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With the increased availability of low-cost natural gas (NG), co-conversion of natural gas and biomass-to-

liquid (GBtL) fuels has gained interest from industry and the U.S. Department of Energy due to the poten-

tial to improve liquid fuel yields while lowering greenhouse gas (GHG) emissions. In this article, we

explore the conceptual process design and cost comparison of liquid biofuels using both biomass-

derived gas intermediates and natural gas, as well as studies on quantification and assessment of sustain-

ability metrics including life cycle/GHG emissions. Additionally, we have performed sensitivity analysis to

understand the impact from variations of the biomass-to-NG ratio, design assumptions, and NG prices on

process economics. This is to understand key cost drivers, parameters influencing the environment, and

to discover opportunities to optimize the use of NG along with biomass. Our analysis shows that different

blending ratios of natural gas/biomass have a large effect on the economic and environmental perform-

ance of the GBtL fuels. Co-processing NG enables the economic feasibility of converting biomass to the

liquid fuel but at the expense of environmental sustainability. This study determined that the maximum

amount of NG that can be blended with biomass would be 28% to meet the Renewable Fuel Standard

(RFS) GHG emission targets for advanced fuels, with a resulting minimum fuel selling price (MFSP) of

$2.75 per gallon gasoline equivalent (GGE). In addition, the paper demonstrates the impact of the co-

conversion operation on equipment design, raw materials, utility consumption, and overall process econ-

omic performance for the GBtL system. A secondary outcome: This study shows that renewable liquid

fuel could be cost competitive with fossil-derived liquid fuel if further improvements and optimizations

could be made to blending ratios of NG, optimization of heat integration of the process, and reduction of

excess hydrogen and excess electricity production.

1. Introduction

According to recent U.S. Energy Information Administration
(EIA) projections, the consumption of world petroleum and
other liquid fuels will increase by 38% by 2040 from 2014, and
the transportation and industrial sectors will account for 92%
of the global liquid fuel demand in 2040.1 This growing
demand encourages the exploration of a variety of feedstocks
for transportation fuels production with biomass being the
only renewable energy source2 that has the capability to present
a viable substitute for petroleum-based liquid transportation
fuels.3

Literature has detailed the process configurations for
biomass-to-liquid (BtL),4 coal-to-liquid (CtL), and gas-to-liquid

(GtL).5–7 In the case of BtL and CtL, a gasification reactor is
employed that converts the carbonaceous feedstock into
syngas. The syngas is subsequently converted to hydrocarbon
liquids through the Fischer–Tropsch (FT) process. The advan-
tage of the FT process is that it can produce hydrocarbons of
varying length from any carbonaceous feedstock (e.g., coal,
NG, or biomass), provided that the desired H2/CO ratio is
attained. The production of hydrocarbon liquids from FT syn-
thesis using cobalt-based catalysts requires an optimum H2/
CO ratio in the range of 2.0–2.2.8

The H2/CO ratio plays an essential role in the FT process.
In the case of biomass and coal gasification, the H2/CO
ratio of the effluent syngas is adjusted via water–gas shift
reaction followed with a subsequent CO2 removal step.9,10

Cobalt-based catalysts have a low water gas shift activity,
which implies that syngas should have a H2/CO ratio of 2.15
to ensure a high conversion.11 In comparison, iron-based
catalysts possess a higher water–gas shift reaction activity.
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Supported cobalt catalysts are preferred for the FT synthesis
(FTS) step in the GtL process owing to its high activity and
selectivity to linear paraffins.12 For instance, supported cobalt-
based catalysts were employed in Shell’s Middle Distillate
Synthesis process at Bintulu, Malaysia, a GtL plant with a
14 700 barrels per day capacity using fixed bed reactors, and
was used in Shell’s Pearl project in Qatar.12,13

The recent interest in co-conversion of natural gas and
biomass-to-liquid (GBtL) makes it imperative to understand
the optimization and integration of natural gas (NG) and
biomass into a hydrocarbon liquid fuel conversion process.
Recent studies have shown the possibility of reforming NG and
biomass-derived synthesis gas (syngas) in a single reactor; this
offers research and development (R&D) opportunities for sub-
sequent process intensification.4

The heating values of woody biomass, NG, and FT pro-
ducts are listed in Table 1. With a relatively high NG heating
value, the liquid fuel yield would be enhanced when biomass
is blended with NG. Process synthesis and optimization
studies related to BtL,14,15 CtL,16 hybrid biomass and
coal,17,18 and hybrid biomass and NG processes19 have been
recently reported.19–22 Process strategies associated with co-
conversion of NG with biomass have drawn interest due to
the current lower cost of NG relative to biomass, and for its
potential for lower GHG emissions relative to petroleum.23

The methane-rich composition of NG offers a high hydrogen-
to-carbon ratio, which could potentially increase the overall
carbon yield in liquid products and reduce the quantity of
CO2 produced.14 Process concepts on co-conversion of
biomass and NG have been proposed previously for pro-
duction of methanol with reduced CO2 emissions (Hynol
process)24 and for generating hydrogen and methanol for fuel
cell vehicles.25

The GtL process provides an effective mechanism in
increasing the supply of domestic transportation fuels by redu-
cing dependence on oil imports, thus enhancing energy secur-
ity.6 Studies have shown that the GtL process exhibits carbon
conversion efficiency (i.e., carbon in the feedstock that is con-
verted to fuels) as high as 52%,26 which is significantly higher
than those from CtL (28%–34%27) and BtL (43%28), as shown
in Table 1. In addition to high carbon efficiency from GtL, sig-
nificant drivers for the development of the GtL technology
could be attributed to the following factors:29

• The GtL process has high exothermicity, where the excess
heat generated could be configured to produce electricity and
steam.

• It enables the diversification of market risks by offering
an opportunity to convert NG by providing an alternative
option to liquefying NG.

• It offers an alternative to facilitate utilization of large
quantities of gas associated with oil production on site, as well
as applied at offshore gas fields.

• The global demand for diesel has the potential to
increase from 25 million (MM) barrels per day in 2011 to 37
MM barrels per day by 2035.30

Another significant motivation for the development of
technologies based on the GtL platform is its potential to
utilize stranded reserves that are located more than 5000 km
from consumption centers where traditional transport techno-
logies could not be utilized, due to investment risks.29 The
stranded NG reserve is defined as NG discovered in conven-
tional gas and oil fields that is not commercially producible
and is estimated to be 2612 trillion cubic feet in the world
(outside North America).31

Furthermore, another possibility envisioned for GtL techno-
logies is the opportunity to monetize smaller volumes of gas
(<25 MM standard cubic feet per day [scfpd] of gas), which
may be applied in a cost-effective conversion of NG streams to
valuable products. The small-scale GtL process provides an
alternative opportunity when combined with biomass gasifica-
tion, instead of being flared. Process synthesis and optimiz-
ation studies would be needed to address the conversion of
biomass and NG to transportation fuels.32–34 An important
focus in process design requires modularity, simplicity, auto-
mation, and robustness of operation,35 especially for a wide
spectrum of facility sizes.

The focus of this article is to assess the techno-economic
analysis (TEA) of the co-conversion of biomass and NG (at
various blending ratios) to transportation fuels. There are
limited studies that focus on the TEA for GBtL. Chakravarti
et al. modeled the NG-enhanced BtL process based on
Praxair’s patent.36,37 In the Chakravarti study, an H2-rich
syngas stream is generated by a steam methane reformer
(SMR), which is fed a combination of NG and tail gas gener-
ated in the FT synthesis section.36 It was concluded that when
producing gasoline, diesel, and kerosene in ratios commensu-
rate with demands in the United States (U.S.), the overall cost
of liquid fuel production ranges are: $109 per barrel (bbl)–
$129 per bbl for a 1-thousand-barrels-per-day (kBD) plant, $85
per bbl–$106 per bbl for a 5-kBD plant, $75 per bbl–$95 per
bbl for a 10-kBD plant, and $66 per bbl–$86 per bbl for a
50-kBD plant.38 Onel et al. modified the process synthesis and
a global optimization framework for the thermochemical con-
version of biomass and GBtL to co-produce the liquid fuels
and olefins.39 It was observed that increasing the olefins pro-
duction level significantly increases the profit of the refinery.39

Liu et al. developed two designs for coproduction of electri-
city and FT to liquid from a co-feed of NG and biomass, one
with CO2 venting (OT-V) and the other with CO2 capture
(OT-CCS) of 1.6 106 t CO2 per year GBtL-OT-CCS.40 In this
study, the electricity price was reported at 98.9 and 135.7 $ per
megawatt per hour if FT liquid fuels sold at $75 per bbl for

Table 1 Heating value of fuels and feedstocks

Lower heating value (LHV)
(BTU per lb) H/C ratio

Carbon
efficiency

Wood 6622 7.2–8.4 43%
NG 20 267 4.0 52%
Coal 9773 (wet basis) 1.0 28–34%
Naphtha 19 320 1.6–2.3 —
Diesel 18 397 —

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2018 Green Chem., 2018, 20, 5358–5373 | 5359

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
28

/2
01

8 
8:

44
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c8gc01257a


GBtL-OT-V and GBtL-OT-CCS, respectively.40 Wright et al.
investigated the NG blending wall in biofuel production.41 In
this study, they showed that less than 19.1% of NG on an LHV
energy basis (7.83 wt%) could be blended to avoid exceeding
the emissions limits established by the Renewable Fuel
Standard (RFS) 2.41

This GBtL TEA provides baseline cost results for hydrocarbon
liquid fuel production, which can be viewed as a near-term
deployment opportunity for renewable jet fuel production.
Sensitivity analyses are performed to identify key cost drivers and
guide future R&D, as well as near-term deployment strategies.

In addition to the economic feasibility, overarching concerns
such as environmental sustainability also need to be addressed
for sustainable biofuel production. In this study, life cycle
assessment (LCA) is also performed in tandem with TEA to
assess life cycle impacts associated with the production of
hydrocarbon blendstock from biomass/NG co-processing via the
FT process. The associated greenhouse gas and life cycle ana-
lyses are included to provide insight on the carbon footprint for
liquid fuels production from the GBtL technology. LCA results
provide a better understanding of the processes from the
environmental aspects, and consequently, a more informed
assessment and comparison of the technologies can be made.

2. Methods
2.1 General TEA methodology

Detailed TEA of co-conversion of NG and woody BtL fuels is
performed at the plant scale of 50 MM gallon gasoline equi-

valent (GGE) hydrocarbon fuels production annually. The 2016
U.S. Billion-Ton Update estimates that by 2030 there will be
enough agricultural and forest resources to sustainably provide
at least one billion dry tons of biomass annually. While all
biomass resources can be used as feedstocks for BtL processes,
the scope of this study only focuses on woody biomass. The
economic analysis includes a conceptual process design that
leads to the development of a detailed process flow diagram
(based on research or commercial data); rigorous material and
energy balance calculations (via a commercial simulation tool,
i.e., Aspen Plus); capital and project cost estimations (via an
in-house model using spreadsheets); a discounted cash flow
economic model; and the calculation of a minimum fuel
selling price (MFSP). The conceptual process design for the
GBtL process is illustrated in Fig. 1. The baseline process
model is based on previous National Renewable Energy
Laboratory (NREL)-developed indirect gasification of biomass
models,42 BtL via FT technology models.43

The operating expense (OPEX) calculation for the designed
facility is based on material and energy balance calculations
using Aspen Plus process simulations.44 All of the unit costs
for materials are listed in Table 2 in 2011 U.S. dollars.

For coproduct yield of wax, we use an equivalent mass flow
of wax based on low heating value, which means that the high
molecular hydrocarbon mass flows from distillation columns
were converted to the equivalent wax mass flow based on the
low heating value of wax. The unit wax price is based on the
equivalent wax mass flow.

All costs are adjusted to 2011 U.S. dollars using the Plant
Cost Index from Chemical Engineering Magazine,45 the

Fig. 1 Process flow diagram for the GBtL process. Note that all areas have either been commercialized or demonstrated at commercially relevant
scales.
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Industrial Inorganic Chemical Index from SRI Consulting,46

and the labor indices provided by the U.S. Department of
Labor Bureau of Labor Statistics.47

Hydrogen is a co-product and the hydrogen co-product
credit is based on the hydrogen price of $2 kg−1 for the base-
line.48 This high hydrogen price would result in low MFSPs, so
a sensitivity analysis has been performed for hydrogen prices
ranging from $0.5 to $3 kg−1.

Most capital expenses are sized from process simulation
with base cost sourced from previous reports and
models,42,43,49 with a few exceptions specifically for the GBtL
models in this paper. For instance, we use a scaling factor of
0.6 to estimate the gasifier cost with the gasifier quotation
from the NREL gasification design report42 for an inlet
biomass flow higher than 2000 metric tons per day. To cater to
smaller gasifier capital costs, we assume a fixed capital cost of
$14MM based on a 200 dry metric tons per day biomass gasi-
fier price,50 with a scaling factor of 0.6.

After the total capital investment, variable operating costs,
and fixed operating costs are determined, a discounted cash
flow rate of return analysis has been used to determine the
MFSP. The discounted cash flow analysis is calculated by iter-
ating the selling cost of the product until the net present value
of the project is zero with a 10% Internal Rate of Return (IRR).
The analysis requires that the discount rate, depreciation
method, income tax rates, plant life, and construction startup
duration be specified. The discounted cash flow assumes 40%
equity financing with a loan interest at 8% for 10 years.
Working capital is assumed to be 5% of the fixed capital
investment. The plant is assumed to take three years to con-
struct plus 6 months spent toward startup.

This GBtL TEA provides baseline cost results comparable
to the other evaluated biojet fuel routes and could be viewed
as a near-term deployment opportunity for biojet fuel pro-

duction. According to Hicks and Tacina, fuels produced from
the FT process offer advantages as compared to conventional
jet fuel, including an increased thermal-oxidative stability
and lower particulate emission.60,61 More importantly, para-
meters or process-related variables such as material price,
capital cost, operating conditions, and several processing
conditions are scrutinized in the sensitivity analysis.
Sensitivity analyses are performed to understand the impact
of variations in the biomass-to-NG blending ratios, plant
scales, design assumptions, and NG prices on the overall
process economics.

A single-point sensitivity analysis is performed on the
Aspen Plus model to identify key cost drivers from the selected
variables. Reasonable minima and maxima for each variable
with all other factors held constant are chosen to understand
and quantify the resulting cost impact on overall MFSP. If the
correlation is not linear, additional points might be analyzed
to represent the cost impact, such as the curve for plant
capacity. For example, the total production capacity changes
from 10 to 100 MMGGE on an NG blending ratio range of 10%
to 90%. An NG blending ratio of 10% means 10 wt% of NG is
co-fed with 90 wt% of cellulosic biomass to Area 100. The total
amount of feedstock is determined by the production capacity.
The single-point sensitivity analysis is typically illustrated in a
tornado chart with the variable impacting cost the most on the
top and the variable impacting cost the least sequenced to the
bottom. The single-point sensitivity analysis and scenarios
analysis are focused on a single aspect while keeping all other
parameters constant. However, it could be possible that several
parameters are changed simultaneously so that the results
would be changed significantly.

3. Process design

The goal for the baseline TEA model is to perform the sensi-
tivity analyses to understand the impact of variations in the
biomass-to-NG ratios, plant scales, reaction kinetics, process
design assumptions, and NG prices on the process economics.

The process design for GBtL consists of feed handling,
drying, indirect gasification, gas clean-up and conditioning,
FT liquid fuel synthesis, and fractionation of liquid hydro-
carbons. The NG is mixed with the biomass-derived syngas
and the mixed syngas is then sent to the tar reforming area
where the molar ratio of H2/CO is adjusted to 2.1 to meet
targets for the FT process. After the tar reforming process, the
syngas is quenched and the acid gas (e.g., H2S and CO2) is
removed from the syngas. Then the conditioned syngas is sent
for FT synthesis to hydrocarbon fuels. The description for each
area is shown in Table 3, with details in the following sections.
The detailed process flow diagrams (shown in Fig. 1) and an
Aspen Plus model have been developed, and material and
energy flows have been evaluated. Aspects about energy inte-
gration and process design (e.g., process equipment and esti-
mation of operating costs) and complete economic evaluation
of the GBtL integrated process have been studied. In this

Table 2 Unit prices for raw materials and products (2011$)42,43,48,51–59

Materials Cost

Woody biomass $80 per ton
NG $239 per ton

($5 per MMBTU)
Electricity $0.0572 kWh
Magnesium oxide (MgO) $527 per ton
Fresh olivine makeup $249 per ton
Hydrotreating catalyst $20 lb−1

SMR catalyst $8 per ton
hydrogen

Zinc oxide catalyst $6 lb−1

LO-CAT chemicals $1777 per ton
Tar reformer catalyst $22 lb−1

FT catalyst $32 lb−1

Boiler chemicals $5558 per ton
Cooling tower chemicals $3331 per ton
Cooling tower makeup $0.3 per ton
Waste disposal $47 per ton
Wastewater treatment chemicals $0.7 per ton
Wax $0.4 lb−1

Gasoline $2.8 per gal
Diesel $3.2 per gal
Hydrogen $1.3 kg−1
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study, we selected a blending ratio of 10% NG and a pro-
duction capacity of 50 MMGGE per year (MMGY) of hydro-
carbon fuels as a baseline. Different blending ratios and
capacities have been studied in the sensitivity analysis section.

3.1 Biomass gasification

The indirect steam gasifiers are heated via heat transfer from a
hot solid or through a heat transfer surface. Coproduct char
and portions of the product gas can be combusted with air
(external to the gasifier itself ) to provide the energy for gasifi-
cation. In this study, indirect steam gasification is chosen as
the basis for the gasifier design, because previous NREL
studies42,62 have shown that it has an economic advantage
over oxygen-blown high-temperature slagging gasification62 or
lower temperature dry-ash direct gasification63 processes for
the scale typical of biomass gasification. The primary reaction
in indirect gasification is the devolatilization of biomass to
gases, condensable vapors, and char as reaction products.64

Feedstock composition, gasifier type, residence time, operating
parameters (e.g., temperature and pressure), and the relative
importance of gas-phase reactions such as water gas shift9,64

would affect the final gas composition of the gasifier. The
choice of the gasification reactor influences the composition
of syngas considerably, as shown in Table 4.

3.2 Gas conditioning

The conditioning area contains three sub-areas, which are
steam reforming, acid gas removal, and sulfur removal. For the
tar reforming area, the NG is fed directly to the reformer with
the biomass-derived syngas. The reformer operates at 1650 °F
(900 °C) and 27 psia. Among the reforming reactions, the SMR
reaction is: H2O + CH4 → CO + 3H2 coupled with the water–gas
shift reaction: H2O + CO → CO2 + H2. After the reforming
process, the ratio of H2/CO in the syngas is adjusted to 2.1 by
controlling the steam used in the steam reforming process.
The conversion of CH4 is assumed to be 80%. There is a 3 psia
pressure drop across the reformer. The catalysts for tar reform-
ing are priced at $21.63 lb−1 and have a density of 92.5 lb ft−3.
The GHSV of the tar reformer reactor is 2476 h−1. The reform-
ing reaction is supported by a fuel combustor, which provides
energy for the reformer.

After the reforming area, the compressed fresh syngas
(430 psia per 30 bar) enters an amine-based acid gas removal
(AGR) unit for removal of the 82% of CO2 and 94% of H2S and
subsequently enters the FT synthesis reactor. The recovered
H2S-rich acid gas stream is routed to the Merichem LO-CAT
sulfur recovery unit. The acid gases removed in the amine
scrubber are stripped to regenerate the sorbent and sent
through a sulfur removal operation using a liquid phase oxi-
dation process. The AGR and LO-CAT processes work together
to remove most of the sulfur and CO2 to the levels (i.e., sulfur
free and CO2 ≤ 5%) desired for the copper/zinc oxide/alumina
catalyst.51

3.3 Fischer–Tropsch synthesis

The FT process involves the catalytic conversion of syngas into
a mixture of reaction products that could be refined to syn-
thetic fuels, lubricants, and petrochemicals.65 One of the
important advantages that the FT process offers is its capa-
bility to produce liquid hydrocarbon fuels from syngas, which
are almost free from sulfur and possess fewer aromatics than
gasoline, jet fuel, and diesel fuel.66 An important aspect of this
process is the adjustment of the H2-to-CO ratio, which is
usually determined by the upstream gasification and reform-
ing technologies employed.67 As described by de Klerk,65 the
FT reaction involves catalytic CO polymerization and hydrogen-
ation, where the chain growth and termination of the reaction
products can be described by a carbon number distribution.
The generic stoichiometry for the FT reactions could be
described by the following chemical reactions (eqn (1)–(3)):

n COþ 2ðnþ εÞ H2 ! CnH2ðnþεÞ þ n H2O; ε ¼ 0 or 1 ð1Þ

n COþ 2ðn� εÞ H2 ! CnH2ðnþ1�εÞ Oþ ðn� 1Þ H2O; ε ¼ 0 or 1

ð2Þ
n COþ 2ðn� 1Þ H2 ! CnH2nO2 þ ðn� 1Þ H2O ð3Þ

The H2/CO ratio plays an essential role in the FT process.
Cobalt-based catalysts have a low water gas shift activity, which
implies that syngas should have an H2/CO ratio of 2.15 to
ensure high conversion as suggested by Dry.11 Furthermore,

Table 3 Brief descriptions for each processing area

Area Description

Area 100:
preprocessing

Biomass feedstock is handled, stored, and
dried.

Area 200: gasification Biomass is gasified using indirect
gasification.

Area 300:
conditioning

The mole ratio of H2/CO is adjusted to 2.1
using tar reforming and gas conditioning,
including CO2 scrubber and sulfur removal.

Area 400: FT synthesis The adjusted syngas is converted to
hydrocarbon fuels with wax as a residual
product.

Area 500: product
separation

Gasoline, jet, diesel, wax, and light gases are
separated.

Area 600: utilities Heat and power are co-generated to supply to
the facility; n-site wastewater treatment
facility.

Area 700: cooling
water

Cooling tower is used to reject waste heat to
the atmosphere.

Table 4 Typical gas composition of raw syngas from gasification9

Compound

Oxygen
gasification
(entrained flow)

Oxygen
gasification
(fluidized bed)

Steam
gasification
(indirect)

CO (vol%) 40–60 20–30 20–25
CO2 (vol%) 10–15 25–40 20–25
H2 (vol%) 15–20 20–30 30–45
CH4 (vol%) 0–1 5–10 6–12
N2 (vol%) 0–1 0–1 0–1
LHV (MJ m−3) 10–12 10–12 10–14
Tar content
(g Nm−3)

<0.1 1–20 1–10
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for iron-based catalysts possessing a higher water gas shift
reaction activity, operating temperature plays a major role. At
446 °F (230 °C) low-temperature Fischer–Tropsch (LTFT), a H2/
CO ratio of 1.7 has been recommended to ensure high conver-
sion. Another possibility exists to conduct the reaction at
446 °F (340 °C) high-temperature FT where the water gas shift
reaction proceeds rapidly to equilibrium and CO2 can also be
converted into reaction products.11 As the FT reaction is sig-
nificantly exothermic, an essential requirement is to remove
heat rapidly so as to avoid temperature rise resulting in the for-
mation of CH4 and leading to catalyst deactivation (sintering
and coking) and disintegration (due to Boudouard carbon
deposition).11

A cobalt-based slurry column reactor is chosen and alterna-
tive catalyst and reactor configurations can be accounted for in
the sensitivity analysis. The carbon number distribution in an
FT process is typically described by the Anderson Schulz Flory
(ASF) distribution, which essentially describes the molar con-
centration (xn) of a carbon chain with n carbons in terms of a
chain growth probability (α), such that the carbon numbers (n)
and molar concentrations (xn) have a logarithmic relation-
ship65 (eqn (4)).

lnðxnÞ ¼ n lnðαÞ þ ln ðð1� αÞ=αÞ ð4Þ
For this TEA, we chose the FT reaction at LTFT (446 °F/

230 °C) using a cobalt-based slurry column reactor. The FT
kinetics chosen to maximize the production of hydrocarbon
fuel is calculated using the ASF distribution. A stoichiometric
reactor model was formulated in Aspen Plus using the product
yields determined on a mass basis by the ASF distribution for
α = 0.84.

3.4 Process integration

In this model, the heat and power are integrated in the steam
area. The system includes a steam cycle that produces steam
through the integrated recovery of heat from the hot process
streams throughout the plant. Power for plant operations is
produced from the steam cycle using a two-stage steam
turbine with intermediate reheat to increase electricity pro-
duction. The steam turbine efficiencies are assumed as 75%
and the generator mechanical efficiencies are assumed to be
97%.42,43 The plant energy balance is controlled by the rate of
syngas combustion in the regenerator for the tar reformer cata-
lyst. The energy from syngas combustion is recovered from the
flue gas and contributes to the conversion to electricity in
steam turbine generators.

The recycled water from the GBtL system is fed as the boiler
feed water. Then water is heated in the boiler to produce the
steam. Operations requiring steam include gasification,
reforming, and acid gas removal sections. Steam is directly
injected into the gasifier and the reformer. For the remaining
hot streams that need to be cooled down, the cooling water is
used to reduce the temperature to meet the temperature
requirement. The cooling water is sourced from the blowdown
water in the steam area and the makeup cooling water. A

mechanical draft cooling tower provides cooling water to
several heat exchangers in the plant. The cooling tower uses
fans to force the air through circulated water.

In the GBtL Aspen Plus model considered in this study, the
recycled syngas is split into two streams. One stream is sent to
the fuel combustor to generate the heat and meet the energy
balance requirement for the GBtL process. The other stream is
sent to the tar reformer for improving the efficiency of the
reforming process. The split of the recycled syngas process is
modeled by a splitter that requires a specific split ratio, which
represents the portion of recycled syngas that is sent to the
tar reformer. This syngas split ratio has a significant effect on
the carbon efficiency as well as energy integration, and could
be used to synthesize the hydrocarbon fuels. However, the
option of combusting the syngas and generating the electricity
from the steam generation area exists. There is a trade-off
between the MFSP of the hydrocarbon fuels and sale of electri-
city, which may result in significant effect on the final MFSP.
The syngas split ratio is a sensitive parameter for the MFSP
and its effect has been studied in the section on sensitivity
analysis.

3.5 Greenhouse gas life cycle assessment

LCA on GHG emissions is performed to evaluate and compare
GHG emissions associated with hydrocarbon blendstock pro-
duced from the GBtL. It is wise to conduct LCA early in the
design stages and throughout research and development. LCA
enables the researchers to implement changes to modify and
improve the sustainability of the entire life cycle, resulting in a
more environmentally friendly product or process than other-
wise might be produced.

A complete LCA typically will evaluate multiple impact cat-
egories, including global warming potential, acidification,
eutrophication, resource depletion, and water use. While LCA
can certainly be employed to evaluate a wide range of sustain-
ability indicators, this study focuses only on global warming
potential as it will help determine the maximum amount of
natural gas that can be co-processed and still meet the
Renewable Fuel Standard (RFS) GHG emission targets for
advanced biofuels (i.e., a 50% reduction from petroleum fuel).

The scope of the LCA study concentrates on WTW life cycle
GHG emissions represented in grams of carbon dioxide equi-
valent (CO2e) using a 100-year GHG emission factor.68 The
system boundaries for the LCA analysis are shown in Fig. 2.
LCA includes all the stages of a product’s life—from the extrac-
tion of raw materials through the materials’ processing, manu-

Fig. 2 Life cycle stages considered in the GBtL pathway.
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facturing, distribution, use, and disposal or recycling. For this
analysis, we account for all the stages in the life cycle of the
hydrocarbon fuel, including feedstock production and logis-
tics, fuel production and transportation, and fuel consump-
tion. The functional unit is 1 megajoule (MJ) of fuel consumed
(i.e., WTW).

The LCA model is developed with SimaPro v.8.0.2 soft-
ware,69 which is used to develop and link units quantifying life
cycle impacts. GHG basis values for biomass feedstock pro-
duction and logistics, fuel transportation and end use, electri-
city, hydrogen, and NG are applied consistently with the values
utilized in Argonne National Laboratory’s GREET model soft-
ware.70 The Ecoinvent v.2.2 database71 and the U.S. Life Cycle
Inventory72 processes are used to fill the data gaps. It is
assumed that carbon sequestered during growth of biomass
ends up in the fuel production step and returns to the atmo-
sphere in the exhaust stream after the fuel combusts in the
engine and is treated as credit. The material and energy flows
for the GBtL conversion step capture the impacts of input raw
materials, and outputs, such as emissions, wastes, and copro-
ducts as predicted by the process model. The coproducts
(excess electricity, wax, hydrogen, and sulfur) are treated as
avoided products using the product displacement method.73

Coproduct displacement (also termed system boundary expan-
sion) is based on the concept of displacing the existing
product with the new product.

4. Results and discussion
4.1 Baseline TEA results

The plant scale is designed for an annual production of 50
MMGGE hydrocarbon fuels. If the blending ratio between
biomass and NG is roughly 90% to 10%, it requires 1684 dry
metric tons per day woody biomass and 194 metric tons per
day NG. The ratio of H2/CO of the syngas from the biomass
gasification is less than 2.1 : 1.0. If the gasification produces
H2/CO at a ratio much less than 2.1, a reformer is used to
produce H2 and bring the ratio up for FT synthesis.

For the baseline, the NG is charged to the tar reformer with
biomass-derived syngas. The syngas ratio could be adjusted by
using water gas shift in the tar reforming reactions. A small
portion of the H2 from syngas is separated by an on-site
pressure swing adsorption (PSA) unit to supply to the hydro-
treater. When the biomass to NG ratio is 90% : 10% (referred
to as the 90/10 baseline in the following text), no excess hydro-
gen is made. When more NG is blended in, then there is
excess hydrogen generation (for 90% NG blending, 70% NG
blending, and 50% NG blending cases).

If more NG is blended, the stoichiometric ratio of NG
reforming is 3, which results in a relative excess of hydrogen
based on the analyzed cases. Therefore, increasing the amount
of syngas from the NG reforming process could increase the
H2/CO ratio. Since an H2/CO ratio of 2.1 is required for FT syn-
thesis, excess hydrogen could be produced. The effect of the
amount of blended NG on yield and hydrocarbon production

cost is an important aspect in design of a GBtL process, which
is analyzed through sensitivity analyses. The designs for
different NG and biomass blending ratios are shown in
Table 5, all using an annual production of 50 MMGGE hydro-
carbon fuel.

4.1.1 Yield and production. Table 6 shows the hydrocarbon
yield distribution for the 90/10 baseline, with a total fuel pro-
duction of 50 MMGGE per year. LHVs of all the gasoline- and
diesel-range hydrocarbon fuels are converted to a GGE basis.
The diesel fuel (categorized by C12 to C22 n-paraffins), gasoline
fuel (categorized by C5 to C11 n-paraffins), and wax (categorized
by C23 n-paraffins and above) are listed separately in Table 6.

The energy efficiency is calculated on both higher heating
value (HHV) and LHV. The carbon efficiency is around 35.5%
independent of whether NG is reformed by itself or along with
syngas from biomass gasification. For a 100% biomass case,
the carbon efficiency is 29%, which is in the range of 23%–

41%, presented in Table 6. The yield and efficiency values
are similar to literature data of gasoline, diesel, and wax
shown in Table 7. Efficiencies ranging from 30% to 50% based
on chemical energy (ηHS) and 25%–45% based on carbon
recovered through hydrocarbon products (ηcarbon) have been
reported in the literature for the BtL process.74 Major factors
that influence carbon efficiency are:

• Minimization of oxygen consumption in gasification so
that carbon loss to CO2 can be minimized.

• Improvement in hydrocarbon selectivity during FT syn-
thesis by optimizing the reaction conditions.

• Inclusion of hydrocracking to reduce carbon to make wax.
• Exploring conceptual process strategies that allow for the

addition of H2 in the process (either as the addition of CH4 for
gasification reaction, or H2 to FT synthesis).

Table 5 Feedstock flows (dry metric tons per day) for different blend-
ing ratio of NG and biomass for annual production of 50 MMGGE hydro-
carbon fuels

NG blending ratio (with
remaining % from biomass) 100% 90% 70% 50% 10% 0%

Biomass (metric tons per day) — 108 349 640 1684 2359
NG (metric tons per day) 1060 975 815 640 194 —

Table 6 Summary of hydrocarbon fuel yields and cost for 90/10 base-
line case

Diesel fuel (MMGGE per year) 31.2
Gasoline fuel (MMGGE per year) 19.4
Wax (MMGGE per year) 5.9
Total fuel production (MMGGE per year)a 50.6
GGE per ton dry biomass 70.2
GGE per ton NG 103.3
Gasifier LHV energy efficiency 72.6%
Plant LHV energy efficiency 69.8%
Carbon efficiency 35.5%

aWax is a coproduct and is not included in the GGE calculation.
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4.1.2 Operating cost. Raw materials costs include feedstock
(biomass and NG), chemicals (e.g., boiler chemicals, cooling
tower chemicals, ammonia, and catalysts), and waste disposal.
All of the unit costs for materials are listed in Table 2 in 2011
U.S. dollars. The biomass feedstock price has been considered
as $80 per dry short ton, contributing $1.0 per GGE. NG is
another raw feedstock, which contributes to $0.34 per GGE.
NG price is considered as $238.80 per ton, equivalent to $5 per
MMBTU in 2011$.78

The total hydrocarbon fuels production costs using GGE as
a basis is shown in Table 8, with electricity and wax as copro-
ducts. A portion of the electricity generated is used to power
the facility, while the remaining electricity is sold to the grid
as a coproduct. For the purpose of optimizing the overall
process economics, the excess electricity is minimized in the
process modeling, while maintaining energy integration of the
entire facility.

4.1.3 Capital cost. Previous NREL studies have been uti-
lized for sizing the equipment and for calculating capital
costs, which are based on vendor quotes and literature.42,43

Table 9 shows the capital cost distribution of each section for
both processes. The baseline FT reactor is designed at 446 °F
(230 °C) LTFT using a cobalt-based slurry column reactor. The
FT synthesis system has the largest cost contribution of 47% of
the total capital cost. The gas conditioning and gasification
areas play an important role and constitute 21% of the total
capital cost. The utility area also constitutes 11% of the total
capital cost, indicating that heat integration is critical to this
thermochemical pathway. The Lang Factor is 4.0, which
includes all the equipment cost, additional installation and
indirect costs. The total capital investment is $570 MM for a

facility with an annual production of 50 MMGGE hydrocarbon
fuels.

4.1.4 Minimum fuel selling price. Using a 10% IRR and
discounted case flow methodologies, MFSP can be estimated
similar to previous TEA approaches.79,80 The total production
cost of gasoline- and diesel-range fuel production from GBtL
includes variable operating costs, fixed operating costs (labor,
supplies, and overhead), capital depreciation, average income
tax, and average return on investment. The plant capacity is 50
MMGGE per year, which has an input of 1684 dry metric tons
woody biomass and the imported NG is calculated as 194 metric
tons per day (10% NG co-feeding with 90% biomass). Fig. 3 and

Table 9 Capital cost for GBtL for hydrocarbon fuel production for 90/
10 base case in 2011$ (MM)

Installed costs Cost

Gasification $57
Gas conditioning $69
FT synthesis $155
Product separation $5
Cooling water $4
Utilities (combined heat and power) $37
Total installed cost $327
Total indirect cost $203
Fixed capital investment $541
Total capital investment $570

Fig. 3 MFSP cost distribution for 90/10 base case in GGE basis.

Table 7 Yield and efficiency values (carbon or heating value ratio of liquid hydrocarbon products and biomass feedstock) from FT process studies74

Tijmensen et al.66 Dimmig et al.75 Schaub76 Leible et al.77

Feed flow dry (tons per h) 80 100 100 20–25
Feed flow dry (GW) 0.37 0.5 0.5 20–25
Product flow 30–45
Gasoline (tons per h) 6–7 6–12
Diesel (tons per h) 9–10 0–1
Total hydrocarbon (tons per h) 10–15 18 15–17 10–14
ηcarbon

a % 23–41 36 34 23–27
ηHS

b % 32–51 45 42 29–34

a ηcarbon is defined as the ratio of the mass of carbon (mC) in C5–C20 to the mass of carbon (mC) in biomass feed. b ηHS is defined as the conver-
sion efficiency based on the HHV. It is defined as the ratio of HHV of C5–C20 to the HHV of the biomass feed.

Table 8 OPEX distribution for all hydrocarbons (C5–C23) for 90/10
base case, per GGE basis

Parameters Cost ($ per GGE)

Feedstock $0.98
NG $0.34
Other raw materials $0.12
Waste disposal $0.01
Electricity ($0.14)
Wax ($0.40)
Total OPEX $0.90
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Table 10 show the MFSP. The hydrocarbons (C5 to C23) are con-
verted to GGE using the LHV. The coproducts considered are
electricity and wax, and hydrogen in some cases. As indicated
in Fig. 3, the average return on investment, NG, and feedstock
costs are the most important positive operating costs. The
MFSP is calculated based on the LHV of the produced hydro-
carbons using diesel fuel and GGE basis. The MFSP is $2.99
per GGE for the GBtL baseline (90% biomass and 10% NG).
Table 10 shows the MFSP distributions on a GGE basis.

4.2 Sensitivity analysis results

For single-point sensitivity analysis, several critical parameters
are explored, including variations of selected key parameters.
The difference of scenario analysis and single-point sensitivity
analysis is that several processing parameters have been
adjusted with each α value while in single-point sensitivity ana-
lysis; all other process parameters are kept unchanged.

4.2.1 Tornado chart. Fig. 4–6 show the sensitivity analyses
for 50 MMGY capacity cases whose NG blending ratios are
10%, 50%, and 90%, respectively. These three cases are
selected to see the impacts of the sensitivity parameters on the
final MFSP for a facility with different NG blending ratios. The
selection of 90%, 10%, and 50% NG is intended to reflect
high, middle, and low points on a blending curve, so that
different ranges of NG blending ratios could be investigated.
The mass flows of both NG and biomass for these three cases
are given in Table 11, all targeting to produce 50 MMGY of
hydrocarbon fuels. The selected sensitivity parameters are
plant scale, biomass price, total capital cost, syngas split ratio
to syngas versus combustor, FT synthesis reactor capital cost,

Table 10 MFSP distribution (2011$) for 90/10 base case in GGE basis

Parameters $ per GGE

Total OPEX $0.9
Fixed costs $0.4
Capital depreciation $0.4
Average income tax $0.2
Average return on investment $1.0
MFSP $2.99

Fig. 4 Tornado chart for 10% NG and 90% biomass GBtL process with annual 50 MMGY hydrocarbon fuels.

Fig. 5 Tornado chart for 50% NG and 50% biomass GBtL process with annual 50 MMGY hydrocarbons.
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gasifier capital cost, tar reformer capital cost and pressure,
and electricity, wax, NG, and hydrogen prices for all three
blending ratios.

The syngas split ratio represents the portion of recycled.
Syngas that is sent to the tar reformer. It is a significant para-
meter for the GBtL system since it affects the yield of CO and
H2 and the hydrocarbon fuel production capacity and cost.
The tar reformer pressure could affect the heat requirement of
the tar reformer and influence the heat balance of the GBtL
system. The plant scale ranges from 10 to 100 MMGY. The gasi-
fier cost, tar reformer cost, FT synthesis area cost, wax copro-
duct credit, and the total capital cost is varied in the range of
50%–150% of the baseline.

NG price range is defined from EIA data to be $3–$9.40 per
MMBTU.78 The electricity price range is based on the history
of the minimum and maximum average retail monthly electri-
city price during 2001 to 2015 from EIA81 to be 4.71–7.72 cents
per kWh. For some cases, when co-feeding a high percentage
of hydrogen-rich NG, there is excess hydrogen production for
coproduct revenue. The hydrogen price is assumed to be
$1.29 kg−1 for the baseline and ranges from $0.50 to $3 kg−1.

Fig. 4 shows the sensitivity analyses for 10% NG in the 50
MMGY capacity case, with calculated MFSP from $2.23 to
$4.94 per GGE. Capital cost is second only to plant scale, influ-
encing cost significantly. MFSP could be as high as $3.74 per
GGE when the capital cost is increased to 150% of the baseline

capital cost. Higher α values also favor cost reduction. FT kine-
tics are the third most important parameter, which results in a
range of $2.75–$4.25 per GGE of MFSP. Among all the process
areas, the FT synthesis area constitutes the largest portion of
the total capital cost, and hence the FT reactor contributes to
capital cost significantly. Because the blended NG is only 10%
of total feedstock, the mass flow of NG is 194 metric tons per
day, which is much lower than mass flow of biomass at
1684 metric tons per day. As a result, the NG price has a
smaller effect on the MFSP than biomass cost.

In summary, plant scale is always the most important factor
for all three analyses in varying the blending ratio of NG and
biomass. Other factors like capital cost, raw materials, and
coproduct prices are the major cost drivers. Along with the
change of blending ratio of NG and biomass, the order of
importance for the parameters changes accordingly. The more
NG that is blended in, the more important its cost. The key
cost drivers are blending ratios of NG, optimization of heat
integration of the process, and the reduction of excess hydro-
gen and electricity production.

4.2.2 Plant scale and blending ratio of NG and biomass. In
Table 11, variations of the blending ratio between biomass
and NG are studied for carbon efficiency and capital cost, with
a targeted plant scale of 50 MMGY. The carbon efficiency for
the GBtL process is improved from 29% to 45% if the weight
percentage of NG blended is increased from 0% to 100%, so

Fig. 6 Tornado chart for 90% NG and 10% biomass GBtL process with annual production of 50 MMGY hydrocarbons.

Table 11 TEA results for different NG blending ratios (at capacity of 50 MMGY)

Blending NG %
(remaining percentage from woody biomass) 100% of NG 90% of NG 70% of NG 50% of NG 10% of NG 0% NG

Biomass (metric tons per day) — 108 349 640 1684 2359
NG (metric tons per day) 949 975 815 640 194 —
MFSP ($ per GGE) 2.22 2.38 2.43 2.53 2.99 3.28
Carbon efficiency (wt%) 50.13% 45.3% 45.1% 44.2% 35.5% 29.7%
Fixed capital investment ($MM) 461 463 453 461 541 618
GGE per ton biomass — 89.5 89.2 87.3 70.2 58.6
GGE per ton NG 145.36 131.7 131.3 128.5 103.3 —
Gal per dry ton biomass — 90.5 90.1 88.3 70.9 59.2
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hydrocarbon production increases. Also, the capital cost is
decreased along with increasing of the NG blending ratio
because the capital cost of gasifiers is reduced if comparatively
less amount of biomass is used. Fig. 7 shows the effect of both
plant scale (from 10 to 100 MMGY) and blending ratios of NG
and biomass (0% to 100% mass flow of NG).

There are a few important insights that have been identi-
fied by studying the variation of the blending ratio of NG and
biomass feedstocks. First, the MFSP decreases with the
increase of production capacity, due to economies of scale.
Second, when the NG blending ratio is less than 50%, the
ratio of H2/CO for the syngas used for FT synthesis is lower
than the targeted 2.1 for FT synthesis, which requires the
water gas shift reaction in the reforming step to increase the
amount of hydrogen. As a result, there is no excess hydrogen
produced. When the NG blending ratio is higher or equal to
50%, the ratio of H2/CO for the syngas would be higher than
2.1, so water–gas shift is no longer needed. A PSA unit is
employed to split a portion of the hydrogen from the syngas.
The excess hydrogen split from the PSA unit is sold as the
coproduct.

The co-feeding of biomass along with NG offers the advan-
tage of the economies of scale associated with NG. For
instance, if the cost target is $3 per GGE, the plant capacity
has to be more than 70 MMGY for BtL (0% NG curve shown in
Fig. 7). However, approaching the same cost target, the plant
capacity could be reduced to 50 MMGY with the blending of
10% NG and 90% biomass. The plant capacity could be
further reduced to 20 MMGY if using 100% NG as feedstocks.
This is not only because NG has a higher heating value per
weight, but also because blending NG with cellulosic materials
could increase the total hydrocarbon yields. Co-feeding of
biomass with NG would simultaneously reduce the carbon
dioxide emissions of NG by integrating it with a renewable
feedstock. Additional investigation on LCA on various blend-
ing ratios of biomass and NG is discussed in the life cycle
assessment results section.

4.2.3. Energy integration and its impacts to cost of liquid
fuels. Unconverted syngas is recycled and split into two

streams. One stream is sent to the fuel combustor to generate
the heat for the whole GBtL energy demand (heating and
power), while the other stream is recycled to the tar reformer
to improve total carbon efficiency of feedstocks. In the Aspen
Plus model, the split of the recycled syngas is modeled by a
splitter with a specific split ratio. This specified split ratio
represents the portion of recycled syngas that is sent to the
tar reformer. It is a significant parameter for the GBtL system
since it affects the yield of CO and H2, hydrocarbon fuel pro-
duction, and ultimately cost. Ideally, only sufficient syngas
should be sent to the combustor so that the hydrocarbon pro-
duction would be maximized if more syngas is sent to the tar
reformer. On the other hand, the electricity production for
the GBtL system would be enhanced if more syngas is sent to
the combustor for heat generation. More electricity pro-
duction means lower hydrocarbon yield, resulting in higher
MFSP, even if excess electricity is sold to the grid as a
coproduct.

Fig. 8 shows the effect of the syngas split ratio on MFSP and
MMGY using 90% biomass and 10% NG. The split ratio ranges
from 0.5 to 0.9 are studied. As indicated in Fig. 8, the MFSP is
linearly reduced from $3.3 per GGE to $2.9 per GGE if the split
ratio increases from 0.5 to 0.9 at an electricity selling price of
5.72 cents per kWh.81 This is due to hydrocarbon production
that is linearly increased from 38.5 to 53 MMGY. As also high-
lighted in the figure, the impact of this syngas split ratio varies
when assuming different electricity prices.

The trend of MFSP based on the 4.71 cents per kWh case
has a sharper slope than that based on the 7.72 cents per
kWh. When the electricity price is high enough, the effect of
the syngas split ratio on the MFSP is minimized due to an
improved value obtained with the sale of electricity.

4.2.4 Tar reformer pressure. The tar reformer pressure is
another important factor that influences the MFSP. Fig. 9
shows the effect of tar reforming pressure on the MFSP for the
10% NG blending ratio (at a capacity of 50 MMGY hydrocarbon
fuel production), assuming pressure changing from 30 to
72.5 psia. The resulting MFSP increases from $2.99 to $3.24
per GGE, due to incremental cost in constructing thicker reac-
tors to meet pressure ratings. Aspen Economic Analyzer is
used to detect the relationship between pressure rating and
equipment cost for the tar reformer. It is found that the equip-

Fig. 8 The effect of syngas split ratio on MFSP and MMGY using 90%
biomass and 10% NG.

Fig. 7 The effect of both plant scales and NG and biomass blending
ratios on MFSP.

Paper Green Chemistry

5368 | Green Chem., 2018, 20, 5358–5373 This journal is © The Royal Society of Chemistry 2018

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
28

/2
01

8 
8:

44
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c8gc01257a


ment cost increases linearly with the pressure rating, from
eqn (5):

Equipment cost ð$MMÞ ¼ 0:1934� pressure ðpsiaÞ þ 0:8361:

ð5Þ

4.3 Life cycle assessment results

The projected WTW GHG emissions for a compression–
ignition, direct injection vehicle using hydrocarbon fuel pro-
duced via the GBtL as a function of the NG blending ratio is
shown in Fig. 9. The stacked bar depicts the contribution from
each life cycle stage. The WTW GHGs increases with increasing
NG blending ratio, ranging from 2.05 g CO2e per MJ (0% NG)
to 102 g CO2e per MJ (100% NG). Stages that contributed the
most are the fuel production and fuel combustion. It is note-
worthy that GHGs for the fuel combustion stage for all cases
are identical at 73.5 g CO2e per MJ (same vehicle); however,
biogenic CO2 (from fuel originated from biomass) in the fuel
combustion emission is credited, and consequently the net
GHGs for the fuel combustion stage is directly proportional to
the NG blending ratio. For the 0% and 100% NG blending
cases, the fuel is derived entirely from the biomass and NG,
respectively; all the fuel combustion CO2 emissions are bio-
genic CO2 for the former and fossil CO2 for the later.

Coproduct credits are only associated with the conversion
stage. As a design constraint, the process was designed
without the need to purchase electricity or fossil fuel for plant
operations. For the cases that result in excess heat or power
production, energy in the form of electricity will be exported to
the grid for a coproduct credit. The electricity coproduct
credits for the 0% and 10% NG cases are 7.1 and 8.3 g CO2e

per MJ, respectively. Excess electricity diminishes at a higher
NG blending ratio, partly due to lower production of biochar
that is used for heat and power generation.

As the biofuel industry develops, TEA coupled with LCA will
play a key role in process development and targeting of techni-
cal and economic barriers for the emerging conversion path-
ways. As exhibited in Fig. 10, co-processing NG readily offers
an economic advantage predominantly due to factors such as
higher NG conversion efficiency, lower capital cost (smaller
gasifier), and richer hydrogen content in the feedstock.

The improved MFSP is at the expense of environmental sus-
tainability, namely higher fossil GHG emissions. The life cycle
GHGs increase with increasing the NG blending ratio. Without
any NG co-processing (0% NG case), the life cycle GHGs were
estimated to be 2.05 g CO2e per MJ, corresponding to a 98%
GHG reduction relative to the 2005 petroleum diesel baseline
GHGs (96.7 g CO2e per MJ).82 The WTW GHGs for the 100%
NG blending case are 102 g CO2e per MJ and are similar to the
GREET result for the NG-to-diesel via FT pathway at 104 g CO2e

per MJ.70 Below 90% NG blending ratio, NG co-processing
exhibits life cycle WTW GHGs less than that from petroleum
diesel.

It is also determined that the current GBtL pathway can
readily co-process up to 28% NG and still meet the GHG
threshold reduction target for the advanced biofuels set by the
U.S. Environmental Protection Agency (EPA).83 At 28% NG
blending, the corresponding WTW GHG reduction and MFSP
are 50% and $2.75 per GGE, respectively.

While not included in this study, the WTW GHG emissions
can potentially be further mitigated by implementing carbon
management practices at the biorefinery, such as carbon
capture and sequestration technologies. Other alternatives
including co-processing renewable biogas instead of pipeline
NG can also improve the carbon footprint. These approaches
will lead to higher allowable NG blending ratio that will enable
the GBtL technology by displaying both economic and environ-
mental sustainability.

5. Conclusion

Detailed GBtL economic and environmental analyses were per-
formed using a blended feedstock consisting of woody
biomass and NG. The integrated process includes biomass
gasification to syngas, NG steam reforming to syngas, and con-
version of syngas to hydrocarbon blendstocks through FT.
Consistent with other TEA efforts, a biomass feedstock cost of
$80 per dry ton, NG price of $5 per MMBTU, and 90% overall

Fig. 9 Life cycle GHG emissions of hydrocarbon blendstock via GBtL as
a function of NG blending ratio.

Fig. 10 MFSP and life cycle GHG emissions for hydrocarbon blendstock
produced via GBtL as a function of NG blending ratio, assuming annual
production of 50 MMGY hydrocarbon fuels.
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process efficiency was considered with 2011 as the cost year
basis. When co-feeding 10% NG with 90% biomass, the MFSP
for this baseline model predicts $2.99 per GGE considering
hydrocarbon fuel production (22 MM gallons of jet fuel, 19
MM gallons of naphtha, and 9 MM gallons of diesel), with
annual total hydrocarbon production of 50 MMGGE.
Sensitivity analyses were performed to understand the impact
of variations in the biomass-to-natural-gas ratio, plant scales,
design assumptions and NG prices on the economics and the
design of the GBtL process. Key findings from this analysis are
described below.

At a NG price of $5 per MMBTU, the MFSP from this GBtL
process is reduced by co-feeding NG. As the blending ratio of
NG to biomass increases, the MFSP decreases. However, the
LCA study reveals that less than 30% (by weight) of NG can be
blended to meet a 50% GHG emission reduction threshold,
shown in Fig. 10. The key cost drivers are blending ratios of
NG, optimization of heat integration of the process, and the
reduction of excess hydrogen and excess electricity production.
The addition of methane from NG helps to overcome the low
amount of H2 in biomass, to bring the H2/CO ratio closer to
the desired 2.1 : 1. Thus, when combining both NG and
biomass to product hydrocarbon liquid fuels, carbon efficiency
of the hydrocarbon fuels is improved.

The co-feeding of biomass along with NG also offers the
advantage of the economies of scale associated with either
biomass or NG, while simultaneously reducing the carbon
dioxide emissions of NG by integrating it with a renewable
feedstock. If the goal is to achieve the same cost target, a
higher blending ratio of NG will result in a facility with smaller
production capacity. The GBtL process provides better econ-
omies of scale with higher NG blending ratios (see Fig. 10).
Other more advanced and recently developed syngas-to-
olefins, syngas-to-mixed-oxygenates, or syngas-to-mixed-alco-
hols pathway technologies could be considered as process
alternatives for future studies, which will help in providing a
greater understanding of GBtL.

LCA results reveal that co-processing NG enables the econ-
omic feasibility of converting biomass to the liquid fuel but at
the expense of environmental sustainability. The life cycle
GHG emissions increase with increasing co-fed NG. To meet
the 50% life cycle GHG reduction threshold for advanced bio-
fuels set by the EPA, the maximum NG blending ratio is deter-
mined to be about 28%, corresponding with the favorable
MFSP of $2.75 per GGE. Achieving even lower MFSP requires
co-processing NG higher than 28% without violating the GHG
reduction requirement, and this can potentially be accom-
plished by implementing carbon management practices at the
biorefinery and or co-processing renewable biogas instead of
pipeline NG.
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