) feedstocks, reflecting the high economic value of pheno-
lic oil for the production of bioasphalt. Corn stover achieved
negative MSSP only for ATP without pretreatment of the feed-
stock. Although pretreatment significantly increased sugar
yields, the high ash content of corn stover required large
amounts of FeSO, for pretreatment, driving up the MSSP to
positive values. The high sensitivity of MSSP to +20% changes
in phenolic oil price reflects its high base case value ($500 per
ton) compared to other products (sugar and biochar).

Life cycle analyses indicates that all eight plants achieve
carbon negative operation, reflecting the large amount of bio-
genic carbon in the form of bio-asphalt and biochar that are
sequestered. This is reflected in the dominance of emission
factors for phenolic oil and biochar in the sensitivity analyses
for GHG emissions and carbon removal. All scenarios for bior-
efineries achieved one to two orders of magnitude more
carbon removal per unit energy consumption than direct air
capture (DAC). This reflects the fact that the pyrolysis biorefi-
neries process energy-rich feedstocks while DAC must capture
and concentrate CO, from the atmosphere, an extremely

This journal is © The Royal Society of Chemistry 2022
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energy intensive process requiring large amounts of renewable
energy input.

Economic analysis found that the cost of CO, removal was
negative for 250 MTPD ATP plants with FeSO, pretreatment,
representing a significant opportunity for generating
additional revenue even for carbon markets in which the price
is only a few tens of dollars per ton of CO, equivalent seques-
tered. In contrast, the high energy consumption and absence
of salable products other than carbon sequestration agent for
DAC currently requires carbon prices of hundreds of dollars
for a viable business model.
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