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Converting biomass into jet fuel involves more than the core chemical process. The overall
process includes the logistics of harvesting and transporting the biomass, handling and
preparing the material for processing, and processing and disposal of waste. All of these
activities contribute to cost. Controlling cost involves more than developing efficient
process chemistry. Choice of feedstock also has a significant impact on process
economics. We consider chemical conversion of paper from municipal solid waste as
a feedstock for the production of jet fuel and diesel. Paper has a significantly higher
cellulose content than raw lignocellulosic biomass such as corn stover, so it requires less
pretreatment to convert it into hydrocarbons than lignocellulosic biomass. Our techno-
economic analysis showed that the cost of converting paper waste into jet fuel is about
$1.00/gal less than jet fuel produced from corn stover. Although the cost of recycling paper
into jet fuel is less than producing it from corn stover, the process is not competitive with
petroleum. We estimated a minimum selling price of $3.97/gal for paper-derived jet fuel.
Our sensitivity studies indicated that the biggest economic obstacle is the cost of cellulose
hydrolysis. Direct hydrogenation of paper to sugar alcohols combined with increased
economy of scale could make recycling paper jet fuel competitive.
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INTRODUCTION

In 2019, the US aviation industry consumed 636 million barrels or 3.8 EJ of fuel (US Energy
Information Agency, 2021a). Air travel accounts for about 12% of the fuel consumed by the US
transportation sector and about 13% of the carbon dioxide emissions (US Energy Information
Agency, 2021a). The International Air Transport Association is committed to carbon-neutral growth
of their industry (Stalnaker et al., 2016). This goal will limit carbon dioxide emissions from air
transportation to 2020 levels (International Air Transport Association, 2015). Strategies for meeting
this goal include efficiency improvements, but efficiency improvements alone are not sufficient. A
bio-based hydrocarbon fuel with low life-cycle carbon dioxide emissions is also needed.

Sustainability encompasses economic and social impacts as well as environmental impact. Use of
lignocellulosic biomass addresses, in part, economic and social impacts by avoiding competitionwith food
crops and the social impact of higher food prices. However, a sustainable fuel also must be cost
competitive. The average US jet fuel price in 2019 was $1.97/gal (US Energy Information Agency, 2021a).
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The US Energy Information Agency projects only a moderate
increase in price to $2.04/gal by 2030 (US Energy Information
Agency, 2021b). The National Renewable Energy Laboratory
(NREL) estimated the cost of producing hydrocarbon fuels
from lignocellulosic biomass to be $4.05/gal in 2011 US dollars
(USD) (Davis et al., 2015). Wang et al. (2016) report the cost of
converting lignocellulosic biomass into jet fuel to be
$4.00–$23.30/gal. Currently, producing jet fuel from
lignocellulosic biomass is not sustainable because it is not
economically competitive.

Producing jet fuel from biomass involves more than the
chemistry. It includes the logistics of obtaining the biomass,
preparation and pretreatment of the biomass, and processing
and disposal of waste. All of these associated processing steps
contribute to the overall capital investment and operating costs of
the plant. Controlling cost requires more than efficient process
chemistry. Choice of feedstock with its associated costs,
availability, and logistics has a significant impact on process
economics.

We investigated other sources of sustainable jet fuel and
concluded that recycle paper is a promising alternative to raw
lignocellulosic biomass. Paper is a refined product with
significantly higher cellulose content than raw biomass (see
Table 1); so it requires less handling and pretreatment. It also
contains less waste materials than raw biomass. Therefore,
producing hydrocarbon fuels from recycle paper instead of
raw biomass reduces the capital investment and the operating
costs. Cultivated forest biomass, such as the loblolly pine in the
Southeastern US, is an important source of wood pulp (Gonzalez
et al., 2011) and a possible source of lignocellulosic biomass for
fuel production (US Department of Energy, 2016). Figure 1
shows that producing jet fuel from recycled paper is part of a
closed carbon cycle similar to other biofuels. The biomass to
paper to jet fuel cycle differs from other biofuel cycles in that it
involves reuse of a commercially valuable intermediate product.

We considered whether using recycle paper to produce fuels
has any economic advantages over processes based on raw
lignocellulosic biomass. Therefore, we performed a techno-
economic analysis of a process for converting recycle paper
into jet fuel. Our conceptual design is based on a process that

TABLE 1 | Typical compositions of raw corn stover and recycle paper.

Component Composition (wt%)

Corn stover Recyclable paper Unrecyclable paper

Water 20.0 5.6 4.6
Cellulose 28.0 63.2 52.5
Hemicellulose 15.6 13.0 10.8
Starches 3.5 — —

Lignin 12.6 6.5 5.4
Lipids — 1.0 15.7
Protein 2.5 — —

Other Organic Material 13.9 — —

Ink — 5.2 3.3
Inorganic Material 3.9 3.0 3.9
Metal — 2.6 3.7

FIGURE 1 | A simple diagram of the carbon cycle for the production of jet
fuel from recycle paper.

FIGURE 2 | 2017 US paper consumption and ultimate disposition in
million annual tonnes. The diagram is based on information from (European
Integrated Pollution Prevention and Control Bureau, 2001), (Food and
Agriculture Organization of the United Nations, 2015), and (US
Environmental Protection Agency, 2020).
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Blommel and Price (2017) patented for converting sugars into
hydrocarbon fuels. The evaluation included the availability of
paper for recycling, costs, and lifecycle carbon dioxide emissions
and solid waste generation. The time needed to commercialize a
new process for a commodity chemical is on the order of 10 years
(Vogel 2005), so we have set our target production cost to the
projected 2030 jet fuel price of $2.04/gal.

The goal is not to argue that recycling paper to jet fuel is the
solution to sustainable air transportation. Instead, we want to
show that using recycled paper as a feedstock could be a first step
in commercializing technology for producing fuels from
cellulosic materials.

VIABILITY OF RECYCLED PAPER AS A
SOURCE OF JET FUEL

Figure 2 shows US paper consumption for 2017 and its ultimate
disposition. Overall paper usage in the US is decreasing; but
wrapping, packaging, and board, which is the major use of paper
products, is increasing as a result of increased e-commerce (Food
and Agricultural Organization of the UN, 2015). About 83% of
the paper consumed is suitable or available for recycling into
paper products. The remaining 17% is used for books and other
permanent records or it is contaminated with food and materials
that make it unsuitable as a source of paper products. Currently,
about 64% of the paper used in the US is collected for recycling
(US Environmental Protection Agency, 2020). Of the paper
collected, domestic recyclers use 59% and the remainder is
exported. When paper is recycled, an average of 12% of the
cellulose fibers are rejected because of degradation (European
Integrated Pollution Prevention and Control Bureau, 2001).

Scrap paper currently being exported, paper currently
discarded to landfills, and degraded pulp from recycling plants
could be used for jet fuel production without any impact on
current domestic recyclers. Thus, the minimum amount of scrap
paper available for fuel product would be 36 million tonnes/yr.
We estimated that 1 tonne of mixed paper waste could produce
about 2.4 bbl of jet fuel. (We will discuss the basis of this estimate
in subsequent sections.) The minimum amount scrap paper
available for fuel production could yield about 76–83 million
bbl of jet fuel per year, which is 13–14% of the annual US demand.
Themaximum amount of paper that could be converted to jet fuel
is the total amount of paper available for recycling plus part of the
paper that is currently not recyclable, or 59 million tonne/yr. The
maximum jet fuel production would be about 124–136 million
bbl/yr or 21–22% of the US demand. We estimated that up to 3
million tonnes/yr of food contaminated waste that is currently
considered not recyclable may be suitable for producing an
additional 7 million bbl/yr of jet fuel. Although recycle paper
cannot be used to replace all US jet fuel needs, the amount of
fuel that could be produced from this raw material is not
trivial.

Recyclable paper has some logistical advantages over
lignocellulosic biomass. First, paper is not a seasonal crop. It is
available continually throughout the year, which reduces storage
requirements and costs. Second, the largest sources of recyclable

paper are large metropolitan areas where the amount of paper
available per hectare is much greater than lignocellulosic biomass
derived from agricultural waste. If 75% of the rural land in a
Midwestern state is available for corn production, and corn stover
are harvested from 50% of the available land, the concentration of
biomass would be 1.9 tonne/ha which yields 1.0 tonne/ha of sugar
(Aden et al., 2002). Based on average US paper consumption per
capita, average recycling rates, and population density, we
estimated the concentration of recyclable paper in New York
City to be 19 tonne/ha, which yields 16 tonne/ha of sugar. New
York City is the most concentrated source of recyclable paper, but
the concentration of recyclable paper in less densely populated
cities is still greater than the concentration of corn stover in a
Midwestern farming area (European Integrated Pollution
Prevention and Control Bureau 2001). The amount of
recyclable paper available in the 10 largest US metropolitan
areas is sufficient to produce about 10% of the fuel consumed
by the domestic air transport industry. Because of the high
concentration of recyclable paper in cities, collection cost
per tonne for recycle paper are less than harvesting
agricultural waste. Also, plants for converting recycled paper
into jet fuels would be best located near large cities serviced by
one or more large airports. Thus, jet fuel production would be
located near the largest consumers, which would reduce
distribution costs.

PROCESS DESCRIPTIONS

Blommel and Price (2017) patented a process for converting corn
syrup into a hydrocarbon mixture encompassing the boiling
range of jet fuel and diesel. The National Renewable Energy
Laboratory (NREL) developed conceptual design of a process for
converting lignocellulosic biomass into naphtha and diesel fuel
based on Blommel and Price’s patent and enzymatic hydrolysis of
cellulose. We developed two concepts based on Blommel and
Price’s patent for converting recycle paper into jet fuel. The first
concept is an adaptation of NREL’s process with enzymatic
hydrolysis of cellulose. The second concept uses acid
hydrolysis to produce the sugar syrup. Both processes require
hydrogen, which is assumed to be supplied by an on-site steam
reforming planted located on site.

Summary of Process With Enzymatic
Hydrolysis
Figure 3 is a simplified block diagram showing the major steps of
the paper to jet fuel process with enzymatic hydrolysis. This
process is a version of the process developed by Davis et al. (2015)
that has been modified to accept paper as the feedstock rather
than corn stover. The process consists of eight major steps plus
storage and utilities.

• Mechanical Repulping uses technology from the paper
recycling industry to convert the recycled paper into a
cellulose fiber slurry. The step includes creation of the
fiber slurry, removal of filler materials, and deinking.
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Calcium carbonate is the major component of the filler, and
it must be removed to reduce sulfuric acid consumption.
The process differs from paper recycling because it does not
include fractionation of the fibers or extensive dewatering
steps. Because fiber quality is irrelevant, the process can
accept paper contaiminate with food and other materials
that make it unsuitable for paper products. The process is
purely mechanical and uses no heat or chemicals.

• Pretreatment and Conditioning uses a dilute sulfuric acid to
hydrolyze hemicellulose into its component sugars and
organic acids. The sulfuric acid is neutralized with
sodium hydroxide prior to Enzymatic Hydrolysis.

• Enzyme Production is a fermentation for production of the
cellulase used for enzymatic hydrolysis of the cellulose
fibers.

• Enzymatic Hydrolysis first converts the cellulose to dissolved
glucose via an enzymatic hydrolysis. The hydrolysate is
filtered to separate lignin and other solids from the
aqueous solution.

• Concentration, Filtration, Ion Exchange evaporates excess
water from the hydrolysate, it filters out any remaining
solids, and it removes dissolved ionic species in a series of
ion exchange columns. The product of this step is an
aqueous solution that is nearly 50 wt% soluble sugars.

• Catalytic Conversion and Upgrading is based on (Blommel
and Price, 2017) process chemistry. The sugars are first
hydrogenated to produce sugar alcohols. A sequence of
dehydration, hydrogenation, and condensation reactions
to covert sugar alcohols into C1–C24+ hydrocarbons. This
process step includes distillation to separate a light of
hydrocarbons from the heavier distillate product.

• Wastewater Treatment is a combination of anaerobic and
aerobic digestion to remove organic materials from the

water. Anaerobic digestion produces a CH4/CO2 biogas
that can be used as fuel in the boiler. Sludge for aerobic
digestion is dewatered and used as fuel. The wastewater
treatment process also removes dissolved solids making the
treated water suitable for reuse in the process.

• Boiler/Turbogenerator burns biogas, off gas from Catalytic
Conversion and Upgrading, solid waste and organic
materials from Mechanical Repulping, dewatered sludge
for Wastewater Treatment, lignin, and other combustible
solids to produce steam. Steam is used for process heat and
generating electricity.

Our Catalytic Conversion and Upgrading process is nearly
identical to NREL’s (Davis et al., 2015) realization of (Blommel
and Price, 2017) process. This process consists of four reaction
steps and a distillation. We used the same catalysts and operating
conditions for the reactor in our design, but we modified the
distillation to produce an off gas (C1–C7) and a fraction with the
boiling range of jet fuel (C8+). Davis et al. (2015) give the details of
the catalysts and operating conditions used for Catalytic
Conversion and Upgrading process.

The first step is catalytic hydrogenation to reduce the
sugars to sugar alcohols (e.g., sorbitol) or other polyols.
The sugar alcohols then undergo catalytic aqueous-phase
reforming (APR), which is a complex set of reactions that
produce hydrogen, carbon dioxide, light alkanes, oxygenated
compounds (Cortright et al., 2002). APRs tend to cleave C-C
bonds and C-O bonds. Oxygenated products include alcohols,
ketones, aldehydes, furans, diols, triols, and organic acids.
Cleavage of aldehyde groups form hydrogen, carbon
monoxide, and smaller polyols. In the water rich
environment, carbon monoxide undergoes the water-gas
shift reaction to form hydrogen and carbon dioxide.

FIGURE 3 | A block diagram of a process for converting recycle paper into jet fuel with enzymatic hydrolysis.
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Carbon monoxide can also participate in the methanation and
Fischer-Tropsch reactions to for light hydrocarbons.

The organic compounds in the APR product stream have an
average carbon number less than six. In the condensation reactor,
chain length increase to C8–C24. Multiple reactions occur in this
step including dehydration, oligomerization, cyclization,
aromatization, and hydrogenation producing normal and iso-
paraffins, olefins, ketones, aromatics, and cycloparaffins
(Blommel and Price, 2017; Cortright and Blommel, 2013) The
organic products, which are insoluble in water, are separated
from the aqueous phase and fed to hydrotreating reactor where
hydrodeoxygenation reactions remove oxygen from
condensation products while leaving the carbon chains intact.

Summary of Process With Acid Hydrolysis
Figure 4 is a block diagram of the process with acid hydrolysis.
The process is similar in structure to the process with enzymatic
hydrolysis. Acid hydrolysis performs the same function as the
combined function Pretreatment and Conditioning, Enzyme
Production, and Enzymatic Hydrolysis. The processing step
takes the repulped fibers and hydrolyzes the cellulose and
hemicellulose into simple sugars. Acid Recovery,
Concentration, and Ion Exchange removes the sulfuric acid for
the hydrolysate and concentrates it for recycling. This step also
includes filtering out residual solids, concentrating the
hydrolysate, and removing dissolved ionic species from the
hydrolysate. The product of these two steps is a syrup
containing about 50 wt% dissolve sugars. The sugar solution is
converted into jet fuel using the same method as the process with
enzymatic hydrolysis.

Acid hydrolysis is based on what the technical literature refers
to as the two-step process. It is called the two-step process because
it consists of two hydrolysis steps–a dilute acid hydrolysis of
hemicellulose followed by a concentrated acid hydrolysis of
cellulose (Kosaric et al., 2011). The complete process includes
the hydrolysis steps plus separation processes. The process begins

with the dilute acid hydrolysis. Sulfuric acid is added to the pulp
slurry creating a mixture containing 4.4 wt% sulfuric acid. Dilute
acid hydrolysis occurs at 100°C. This step results in complete
hydrolysis of the hemicellulose in the paper. The mild operating
conditions minimize the conversion of pentoses into furfural and
the production furfural oligomers and polymers. After dilute
hydrolysis, the remaining solids are filtered out of the slurry,
dried, and combined with 85 wt% sulfuric acid. After the solids
are mixed with the acid, water is added to reduce the sulfuric acid
concentration to 8 wt%. Concentrated acid hydrolysis occurs at
110°C and results in a 90% cellulose conversion. Residual solids
are removed from the hydrolysate, and the hydrolysate is
combined with the dilute acid hydrolysate.

The first step in purifying and concentrating the hydrolysate is
removing the sulfuric acid using resin wafer electrodeionization
(RW-EDI) (Datta et al., 2013). RW-EDI is a modified version of
electrodialysis that incorporates ion exchange resin beads within
the electrodialysis stack. RW-EDI removes 99% of the sulfuric
acid from the hydrolysate and concentrates it to 25 wt%. The
hydrolysate passes through an ultrafilter prior to RW-EDI to
ensure that it contains no fine particles that could foul the
membrane. Part of the sulfuric acid is distilled to produce
85 wt% sulfuric acid for concentrated acid hydrolysis. The
remainder is recycled to dilute acid hydrolysis. After the
sulfuric acid has been removed, the hydrolysate is
concentrated using the same process as in the process with
enzymatic hydrolysis, and dissolved anionic species are
removed in an ion exchange column. The hydrolysate contains
no cationic species other than hydrogen ions.

MATERIAL AND ENERGY BALANCES

We determined the material balances for a 3,900 bbl/day jet fuel
plant. We included a corn stover to jet fuel process based on the
biomass to hydrocarbon process of Davis et al. (2015). The

FIGURE 4 | A block diagram of a process for converting recycle paper into jet fuel with acid hydrolysis.
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process was modified to produce a distillate consisting of
hydrocarbons with chain-lengths in the jet fuel range. The
corn stover composition for this process is given in Table 1.
Material and energy balances for this process were obtained
directly from Davis et al. (2015) with slight modifications.
Table 2 contains a summary of the material and energy
balances for the corn stover to jet fuel process.

The feedstock for the recycle paper to jet fuel process consists
of 80% recyclable paper and 20% unrecyclable paper, which
approximates typical municipal solid waste. Table 1 gives the
composition of recyclable and unrecyclable paper. Food
contamination of unrecyclable paper is represented by a high
lipids content. The inorganic content of paper consists of
whitening agents and filler. Calcium carbonate and talc

constitute the vast majority of these inorganic materials. The
metal content consists of staples, fastener, foil, and other metals
that were not removed when the paper was discarded or
segregated for recycling.

To calculated the material and energy balances for the paper to
jet fuel process with enzymatic hydrolysis, we used the same
assumptions and models used by Davis et al. (2015) for their
biomass to hydrocarbon process. Most of the ink, inorganic filler
materials, and metal are removed from the paper during the
repulping process using a series of settling and flotation
operations. Repulping consumed electricity to drive the
mechanical repulping and physical separation processes. We
obtained an estimate of the power consumption from an
International Energy Agency publication (Börjessen and

TABLE 2 |Overall material and energy balances for corn stover to jet fuel, recycle paper to jet fuel with enzymatic hydrolysis, and recycle paper to jet fuel with acid hydrolysis.

Quantity Corn stover to jet Paper to jet
with enzymatic hydrolysis

Paper to jet
with acid hydrolysis

Feedstock
Corn Stover (kg/h) 104,200 — —

Recyclable Paper (kg/h) — 54,211 54,980
Unrecyclable Paper (kg/h) — 13,826 14,021

Process Chemicals
sulfuric acid (kg/h) 2,240 2,038 1,420
ammonia (kg/h) 368 495 —

Hydrochloric Acid (kg/h) 1,120 1,790 —

Caustic (kg/h) 950 690 —

Glucose (kg/h) 1,210 1,690 —

Corn Steep Liquor (kg/h) 83 116 —

Corn Oil (kg/h) 7 10 —

Host Nutrients (kg/h) 34 47 —

Sulfur Dioxide (kg/h) 8 11 —

Hydrogen (kg/h) 3,890 3,870 3,890

Wastewater Treatment
ammonia (kg/h) 109 15.3 16.4
Polymer (kg/h) 2 0.30 0.30

Boiler/Turbogenetator
Electricity Generated (MW) 46 31.8 11.3
Boiler Chemicals (kg/h) 0.2 0.13 0.13
FGD Lime (kg/h) 180 — —

Cooling Towers
Cooling Water (m3/h) 520 248 355
Cooling Water Chemicals (kg/h) 3 1.4 2
Makeup Water (m3/h) 157 75 107

Utilities
Process Water (m3/h) 377 91 127
Steam (MW) 46 45 81
Electricity Consumed (MW) 35 34 69
Plant Air (Nm3/h) 181,000 181,000 181,000

Products
Jet Fuel Yield (bbl/tonne feed) 1.56 2.40 2.36
Jet Fuel (bbl/hr) 163 163 163
Electricity Exported (MW) 11 — —

Waste
Water Discharge (m3/h) 182 122 128
Ash (kg/hr) 9,940 3,320 3,610
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Ahlgren, 2015). Table 2 contains a summary of the material and
energy for the paper to jet fuel process with enzymatic hydrolysis.

For the paper to jet fuel process with acid hydrolysis, we used a
ChemCAD model to determine the material and energy balances
for acid hydrolysis, acid recovery, hydrolysate concentration, and
ion exchange. Power needed for the RW-EDI process was
estimated from the current cell, voltage, and cell efficiency
(Patel et al., 2020). The paper to jet fuel process with acid
hydrolysis produces a concentrated hydrolysate containing
about 50 wt% sugars, which is fed to Catalytic Conversion and
Upgrading. Assumptions and models used for Chemical
Conversion and Upgrading are the same as those used for the
process with enzymatic hydrolysis. The assumptions and models
for wastewater treatment and the boiler/turbogenerator are the
same as used in the process based on corn stover (Davis et al.,
2015). Table 2 contains a summary of the material and energy for
the paper to jet fuel process with acid hydrolysis.

A key difference among the three processes is yield per
tonne of feedstock. The yields of all three processes are about
80% of the theoretical maximum based on carbohydrate
content (i.e. cellulose, hemicellulose, and starches), but the
carbon hydrate content of corn stover is significantly less than
paper. Corn stover contains about 47 wt% carbohydrates while
paper contains 63–76 wt% carbohydrates. The lower
carbohydrate content means that 1.4–1.5 tonnes of corns
stover is required to produce the same volume of jet fuel as
1.0 tonne of recycle paper.

Another key difference is the fuel produced per tonne of
feedstock. Corn stover contains more lignin and other organic
matter that can be used as fuel than paper. The additional fuel
means that the corn stover process is net producer of electricity
while recycle paper processes are net electric consumers. Because
of the greater volume processed and the chemical form of the
inorganic material, burning the corn stover residue produces
approximately 3 times the solid waste than burning the residue of
a paper to jet fuel process.

A third key difference is the ratio of cellulose to hemicellulose.
Paper is a refined bioproduct that contains nearly 5 times more
cellulose than hemicellulose. The cellulose to hemicellulose ratio
in corn stover is about 1.8. Because the glucose from cellulose
constitutes a greater fraction of the total sugars produced, a jet
fuel process with enzymatic hydrolysis of paper requires more
cellulase than a process based on corn stover as well as the more if
the chemical feedstocks needed to produce cellulase.

The hydrolysis process has a significant impact on material
and energy balances for the paper to jet fuel processes. The overall
yields of both processes are about the same. However, recovery
and recycling of sulfuric acid is also energy intensive. A process
with acid hydrolysis consumes about twice as much steam as a
process with enzymatic hydrolysis. Increased process steam
consumption in the process using acid hydrolysis result in
approximately 64% less electrical power generation than a
process with enzymatic hydrolysis. Use of RW-EDI in for
sulfuric acid production results in a process that consumes
about twice as much electricity as the process with enzymatic
hydrolysis. As a consequence of lower power generation and
higher power demand, the net electrical power consumption is

about 12 times greater for the process with acid hydrolysis than
the process with enzymatic hydrolysis.

TECHNO-ECONOMIC ANALYSIS

Techno-economic analysis consists of three major parts–capital
cost estimation to determine the investment required to build the
process; operating costs estimate to determine the annual
expenses of operating the plant; and a cash flow analysis,
which combines capital and operating costs to determine the
overall production costs. We use a methodology and assumptions
that have been benchmarked against cellulosic ethanol
production for the analysis (Kubic, 2019). Cost estimates are
based on a US Midwest location. Estimates are in 2020 USD.

Capital Cost Estimates
Capital cost estimates for the recycle paper to jet fuel were based
on conceptual designs with a low level of maturity. Given the low
level of process definition, the appropriate estimation method
should be consistent with an Association for the Advancement of
Cost Engineering International Class 5 (AACE International,
2011) estimate with an accuracy range of -20/+30% to 50/
+100% or an American National Standards Institute order-of-
magnitude estimate (Institute of Industrial Engineers, 2000) with
an accuracy of −30/+50%. We used a factor method (Woods,
2007) to determine fixed capital investment (FCI) and total
capital investment (TCI) from purchased equipment cost
(FOB cost).

We determined FOB costs and installation factors from
correlations in Woods (2007) and data in Davis et al. (2015).
FOB costs were converted to 2020 USD using Chemical
Engineering Plant Cost Index. Assumptions for estimating
additional direct costs, indirect costs, and additional capital
costs were based on the recommendations of (Kubic et al.,
2019). Contingencies are added to the cost estimate to account
for judgment errors in accumulation of the project scope (Page
1996). Contingencies can range from 10 to 80% of direct costs
depending on the degree of project definition (Garrett, 1989;
Woods, 2007). Cost estimates in this study are based on a
conceptual design, so large contingencies are appropriate. We
assumed a contingency of 30% of direct costs based on (US
Department of Energy, 1997) guidance.

Table 3 is a summary of the capital cost estimates. The FCI for
the corn stover to jet fuel is 5% greater than the paper to jet fuel
with enzymatic hydrolysis. This difference is well withing the
estimation errors for a Class 5 estimate. The FCI for the paper to
jet fuel process with enzymatic hydrolysis is 10% greater than the
process with acid hydrolysis. About 80% of this difference can be
attributed to differences in the cost of the hydrolysis process. The
installed equipment cost for enzymatic hydrolysis is more than
40% greater than the installed equipment cost for acid hydrolysis.
Although the differences in FCI and installed equipment costs of
hydrolysis equipment are within the uncertainty of Class 5
estimate, the count of major operations suggest that the
difference may be real. Correlations for order-of-magnitude
cost estimates have been developed that give FCI as a function
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TABLE 3 | Capital cost estimates for corn stover to jet fuel, recycle paper to jet fuel with enzymatic hydrolysis, and recycle paper to jet fuel with acid hydrolysis in million USD (2020).

Capital expense (basis) Corn stover to jet Paper to jet with enzymatic hydrolysis Paper to jet

With acid

Hydrolysis

FOB Installed FOB Installed FOB Installed

ISBL equipment costs
Feedstock Handling $13.2 $28.7 — — — —

Repulping — — $19.3 $49.0 $16.2 $40.5
Pretreatment $29.7 $55.9 $27.3 $53.3 — —

Enzymatic Hydrolysisa $44.7 $71.3 $30.1 $67.7 — —

Enzyme Production $6.2 $13.9 $8.5 $18.6 — —

Acid Hydrolysisb — — — — $40.3 $95.8
Catalytic Conversion $33.6 $85.7 $33.6 $88.6 $33.6 $87.1

Total ISBL Equipment Cost $127.4 $255.5 $118.7 $277.1 $90.1 $223.4

OSBL Equipment Costs
Wastewater Treatment $29.2 $49.8 $18.8 $35.2 $21.5 $40.1
Boiler/Turbogenerator $35.8 $79.0 $1.7 $3.7 $24.4 $55.5
Storage $2.4 $6.2 $28.1 $63.8 $4.2 $8.3
Utilities $3.4 $8.4 $2.7 $5.8 $1.8 $4.0

Total OSBL Equipment Cost $70.7 $143.5 $51.3 $108.5 $51.9 $107.9

Additional Direct Costs
Fire Protection (0.7% of ISBL) $1.8 $1.9 $1.6
Auxiliary Buildings (5% of ISBL) $12.8 $13.9 $11.2
Additional Piping (4.5% of FOB) $8.9 $7.6 $6.4
Site Development (9% of FOB) $17.8 $15.3 $12.8
Engineering Services (10% of ISBL) $15.8 $12.4 $12.1
Construction Services (5% of ISBL) $7.9 $6.2 $6.0
Project Management (5% of ISBL) $7.9 $6.2 $6.0

Total Direct Costs $471.8 $449.1 $387.3
Indirect Costs
Contractor Fee (5% of direct costs) $23.6 $22.5 $19.4
Continencies (30% of direct costs) $141.5 $134.7 $116.2

Total Indirect Costs $165.1 $157.2 $135.8

Fixed Capital Investment $637.0 $606.4 $552.9

Additional Capital Expenses
Land (2% of FCI) $12.7 $12.1 $10.5
Spare Parts (2% of FCI) $12.7 $12.1 $10.5
Legal Fees (1% of FCI) $6.4 $6.1 $5.2
Working Capital (25% of mfg. costs) $39.7 $25.6 $31.7
Startup Expenses (15% of FCI) $95.5 $91.0 $78.4

Total Additional Capital Expenses $167.1 $146.9 $136.3

Total Capital Investment $804.1 $753.3 $659.2

aIncludes enzymatic hydrolysis and concentration, filtration, and ion exchange in Figure 3.
bIncludes acid hydrolysis and acid recovery, concentration, and Ion exchange in Figure 4.
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of number of processing steps and plant capacity (Zhang and El-
Halwagi, 2017). Enzymatic hydrolysis requires 12 processing
steps while acid hydrolysis requires 9. Fewer processing steps
suggest that the FCI for acid hydrolysis should be less than the
FCI for enzymatic hydrolysis.

Operating Cost Estimates
Operating costs are generally divided into two categories–variable
costs, which depend on production volume, and fixed costs,
which are independent of production volume. Variable costs
include feedstock costs, chemicals, utilities, and waste disposal.
We obtained the price of delivered corn stover from Thompson
and Tyner (2011). Price was adjusted for moisture content and
converted to a 2020 price using the producer price index for hay
from the US Bureau of Labor Statistics. The price of recycle paper
depends on its classification, as shown in Table 4. We used a
weighted average of mixed paper, old cardboard, and sorted
residential paper for the price of recyclable paper for our cost
estimates. Unrecyclable paper is currently sent to landfills for
disposal. We assumed a credit for unrecyclable paper equal to the
average landfill charge in the US Midwest.

We determined 2020 prices for chemicals, catalysts, and
utilities from advertised prices, trade journals (e.g., ICIS
Chemical Business), technical journals and reports, commodity
trading data, and the US Energy Information Agency. If data was
available, we used annual average values. If multiple sources of

data were available, we used the median value. If prices for 2020
were not available, we estimated the price using the available data
and the appropriate producer price index from the US Bureau of
Labor Statistics. We assumed that an onsite natural gas steam
reforming plant provides hydrogen, and we estimated the
hydrogen prices based on the 2020 industrial natural gas price
of $3.29/Mscf. Electricity is purchased at the average 2020 price
for the industrial users in the Midwest, which is $66.60/MWh.
Excess electricity is exported at the average wholesale price for the
Midwest. Makeup water price is based on the 2020 price for the
City of Chicago. The only waste produced is ash from the boiler.
Table 5 lists the prices for chemicals, catalysts, utilities, and waste
disposal.

To determine variable costs on an annual basis, we assumed a
90% process availability. Repulping is established and reliable
technology, so an assumed availability of 90% is reasonable for
the paper to jet fuel processes. Current technology for
preprocessing corn stover is unreliable and, therefore, has a
low availability. To determine the inherent price advantage of
recycle paper as a feedstock, we assumed that reliable technology
for preprocessing corn stover already exists; and the corn stover
to jet fuel process also has a 90% availability.

The number of operators required per shift using Brown’s
method (Brown, 2000). We assume that the plant employs five
complete crews. Five complete crews provide a sufficient number
of operators to ensure process is completely staffed at all times

TABLE 4 | Prices of recycle paper in the US Midwest in USD (2020) (Recycling Today, 2020).

Recycle paper classification Fraction
of recyclable paper

Price range ($/tonne)

Mixed Paper 34% $22.00–$27.50
Old Cardboard 7% $55.00–$60.50
Sorted Residential Paper 36% $49.50–$55.00
Sorted Office Paper 23% $104.50–$115.50
Unrecyclable Paper (landfill) — -$52.64

TABLE 5 | Prices for feedstocks, chemicals, catalysts, utilities, and waste disposal in USD (2020).

Quantity Price Quantity Price

Feedstocks Catalysts
Corn Stover ($/tonne) $80.00 APR-1 Catalyst ($/tonne) $120,000
Recyclable Paper ($/tonne) 40.45 APR-2 Catalyst ($/tonne) $16,500
Unrecyclable Paper ($/tonne) -$52.64 Condensation Catalyst ($/tonne) $43,000

Process Chemicals Wastewater Treatment Chemicals
Sulfuric Acid ($/tonne) $53.80 Boiler Chemicals ($/tonne) $6,200
Caustic ($/tonne) $250 FGD Lime ($/tonne) $28
Ammonia ($/tonne) $480 Cooling Tower Chemicals
Hydrochloric Acid ($/tonne) $35 Cooling Tower Chemicals ($/tonne) $3,700
Glucose ($/tonne) $700 Makeup Water ($/m3) $1.08
Corn Steep Liquor ($/tonne) $970 Electricity
Host Nutrients ($/tonne) $1,000 Industrial Rate ($/MWh) $52.64
Sulfur Dioxide ($/tonne) $250 Wholesale Price ($/MWh) $30.00
Hydrogen ($/tonne) $894 Waste Disposal

Ash ($/tonne) $52.64
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without the need for operators to work overtime. We assumed an
operator wage of $26.50 per hour based on the average reported
by the US Bureau of Labor Statistics for the Midwest in 2020.

The average maintenance cost for ethanol plants and
biotechnology companies is less than the average for the
chemical industry because materials tend to be less corrosive
and operating conditions are milder than the chemical industry.
Based on data from the ethanol industry and biotechnology
companies, we estimated the average maintenance cost for a
biorefinery to be 2.4% of FCI per year, which is less than average
value of 6% for the chemical industry (Garrett, 1989). Corn stover
to jet fuel and paper to jet fuel process have characteristics of
biorefineries and ordinary chemical plants. For example, enzyme
production is a biorefinery-like operation, which should have
maintenance costs typical of a biorefinery. Catalytic conversion is
petrochemical-like and should have maintenance costs typical of the
chemical industry. To account for the mixed nature of the processes,
we used a cost weight average to estimate maintenance cost.

We used the cost factors and methods recommended by Kubic
et al. (2019) to estimate the remaining fixed operating costs.

Table 6 contains a summary of variable and fixed operating cost
estimates.

Inspection of Table 6 reveals three important differences among
the three processes. First, the cost of corn stover is substantially higher
than recycle paper. The cost of corn stover per tonne is greater than
paper and more corn stover must be processed to produce volume of
product because of its lower carbohydrate content. Second, chemical
costs for the paper to jet fuel process with acid hydrolysis are less than
the other two processes because acid hydrolysis requires no chemicals
and nutrients for cellulase production. Electric costs for the paper to

TABLE 6 | Annual Operating Cost in million USD (2020).

Operating cost Corn stover to jet Paper to jet
with enzymatic hydrolysis

Paper to jet
with acid Hydrolysis

Feedstock and chemicals
Feedstock $65.7 $11.55 $11.71
Hydrogen $27.43 $27.90 $27.43
Chemicals and Catalysts $18.02 $19.60 $8.01
Waste Disposal $4.12 $1.38 $1.50
Subtotal $115.27 $60.43 $48.65

Utilities
Electricity — $3.34 $36.29
Water $1.35 $0.38 $0.74
Other $0.64 $0.11 $0.14

Subtotal $1.99 $3.83 $37.17

Total Variable Operating Costs $117.26 $67.73 $85.82

Direct Production Costs
Operators 95 85 75
Operator Salary ($26.50/hr) $5.24 $4.69 $4.13
Payroll Overhead (50% of labor) $2.62 $2.34 $2.07
Supervision (10% of labor) $0.52 $0.47 $0.41
Laboratory Charges (10% of labor) $0.52 $0.47 $0.41
Maintenance (3.6–4.5% of FCI) $22.98 $21.53 $23.68
Royalties (2% of sales) $5.90 $4.28 $4.71

Subtotal $39.00 $33.78 $37.92
Fixed Charges
Property Taxes (1.5% of land + equipment) $6.53 $6.32 $5.41
Insurance (0.7% of FCI) $0.21 $0.21 $0.21
Plant Overhead (15% of total wages) $0.94 $0.84 $0.74

Subtotal $7.68 $7.37 $6.37
General Expenses
Administrative Costs (2% of sales) $5.90 $4.28 $4.71
Distribution and Sales (2.5% of sales) $7.37 $5.35 $5.88
Research and Development (1% of sales) $2.95 $2.14 $2.35

Subtotal $16.22 $11.77 $12.94
Total Fixed Cost $61.67 $52.92 $54.73
Total Operating Cost $178.93 $120.65 $140.55

TABLE 7 | Financial parameters for discount cash flow analysis.

Plant life 30 years
Depreciation Time 7 years
Equity Financing 60%
Loan Interest Rate 5.5%
Loan Term 7
Federal Corporate Tax Rate 21%
State Corporate Tax Rate 4.8%
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jet fuel process with acid hydrolysis are much greater than the other
two processes because of the power consumption of RW-EDI.

Cash Flow Analysis
We use a discount cash flow analysis to evaluate the minimum
selling price for jet fuel. Minimum selling price is the product
price needed to give a 10% real internal rate of return after taxes.
The cash flow analysis begins with construction of the plant and
continues through the life of the plant. Construction time can be
estimated using the following correlation. (Kubic, 2014).

θ � α .ΤCI0.25,

where θ is the construction time in years, α is a constant that
depends on the type of project, and TCI is the total capital
investment. For a chemical plant with TCI computed in
million 2020 USD, α is 0.53. Construction spending as a
function of time is approximated by a beta distribution.
Working capital and start-up expenses are accrued during the
final year of construction. Startup, which is the time from the
introduction of feedstock until the process achieves some degree

of steady operations, is assumed to be 3 months (Myers et al.,
1986). Production is assumed to be zero during the startup period
and 80% of nameplate capacity during the first year of operations.

Table 7 summarizes the financial parameters for the discount
cash flow analysis. Plant life is measured from the end of start-up.
It is not a true measure of plant life. Rather, it is a time horizon for
the cash flow analysis. Depreciation in the analysis is only used to
estimate corporate profit taxes. We use a modified accelerated
cost recovery system with a 7 years depreciation time. The
method and depreciation time are dictated by the US tax code.
Both federal and state corporate taxes are included in the analysis.
We use a state tax rate of 4.8%, which is the average state tax rate
in the US.

The minimum selling prices for the three processes that we
considered in this study are $5.14/gal for the corn stover to jet fuel
process, $3.97/gal for the paper to jet fuel process with enzymatic
hydrolysis, and $4.13/gal for the paper to jet fuel process based in
acid hydrolysis. Figure 5 shows the cost breakdown for the three
processes by expense category. The minimum selling price for jet
fuel produced from corn stover is more than $1.00 higher than jet

FIGURE 5 |Cost breakdown by expense category for (A) Corn Stover to Jet Fuel Process, (B) Paper to Jet Fuel Process with Enzymatic Hydrolysis, and (C) Paper
to Jet Fuel Process with Acid Hydrolysis.
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fuel produced from recycle paper. This difference is the result of
the high cost of corn stover relative to recycle paper. The
minimum selling price for the paper to jet fuel processes
within the uncertainty limits of the analysis. Although the
total capital investment is less for the process with acid
hydrolysis, the operating cost are higher as a result of the high
electrical power consumption by RW-EDI.

Meeting the Cost Goal
The proposed paper to jet fuel processes do not meet the target
production cost of $2.04/gal. Therefore, it is reasonable to
consider possible technological improvements that could make
the process competitive with petroleum-derived fuels. We
identified six engineering improvements and technological
advances that could improve process economics and
determined their impact on cost.

• Increase Efficiency of RW-EDI–Figure 5 shows that
electricity account for 16% of the cost for the paper to jet
fuel process with acid hydrolysis, and RW-EDI accounts for
over 60% of the energy consumption. Reducing RW-EDI
power consumption and increasing the sulfuric acid
concentration in the permeate would reduce power
consumption and steam consumption as well as reduce
capital costs. These savings would reduce the cost of
producing jet fuel with the process with acid hydrolysis.

• Hydrogenation of Cellulose and Hemicellulose in
Pulp–Pretreatment and hydrolysis account for over
25% of production costs for both paper to jet fuel
processes. Direct hydrogenation of the pulp to
produce sugar alcohols would eliminate the capital
and operating costs associated with hydrolysis and
reduce overall production costs.

• Hydrogenation of Cellulose and Hemicellulose in Paper–The
cost of sorting paper in municipal solid waste is estimated to
be about $75/tonne and the cost of repulping the paper is
not negligible. Hydrogenating unsorted paper to produce
sugar alcohols would reduce repulping costs and eliminate
hydrolysis costs. By eliminating or substantially reducing
sorting costs it could turn recycle paper costs into a credit.

• Increase Plant Capacity–Figure 5 shows that capital costs
are the largest single factor in the overall cost of jet fuel. The

paper to jet fuel processes scale with capacity to the 0.66
power. Doubling capacity will reduce capital costs relative to
operating cost resulting in a reduction in product cost.

• Reduce Catalyst Cost–The catalysts for Catalytic Conversion
and Upgrading are expensive. Reducing catalyst cost by a
factor of 10 by finding less expensive options and improving
catalyst life will reduce operating costs.

• Reduce Excess Hydrogen–In the current process design,
about 22% more hydrogen is fed to Catalytic Conversion
and Upgrading than is consumed by the process. Reducing
excess hydrogen to less than 5%would reduce
production costs.

We evaluated the possible cost saving for each of these
scenarios considering reductions in capital costs as a result of
eliminating processing steps, reduction in variable capital costs as
a result of eliminating or reducing chemical feeds, and reducing
the required number of operators. Only two of the perturbations
could change overall process yields–direct hydrogenation of pulp
and paper. For these two perturbations, we assumed yields were
equal to those of the process based on acid hydrolysis.

Table 8 contains a summary of the results. The results show
that no single innovation reduces the cost of converting recycled
paper into jet fuel to the target value of $2.04/gal. The gains from
incremental process improvements (i.e., increasing efficiency of
RW-EDI, reducing catalyst cost, reducing excess hydrogen, and
increasing plant capacity) are not large enough to meet the target
price. A major technical innovation is needed.

Pretreatment and hydrolysis account for over 25% of
production costs. Direct hydrogenation of cellulose is the
subject of current research activities (Kobayashi et al., 2011;
Jiang, 2014; Liao et al., 2014; Negoi et al., 2014). Using direct
hydrogenation of cellulose and hemicellulose would eliminate the
capital and operating costs associated with pretreatment and
hydrolysis reducing production costs by $1.09/gal. Direct
hydrogenation of pulp combined with a doubling of process
capacity reduces costs to $2.44/gal, which still exceeds the target
value of $2.04/gal. Additional cost savings could be achieved by
developing a process for direct hydrogenation of unsorted paper.
This innovation would eliminate repulping costs and sorting
costs. Direct hydrogenation of unsorted paper would reduce
production costs to $2.31/per gal, which is $1.80/gal reduction

TABLE 8 | Impact of possible process improvements on minimum selling price.

Process improvement Cumulative impact ($/gal) Cost reduction ($/gal)

Acid
hydrolysis

Enzymatic
hydrolysis

Enzymatic
hydrolysis

Acid
hydrolysis

Enzymatic
hydrolysis

Enzymatic
hydrolysis

Nominal $4.13 $3.97 $3.97 — — —

Improve RW-EDI Efficiency $4.01 (a) (a) $0.12 — —

Hydrogenation of Pulp $3.01 $3.01 $3.01 $1.00 $1.09 $1.09
Hydrogenation of Paper $2.32 $2.32 (b) $0.69 $0.69 —

Double Capacity $1.72 $1.72 $2.44 $0.60 $0.60 $0.57
Reducing Catalyst Cost $1.60 $1.60 $2.32 $0.12 $0.12 $0.12
Decreasing Excess
hydrogen

$1.58 $1.58 $2.30 $0.02 $0.02 $0.02

(a) RW-EDI is not used with enzymatic hydrolysis. (b) Hydrogenation of paper not included in this series of sensitivity studies.
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from the nominal value. Hydrogenation of unsorted paper
combined with increased plant capacity could bring
production costs down to $1.71.

ENVIRONMENTAL IMPACT

We performed a lifecycle analysis to determine net carbon
dioxide emissions and solid waste generation. The analysis was
limited to the combined emissions from jet fuel and paper
production assuming current levels of use. We based the
analysis on the Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation (GREET) model (Energy
Systems Division, 2014). Pathways not related to jet fuel
production and use were eliminated from the GREET model;
and pathways for paper production, use, and disposal were added.
GREET was the primary data source supplemented with
additional data for emissions and solid waste generation for
the paper pathways (Suhr et al., 2010; Bajpai, 2014; US
Environmental Protection Agency, 2018; Kinstrey and White,
2006) and solid waste from biomass (Lizotte et al., 2015).
Emissions and solid waste associated with the conversion of
biomass and recycled paper to jet fuel were based on the
material and energy balances discussed in the previous section.
Estimates of net solid waste production for the paper to jet
processes account the reduction in paper waste currently been
disposed of in landfills.

Table 9 gives the carbon dioxide emitted and solid waste
generated from the three jet fuel processes evaluated in this study.
The paper to jet fuel process with acid hydrolysis emits 2.4 times
as much carbon dioxide as the process with enzymatic hydrolysis.
The difference is the result of the high electrical power
consumption of RW-EDI in the process with acid hydrolysis
to recover and recycle sulfuric acid. Because the paper to jet fuel
processes consume paper from municipal solid waste, net solid
waste generation is negative.

We analyzed four scenarios to determine the combined carbon
dioxide emissions and solid waste generation of commercial air
transportation and the paper industry in the US.

• Baseline–The baseline scenario was the current case in
which jet fuel is produced from petroleum and paper is
produced from a combination of virgin and recycled pulp.

• Scenario 1–All recyclable paper not currently recycled
domestically and degraded pulp from recycling plants are
converted into jet fuel and the balance of the US jet fuel
demand is obtained from petroleum. Paper is produced
from the current combination of virgin paper and
recycled pulp.

• Scenario 2–All discarded paper available for recycle is
converted into jet fuel and the balance of the jet fuel
demand is obtained from petroleum. All paper is
produced in the US from virgin pulp.

• Scenario 3–The same volume of renewable jet fuel produced
in this scenario as produced in Scenario 2, but only paper
not recycled domestically is converted into jet fuel. The
additional renewable jet fuel is produced from corn stover.
The balance of the US jet fuel demand is obtained from
petroleum. Paper is produced from the current combination
of virgin paper and recycled pulp.

• Scenario 4–The same volume of renewable jet fuel produced
in Scenario 2 is produced from the corn stover biomass. The
balance of jet fuel needed domestic demand is obtained
from petroleum. Paper is produced from the current
combination of virgin and recycled pulp.

The results of the lifecycle analysis for these scenarios are
summarized in Table 10. Because of the high carbon dioxide
emissions from the paper to jet fuel process with acid hydrolysis,
we only present results from the process with enzymatic
hydrolysis. Scenario 4, in which all renewable jet fuel is
produced from corn stover, results in the lowest level carbon
dioxide emissions. As shown in Table 9, lifecycle carbon dioxide
emissions jet fuel produced from corn stover are less than for jet
fuel produced from recycle paper. US paper recycled in other
countries also contributes to the reduction in emissions.
However, considering the uncertainty in the analysis, carbon
dioxide emissions for Scenarios 2, 3, and 4 are not significantly
different. Scenario 1, in which domestic paper recycle is
maintained at current levels, produces the minimum amount
of solid waste. Producing virgin pulp generates significantly more
solid waste than repulping recycled paper, and producing jet fuel
from corn stover produces more solid waste than recycling paper
into jet fuel. Scenarios 2 and 3 also produce significantly less solid
waste than the baseline scenario.

TABLE 9 | Carbon dioxide emissions and solid waste production for corn stover to jet fuel and paper to jet fuel processes.

Waste product Petroleum Corn stover Paper with enzymatic
hydrolysis

Paper
with acid Hydrolysis

Carbon Dioxide Emissions (kg CO2/bbl) 517 102 133 318
Net Solid Waste Generation (kg/bbl) 0.5 61 −63 −64

TABLE 10 | Results for the lifecycle analysis of jet fuel and paper production and
use. The analysis is based on the paper to jet fuel process with enzymatic
hydrolysis.

Scenario CO2 emissions (million
tonne/yr)

Solid waste (million
tonne/yr)

Baseline 421 38
1 383 13
2 366 16
3 359 16
4 352 47

Frontiers in Energy Research | www.frontiersin.org October 2021 | Volume 9 | Article 72868213

Kubic et al. Recycle Paper to Jet Fuel

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Scenario 3, in which jet fuel is produced from recycled paper
and corn stover, is probably the best from an environmental and
social perspective. It reduces net carbon dioxide emissions from
the US air transportation industry by 15% without increasing
logging for virgin paper production or disrupting the domestic
paper recycling industry. It also eliminates paper destined for
landfills reducing total solid waste destine for landfills by 6%.

CONCLUSION

Recycle paper has advantages over agricultural residue, such as corn
stover, as a cellulosic feedstock for fuel production. Efficient and
reliable technology exists in the recycle paper industry for converting
paper into fibers suitable for chemical conversion. Unlike equipment
for handling and preprocessing of corn stover, industrial experience
demonstrates that repulping equipment has high availability. The
combination of proven repulping technology, the high cellulose
content of paper, and existing supply network gives recycle paper a
significant economic advantage over corn stover and other sources of
lignocellulosic biomass. Net lifecycle carbon dioxide emissions of
paper derived fuels are comparable to corn stover derived fuels, and
paper generated significantly less solid waste.

A key disadvantage of producing jet fuel from paper is its limited
supply, so it can only satisfy a fraction of the total demand. More
importantly, the cost of producing jet fuel from recycle paper is not
competitive with petroleum using current technology.

Our sensitivity studies have shown that the key to a competitive
paper to jet fuel process is direct hydrogenation of cellulose and
hemicellulose to sugar alcohols. Direct hydrogenation of cellulose
would reduce capital and operating costs. Several researchers have
explored direct catalytic hydrogenation of cellulose, but considerably
more work is needed convert this idea into a practical industrial
process. Direct hydrogenation of cellulose and hemicellulose
combined with greater economy of scale could make paper to jet
fuel comparative. In this study we have only considered the paper to
jet fuel via sugar alcohols as an intermediate. Another possibility is a
process with furfural and 5-methylfurfural or levulinic acid as
intermediates. Such a process would eliminate hydrolysis as a
separate processing step and reduce hydrogen consumption. This
alternative route warrants consideration.

Perhaps the biggest value of developing a process to convert
recycle paper into hydrocarbons is its use as a method of
jumpstarting a cellulosic biofuels industry. The process

chemistry for producing fuels from paper is the same as
lignocellulosic biomass. Developing a paper to jet fuel process
would provide an opportunity for demonstrating the process
chemistry at an industrial scale without the need to develop a new
supply chain for lignocellulosic biomass or solve all the current
problems involved with handling and preprocessing
lignocellulosic biomass. The process would also be useful for
reducing municipal solid waste.
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NOMENCLATURE

APR Aqueous-phase reforming

FCI Fixed capital investment

FOB Cost Purchased equipment cost–freight on board

GREET Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation

NREL National Renewable Energy Laboratory

RW-EDI Resin Wafer Electrodeionization

TCI Total Capital Investment.
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