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Abstract: This article details techno-economic analyses for producing alternative jet fuel (AJF) at 
a greenfield integrated biorefinery (IBR) using softwood forest residues. The scenarios and their 
corresponding economic outcomes differ based on the co-product selections. The selected technology 
to produce AJF uses a mild bisulfite pretreatment process to prepare the feedstock for enzymatic 
hydrolysis and fermentation to isobutanol, which is then upgraded to hydrocarbon ‘drop-in’ fuels using 
an alcohol-to-jet process. The hydrocarbons are a combination of jet fuel and aviation gasoline (AvGas). 
The residuals are used to produce co-products. Four co-product scenarios are compared to quantify 
the impact of co-product selection on the primary products, jet fuel, and AvGas minimum selling prices 
(MSPs). For the baseline (BL) scenario, residuals are burned to create steam for conversion to electricity. 
The excess power generated is sold at a wholesale price to the grid. The total capital investment for an 
IBR with a forest residue feed rate of 721 k dry metric ton year−1 is 1027 MM US$, and the AJF MSP is 2.07 
US$ L−1. The BL scenario is compared with three co-product selections: 1) liquid calcium lignosulfonate 
and electricity; 2) activated carbon; and 3) a combination of liquid calcium lignosulfonate and activated 
carbon. As anticipated, the conversion of residuals into higher value co-products provides additional 
revenue to offset the production cost of hydrocarbons. The alternative co-product scenarios reduced the 
predicted MSPs; however, the most cost-competitive model, the scenario where both activated carbon 
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and calcium lignosulfonates are produced, reduced the jet fuel MSP to 1.49 US$ L−1, a 28% reduction. 
© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd

Supporting information may be found in the online version of this article.

Keywords: techno-economic analysis; co-products; alternative jet fuel; alcohol-to-jet;  
ratio factors; SPORL

Introduction

A
viation petroleum transportation fuels are limited 
and demand is growing. The US Department 
of Transportation reported the 2018 airline fuel 

consumption for US and international carriers as 17.9 
billion gallons, a 3.3% increase from 2017.1 This growth 
is predicted to continue with the demand for jet fuel 
increasing 40% from 2016 through 2040.2 A need for a 
more sustainable fuel sources as well as a source that is 
not dependent on foreign oil has encouraged research into 
biofuels through the Energy Independence and Security 
Act of 2007.3 The use of woody biomass as a feedstock has 
been shown to reduce localized air pollution in addition to 
surpassing the 60% global warming potential threshold set 
by the US Environmental Protection Agency for biofuels.4 
Much of the completed biofuel research has focused on 
ethanol. However, biodiesel and alternative jet fuel (AJF) 
are gaining attention as second-generation biofuels.5-7 
These drop-in fuels add a level of complexity to processing. 
However, they have the potential to reduce a large source of 
greenhouse gas emissions and replace a significant volume 
of petroleum fuel.8

Researchers have investigated the use of lignocellulosic 
feedstocks in the production of transportation fuel. This 
material is a low-cost, plentiful feedstock. However, 
researchers cite that high lignin materials have low 
yields and require complex pretreatment processes.9-12 
Co-products are necessary to balance the increased cost 
associated with lower yield and complicated process 
requirements, including, but not limited to, pretreatment. 
The financial success of a facility depends on the efficient 
manufacture of hydrocarbons and co-product(s) as 
well as having strong volume and price markets for 
the entire production slate. In addition to creating 
income, co-products can reduce risk through product 
diversification.12-16 Co-product selection will affect the final 
fuel minimum selling price (MSP).17

Pretreatment of lignocellulosic biomass is often complex 
and expensive. This process must disrupt the natural 
crystalline structure to facilitate enzyme access to cellulose 

and hemicellulose for saccharification.12,15,18-23 The most 
frequently studied lignocellulosic materials for use in fuels 
are corn stover, grasses, and hardwoods.23 However, the 
Northwest Advanced Renewables Alliance (NARA) project 
chose to study softwood forest residues (FR), a material that 
is plentiful in the northwest USA. Breaking the recalcitrant 
structure of this feedstock is challenging compared with 
other lignocellulosic feedstocks.20,24-27

The integrated biorefineries (IBRs) described in this 
paper convert Douglas-fir forest residuals into two 
drop-in hydrocarbon fuel products produced through 
the biochemical alcohol-to-jet conversion pathway, along 
with co-products generated from utilization of the lignin-
rich byproducts. While a wide range of thermochemical 
processes may be used to process streams of this kind, such 
as pyrolysis or hydrothermal liquefaction to produce bio-oil, 
this paper compares three specific co-product strategies 
effective with recalcitrant woody feedstocks: combustion 
for electricity generation, a catalyzed pyrolysis process to 
produce activated carbon, and the evaporation of liquid 
calcium lignosulfonate. The process uses a mild sulfite 
pretreatment to overcome the recalcitrance of lignocellulose 
(SPORL) before enzymatic hydrolysis, which is followed by 
fermentation to isobutanol and the alcohol-to-jet process 
to upgrade the isobutanol to hydrocarbons. The SPORL 
pretreatment was chosen for its performance in reducing 
the recalcitrance of softwood feedstock compared with 
other pretreatment processes, such as steam explosion.28

The cost to build and time to ramp up production at 
an IBR is often underestimated and has led to financial 
challenges for the initial adopters of these technologies. 
These conditions, combined with uncertain subsidy policies 
and market prices, make new processes of the type and scale 
envisioned in this paper a high financial risk.29,30 The high 
capital cost can be an obstacle to new technologies such 
as production of fuel from lignocellulosic feedstock.12 The 
intermingled barriers to AJF production of high fuel price 
and high capital requirements can be partially addressed by 
the selection of valuable co-products. The purpose of this 
paper is to address the quantitative impact of co-product 
selection on the financial viability of AJF.



766 © 2020 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 14:764–775 (2020); DOI: 10.1002/bbb.2111

KL Brandt et al. Modeling and Analysis: Impact of co-product selection on TEA for AJF

Methods

The technology to manufacture hydrocarbons and 
co-products from softwood forest residue described in 
this article was separated into manufacturing process areas 
(Fig. 1). The baseline (BL) scenario, which is the basis for all 
comparisons, is the production of AJF, AvGas, and electricity. 
This scenario was selected as a baseline to match a common 
literature choice and because generating steam and electricity 
from process residues is a low-risk process for utilizing 
residual material.14,31–34 Brief process area descriptions are 
included in this paper for processes classified as inside battery 
limits (ISBL). Outside battery limit (OSBL) process areas are 
not detailed, and capital costs are represented through the use 
of ratio factors. The technical details and process descriptions 
of the ISBL conversion processes are presented in Chen et 
al.,35 Humbird et al.,31 Aden et al.,36 Zhu et al.,37 Gu et al.,38 
and Geleynse et al.39

Hydrocarbon production process model

The process model begins with feedstock preparation: 
screening and hammermilling the Douglas-fir FR, which are 
then sent to pretreatment. Forest residue is waste material 
created in the logging process. The material is chipped in the 
forest before transport to the IBR. The SPORL pretreatment 
process is described in depth in Zhu et al.37 and Gu et al.38 
There are two streams leaving pretreatment: an aqueous mix 
of carbohydrates and lignin, similar to wood pulp, and spent 
sulfite liquor (SSL), a combination of soluble sugars and 
lignosulfonates. The pretreated pulp proceeds to enzymatic 
hydrolysis and the SSL is sent directly to fermentation.

The enzyme production and enzymatic hydrolysis process 
areas are adaptations of the same process areas presented 

in Humbird et al.31 The enzyme production process area 
manufactures cellulase for use in enzymatic hydrolysis and 
the enzymatic hydrolysis process area cools the pretreated 
pulp, adds water and adjusts the pH using lime before it 
enters a batch saccharification reactor to convert the pulp into 
sugar monomers.

Fermentation to isobutanol of the saccharified pulp and 
SSL is completed along two parallel pathways using a process 
adapted from Humbird et al.31 following the method used 
in Geleynse et al.39 After fermentation, the two streams are 
combined into a single unit for upgrading and separation. An 
alcohol-to-jet process is used to upgrade the isobutanol into 
hydrocarbons in four stages: dehydration, oligomerization, 
hydrogenation, and fractionation.39 The hydrocarbon 
products generated by this process proceed through the 
fractionation process with the hydrocarbon stream being 
separated into two hydrocarbons: 70% AJF blendstock and 
30% AvGas blendstock.39

In the BL case, the SSL proceeds to the evaporator. The 
resulting SSL syrup is sent to the boiler / turbogenerator for 
conversion into electricity. The fermentation residual solids 
(FRS) are sent to a centrifuge prior to the evaporator with 
the resulting solids and FRS syrup routed to the boiler / 
turbogenerator. Ten percent of the evaporated condensate is 
sent to wastewater treatment (WWT) and the remainder is 
recycled to the process. The centrifuge, evaporator, WWT, 
and boiler / turbogenerator capital and operating costs are 
adapted from Aden et al.36

Economic analysis

The analysis chosen to evaluate the relative financial 
performance of the SPORL pre-treated AJF among the 
co-product scenarios is a financial analysis following the 

Figure 1. Process area-level flow diagram for baseline AJF process.
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methods used by Petter and Tyner40 and Brandt et al.41 
One of the key differences in this analysis compared to an 
engineering analysis, is that a financial analysis includes the 
impact of inflation. This work was completed with a nominal 
financial discount rate of 12.2%, calculated from the assumed 
real discount rate of 10% and an inflation rate of 2%. The 
MSP values for the two hydrocarbons were determined using 
the nominal financial discount rate and a net present value 
(NPV) of zero. The value of the AvGas was determined using 
a linear relationship with kerosene jet fuel that was calculated 
for the months between January 1993 and August 2019.42,43

Table 1 lists assumed economic parameters. In addition to 
the tabulated assumptions, the IBR is assumed to be an nth 
plant, a facility that uses mature technology that has been 
deployed successfully previously. The boundaries of this 
analysis begin when the forest residues are delivered to the 
wood yard and end with the storage of hydrocarbons and 
co-products. All prices of products are mill-gate prices that 
do not include the cost of transportation after manufacturing. 
The average corporate tax rate in the USA from for 2017, 
17.3%, was assumed.44 The cost year selected is 2017 and is 
applied throughout this work, with equipment costs updated 
using the Chemical Engineering Plant Cost Index.45

The capital costs for the baseline facility were determined 
using a detailed list of ISBL costs in combination with 
modified ratio factors, which allow for approximation of the 
fixed capital investment (FCI) using the delivered equipment 
costs.47 The costs used are Aspen estimates, quotations, 
and adaptations of literature sources (Table 3, supporting 
information). The capital costs for the baseline techno-
economic analysis (TEA) were estimated using ratio factors 
applied to total delivered equipment cost (TDEC) for ISBL 
process areas. Using ratio factors to estimate facility cost is 
suitable for preliminary and study estimates with a predicted 
accuracy of ±20–30%.47 This level of accuracy corresponds to 
a strategic study and is appropriate for the initial verification 
of the economic viability of a process and can simplify case 
studies that rely on capital cost alterations. Ratio factors have 
been applied successfully to compare processes and for siting 
decisions.11,21,32,41,48-50

The economic parameters (Table 1) and the process 
variables (Table 2) are applied for the TEAs. The energy 
costs are national, industrial electricity and natural gas rates 
averaged from 2013–2017.51-53 A five-year average was 
selected to alleviate some of the inherent fluctuations in 
energy prices. It is assumed that all excess electricity is sold 
at the 2013–2017 average wholesale electricity rate for the 
USA.52 Energy costs are geographically specific and will vary 
from national averages for any given location. The intent 
of this paper is not to calculate a precise MSP values but to 

quantify MSPs within the error bounds of the input variables 
and determine the scale of MSP changes based on co-product 
selection.

Literature sources estimate delivered feedstock costs for 
forest residue using a variety of methods and locations. 
Richardson et al. focused on the Yakima region in 
Washington state and found that the volume of forest 
thinnings available for purchase plateaued at approximately 
40 US$/dry t delivered cost, with a volume jump to a 
secondary plateau at 70 US$/dry t delivered cost.53 The 
second plateau correlates with the addition of state and 
federal land.54 Skog et al.55 reported similar results, finding 
that the volume of forest thinnings available at 40 US$/
dry t is nearly the same as the volume at 70 US$/dry t. 
Skog et al.55 also reports the volume of wood available at a 

Table 1. Economic parameter assumptions.

Economic parameter Assumed value
Cost year 2017

Plant financing 30% equity, 70% loan

Loan rate 8%

Loan term 10 years

Plant life 20 years +3 years to build

Income tax rate 17.3%

Working capital 20% yearly operating cost

Nominal financial discount rate 12.2%

Inflation 2%

Depreciation schedule (general 
plant)

7 years,a double declining 
balance to straight line

Depreciation schedule (boiler/
turbogenerator)

20 years,a double declining 
balance to straight line

Construction schedule 3 years (8% first year, 60% 
second year, 32% third year)b

Operational days/year 329c

aIRS 2017.46

bPercentage of fixed capital investment (FCI) spent during each 
year of construction.
c90% uptime.7

Table 2. Base case variables for hydrocarbon 
minimum selling price calculations.

Variable Base case value Unit
Feedstock, after losses 656 t/year

Electricity rate (purchase) 0.07 US$/kWh

Natural gas rate 4.5 US$/MMBtu

Wholesale electricity rate (sale) 0.04 US$/kWh

Feedstock cost, delivered 65.0 US$/dry t

Hydrocarbon yield 215 L/t
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procurement price of either 30 US$/dry t and 50 US$/dry t. 
When combined with the truck transportation costs listed, 
the estimated average delivered cost is approximately 50–70 
US$/dry t.55 Perlack and Stokes8 suggest a biomass price of 
93 US$/dry t. However, this is a combined feedstock price for 
multiple biomass sources. Logging residues are identified as 
a low-cost feedstock for the composite price of 93 US$/dry 
t; thus, it is reasonable to assume that forest residue could be 
purchased for less than the quoted 93 US$/dry t.8 Gonzalez 
et al.12 studied the use of logs as a feedstock for biofuels with 
a delivered feedstock cost near $70/dry t. For this paper, 
we assumed a feedstock cost of 65 US$/dry t, which fits the 
literature data trends and is an adaptation of the Martinkus 
et al. data.56 We acknowledge that the feedstock cost will vary 
based on the chosen facility location and the impact of this 
variation is investigated in this paper.

Results

Capital costs – Baseline scenario

Ratio factors for a solid–liquid processing plant were applied 
to the total ISBL equipment costs to estimate total direct costs 
(TDC) and FCI (Table 3). The standard ratio factors were 
increased to account for a greenfield location. Specifically, 
the buildings factor was increased from 0.29 for an on-site 
addition to 0.47 for greenfield construction.32,47,50 The 
portion of the ratio factor that covers the cost of boilers was 
removed as the boiler / turbogenerator process area cost 
exceeded the typical amount covered by the ratio factor. 
The cost of this process area was treated as ISBL following 
the method outlined in Martinkus and Wolcott.50 A similar 
decision was made for the WWT process area. The cost 
is much lower than the cost estimated using ratio factors, 

Table 3. Total delivered equipment cost (TDEC) 
for inside battery limit departments.

Department TDEC 
(MM US$)

Source

Feedstock handling 22.5 Adapted from57

Pretreatment 69.0 Adapted from57

Enzyme production 14.2 Adapted from31

Enzymatic hydrolysis 9.9 Adapted from31

Conversion to hydrocarbons 19.4 Adapted from39 and31

Boiler / turbogenerator 63.8 Adapted from36

Wastewater treatment 29.6 Adapted from36

Total direct costs 700 47

Fixed capital investment (FCI) 991 47

Total capital investment 1027 FCI + working capital

excluding the centrifuge and evaporation processes. These 
three items are considered one process area and are treated as 
ISBL. The supporting information includes the BL scenario 
TEA spreadsheet and provides detailed equipment costs and 
scales for each process area. The price of land was estimated 
at 1.5% of FCI.47 Working capital is intended to cover the cost 
of operating when cash is scarce. It was assumed that 20% of 
the annual operating costs is a sufficient value for working 
capital.41

Operating costs – Baseline scenario

The operating costs were adapted from material and energy 
flows in Humbird et al.,31 Pierobon et al.,4 Marrs et al.,57 
Aden et al.,36 and Geleynse et al.39 with standardized energy 
and chemical costs. For the BL scenario, the turbogenerator 
produces more electricity than is needed for the process, 
which means that no electricity is purchased. As a result 
of the excess power generation, the costs in Table 4 do not 
include the cost of purchasing electricity, but the electricity 
demand is included in the supporting information. The 
FRS and SSL provide enough energy to the boiler so that no 
additional fuel is required to meet the steam demand.

The economic analysis of the BL scenario, applying the 
assumed economic parameters, capital costs, and operating 
costs, was utilized to calculate an estimated jet fuel MSP 
of 2.07 US$ L−1 and an AvGas MSP of 2.46 US$ L−1. These 
MSP values include the annual income from selling excess 
electricity of 6.9 MM US$. The values reported in the 
literature vary widely, even after updating to a cost year of 
2017,58 including values as low as 1.1 US$ L−16 and as high 

Table 4. Annual operating costs separated into 
departmental costs for the BL scenario.

Item or department Operating costs, 
MM US$ year−1

Feedstock 46.8

Labor 13.3

Maintenance 59.4

Taxes and insurance 24.8

Feedstock handling 0.1

Pretreatment 4.5

Enzyme production 21.5

Enzymatic hydrolysis 1.1

Fermentation, separation, and alcohol to jet 7.6

Boiler / turbogenerator 0.1

Wastewater treatment 0.02

Utilities 2.1

Total 181
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as 2.6 US$ L−132 with others falling within this range.23,49,59,60 
It is important to note that these values are based on 
varying financial and process assumptions and thus direct 
comparisons should be made with caution. The peak annual 
petroleum jet fuel price recorded by the EIA for the past 
decade is 0.8 US$ L−1, the average price from 2012.43 These 
results reinforce that substantial cost reduction is required 
to eliminate the difference in market price for jet fuel and 
our estimated production cost. One method to achieve a 
financially viable IBR is to choose high-value co-products.

Co-product scenarios

Producing AJF at or near price parity with petroleum jet fuel 
continues to be a challenging goal. Although local and federal 
government incentives are currently available, it is unlikely 
that capital intense facilities will be built based on meeting 
the requirements of government policy-dependent incentives. 
Process improvements will likely aid in cost reductions of 
this technology over time; however, additional solutions are 
required. The two simplest methods of dropping the MSP are 
to increase revenue and /or decrease costs. This paper focuses 
on increasing revenue through co-product selection, which, 
as a result, impacts both capital and operating costs. The 
scenarios evaluated, including acronyms used in the text, are 
listed in Table 5.

Activated carbon (AC) and lignosulfonates (LS) are used 
in industrial markets and were selected as the higher value 
co-products for evaluation (Fig. 2). The manufacture of these 
two co-products utilize residual streams recovered from the 
bottoms streams of beer stills in the baseline hydrocarbon 
production process. Activated carbon is produced by 
pyrolyzing FRS after removing water in a two-step process. 
Initial water removal is completed with belt presses, which 
is followed by a rotary drum dryer to ensure a maximum 
moisture content of 15%. The dry FRS are carbonized and 
then activated at 650–700 °C and 700–800 °C, respectively.61 
The yield of activated carbon from FRS is 20% (w/w).35 
Lignosulfonate is produced by removing water from SSL 
stillage until a solids content of 50% is reached, and the pH 

is adjusted to 6.5.35 These co-products are generated from 
separate residuals streams. The financial impact of producing 
them is thus assessed both individually and in combination. 
Marrs et al.57 mill-gate sales prices of $1653/t for activated 
carbon and $220/t for lignosulfonate were selected for the 
analysis. The capital and operating costs listed in Table 5 
include the impact of process changes to steam requirements, 
cooling water, and wastewater treatment. Details surrounding 
costs, including the amount of hog fuel purchased to generate 
process steam, are available in the supporting information, 
and, for ease of comparison, the supporting information also 
provides a summary of operational parameters including 
steam, cooling water and energy used in each scenario.

A summary of the impact on capital and operating costs of 
each scenario as well as AvGas MSP and annual co-product 

Figure 2. Process flow for AC (a), LS (b), and AC + LS (c) 
co-product scenarios.

Table 5. Co-product scenario definitions, fixed capital investment (FCI), AvGas MSP, co-product revenue 
and yearly operating expenses for comparative analyses.

Scenario Acronym FCI AvGas MSP (US$ L−1) Annual co-product revenue Annual OPEX
Baseline BL 991 2.46 6.9 181

Baseline with AC AC 1301 2.42 105.3 238

Baseline with LS LS 1048 2.33 34.3 188

No electricity, AC and LS AC+LS  915 1.80 134.3 235

All values are MM US$ unless labeled otherwise. AC is activated carbon and LS is lignosulfonates.
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revenue are listed in Table 5, with the full details provided 
in the TEA spreadsheets (supporting information). The 
two scenarios that add either AC or LS to the BL include 
a turbogenerator. The turbogenerator is used to process 
the hydrocarbon residue not utilized for a higher-value 
co-product. For the LS scenario, the turbogenerator creates 
excess electricity that is sold and included as a second 
co-product. However, for the AC scenario, the turbogenerator 
does not meet the facility requirements, and thus, electricity 
is purchased to meet the demand. The capital cost is lowest 
in the scenario that produces LS and AC (Table 6). This is 
a result of the removal of the costly turbogenerator and a 
reduced WWT load. The authors chose to include WWT 
as an ISBL process area for all the scenarios to unify the 
procedure for comparison. The AC + LS scenario has a small 
WWT process area that could have been covered by the ratio 
factor.

The decision to proceed with all WWT process areas 
handled with the same method increased the cost of the 
AC + LS hydrocarbons by 0.09 US$ L−1, or 6% for a real 
discount rate of 10%, a value that is well below the ±30% 
accuracy of the ratio factor methodology. This method 
may overestimate the capital costs but the simplicity of 
comparisons justifies the possible error.

Results and discussion

A sensitivity analysis was completed for each scenario to 
identify the controlling variables. The most influential 
parameters identified are assumed discount rate, total capital 
investment (TCI), and fuel yield. The TCI was evaluated 
over the range of predicted accuracy, ±30% and the MSP 
impact was 21–27% with the larger impact occurring for 
the higher capital scenarios. The assumed yield from sugar 
to isobutanol was assumed to be 90%. The MSP dropped 
by 10% when the yield was set to the theoretical maximum. 
However, a drop to 80% yield increased the MSP by 12%. 
Labor, electricity price, natural gas price, working capital 
and hog fuel price do not significantly increase or decrease 
MSP within a reasonable range.

The MSP for AJF was determined for each of the 
co-product scenarios for three nominal financial discount 
rate values: 5%, 10%, 15% and 20% (Table 7). The evaluation 
of discount rates was completed to illustrate the impact of 
the real discount rate on MSP. A real discount rate above 
the assumed 10% might be required to motivate investors 
for a facility of this financial scale.15,21,40 The real discount 
rate of 5% is included to demonstrate that reducing returns 
alone will not align MSP values with current petroleum jet 
fuel prices. The average wholesale kerosene-type jet fuel 
cost in the US for 2013–2017 was 0.54 US$ L−1.43 The price 
of this fuel is volatile but trends up over time. However, the 
peak price, attained in July 2008, is 1.05 US$ L−1, which is 
approximately two-thirds of the price needed to attain a 
10% real discount rate with the best co-product selection. 
If the BL or AC scenarios are selected, the MSP is closer 
to double the peak price. The data provided in Table 7 
illustrate that co-product selection can lead to practical 
MSP differences. However, more work is needed to further 
reduce the cost of AJF.

The cost of feedstock is a key variable influencing MSP. 
The assumed feedstock cost is 65 US$/dry t; however, this 
value will vary based on facility location. In an effort to 
quantify not only the impact of feedstock cost but the relative 
impact among the co-product scenarios, two additional 
feedstock prices were assessed: 45 US$/dry t and 85 US$/
dry t. As expected, lowering the feedstock price decreased 
the MSP, and increasing the feedstock price increased the 
MSP (Fig. 3). The change in delivered feedstock price was 20 
US$/dry t, or 31%. Three of the scenarios’ MSP values had a 
resultant change of 5%: BL, AC, and LS. The feedstock price 
influenced the AC + LS scenario more, with an MSP shift of 
7%. Attaining lower cost feedstock will help reduce MSP but 
is not sufficient to bridge the gap from the current predicted 
MSP and petroleum jet fuel.

Table 6. Delivered equipment cost for co-product 
production, boiler / turbogenerator and 
evaporation / wastewater treatment (WWT) for 
each scenario in MM US$. BL is baseline, AC is 
activated carbon and LS is lignosulfonates.

Scenario Co-products Boiler/
turbogenerator

Evaporation/
WWT

BL — 63.8 29.6

AC 43.4 40.3 81.0

LS 10.9 64.9 30.9

AC + LS 54.3 27.4a 16.5
aValue estimated using typical value for ratio factor of 3% FCI.47

Table 7. MSP in US$ L−1 for three real discount 
rates for all co-product TEA scenarios. BL 
is baseline, AC is activated carbon and LS is 
lignosulfonates.

Real discount rate

TEA methodology 5% 10% 15% 20%
BL 1.85 2.07 2.31 2.56

AC 1.75 2.03 2.32 2.62

LS 1.72 1.95 2.18 2.43

AC + LS 1.29 1.49 1.70 1.92
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Figure 3. The AJF MSP for each co-product scenario for 
three delivered, dry feedstock prices.

Figure 4. Total income by product and fixed capital income 
(FCI) for the four co-product scenarios.

Scenario comparison

Each of the co-product scenarios was analyzed to quantify 
the impact of co-product choice. In addition to the scenarios 
presented, we evaluated multiple WWT options to best 
match flow and COD levels as well as ensuring the lowest 
cost option was chosen for each process. The BL scenario 
reduces the WWT load through the use of a centrifuge and 
evaporator. These two processes account for 90% of the capital 
in the WWT process area. The co-product in this scenario 
is electricity generated using biogas from WWT and the 
solid portion of the waste material. The electricity generated 
exceeds the amount the plant requires. However, the income 
from electricity is low at only 6.9 MM US$/year (Fig. 4).

If the FRS are diverted and used to manufacture AC, the TCI 
increases by 31%. This increase is a combination of requiring 
a more expensive WWT process area as a result of higher 
COD water and the addition of the AC process area. These 
additions are partially offset by a reduction in the scale and 
cost of the turbogenerator. However, the electricity from the 
turbogenerator does not cover the entire facility demand, and 
excess electricity must be purchased from the grid. The products 
sold in this scenario are AJF, AvGas, and AC. Even with the large 
capital cost increase, the AJF MSP only drops 0.04 US$ L−1 to 
2.03 US$ L−1 as a result of increased total income (Fig. 4). This 
2% decrease is unlikely to convince investors to pay 322 MM 
US$ more than the baseline TCI to build a facility.

The SSL stream can also be diverted from the WWT and 
energy production stream to manufacture LS. This scenario 
increases the TCI by 6% from the addition of the LS process 
area equipment and causes a small increase in total income, 
which together drop the AJF MSP by 6% or 1.95 US$ L−1. 

While any drop in MSP is positive, this small change falls 
short of closing the price gap.

The most promising co-product scenario is the AC + LS 
scenario. Both the TCI and the MSP drop. A reduction in TCI 
of 76 MM US$, or 6%, helps to drop the AJF MSP by 28% 
even with the 29% increase in annual operating costs. A large 
portion of the increased operating costs is from the purchase of 
electricity. Choosing a location with electricity costs below the 
national average will alleviate some of this spike. An electricity 
price of 0.04 US$/kWh will drop the AJF MSP 0.09 US$ L−1 
to 1.40 US$ L−1. The decrease in MSP is more substantial than 
for either AC or LS alone, but the price needs to be further 
reduced. It is important to note that the co-products selected 
diversify the types of products for sale, which will reduce 
a portion of the risk associated with manufacturing only 
commodity fuels with inherently volatile prices.62

Government incentives

At the time of writing, government programs exist to help 
with the financial viability of AJF; however, there is no 
certainty that they will continue past 2022. Until then, quotas 
for renewable fuel are mandated.63 One mandate that must 
be met for biofuel to be qualified for Renewable Identification 
Numbers (RINs) is a reduction of greenhouse gases (GHG) 
of 60% or more compared to petroleum fuels.3 Life cycle 
analyses for processes similar to those presented in this paper 
have been completed and GHG reductions greater than 
60% were reported.4,33 The feedstock chosen for the analysis 
did not include any biomass from federally owned forests. 
This means that the feedstock is a RIN-qualified cellulosic 
feedstock. Depending on the future of this government 
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program, the biofuel MSP could be lowered by applying RIN 
values. The hydrocarbons produced in the SPORL process 
are considered advanced and are therefore eligible for D5 
RINs. The forest residues are also eligible for cellulosic waiver 
credits (CWC), which are feedstock dependent. D5 RINs 
and CWCs can be combined for advanced, cellulose-based 
biofuels.64 Very little cellulosic biofuel has been produced, 
which makes setting the value of CWCs difficult. The US 
EPA published CWC values for jet fuel, and the average 
for 2013–2017 is 0.26 US$ L−1.65 The D5 RIN values sold 
for an average price of 0.19 US$ L−1 for 2013–2017.66 The 
combination of CWC and D5 RINs could drop the AJF 
MSP by 0.45 US$ L−1 to 1.62 US$ L−1 for the BL scenario. If, 
however, these credits are applied to the scenario that has AC 
and LS as co-products, the cost of hydrocarbons drops to 1.04 
US$ L−1. Average petroleum jet fuel prices from 2013 through 
2017 were 0.54 US$ L−1. The combination of higher value 
coproducts and government programs lower the hydrocarbon 
cost significantly compared to the baseline but additional 
measures are needed to achieve cost parity.

Conclusions

Manufacturing AJF fuel using forest residues and the 
SPORL process is not a financially profitable venture with 
current petroleum-based fuel. Conversion of this regionally 
abundant, yet highly recalcitrant feedstock for AJF fuel 
production through SPORL pretreatment and the alcohol-
to-jet pathway in a greenfield facility remains uncompetitive 
against current petroleum-based fuel. The addition of 
value-added co-production capabilities to the biorefinery 
model offers a strong step toward cost reduction. However, 
additional work is required to drop the MSP, likely through 
a combination of reduced capital and operating costs with 
help by government programs as possible. For example, 
repurposing an existing facility may help the financial appeal. 
However, to reduce the risk of volatile fuel prices, energy 
prices, and government subsidies, this process, like much 
of the biofuel industry, needs a combination of technology, 
yield, and co-product improvements to continue moving 
toward financial viability. Future work should focus on a 
combination of cost-reduction efforts and additional high-
value product-mix investigations.
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