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ARTICLE INFO ABSTRACT

Handling Editor: Prof I Tolj Liquid fuels as the primary global energy source will experience a demand peak in the near future. Fischer-
Tropsch technology provides liquid fuels to fulfill part of this demand from a variety of carbon-rich materials.
Biomass is a renewable source of carbon that complements conventional liquid fuels. The low efficiency of
Biomass to Liquid (BtL) processes which roots to a deficiency of hydrogen in produced syngas makes this process
less competitive. This work investigates the enhancement of the BtL process by the integration of rich hydrogen
syngas from the Gas to Liquid (GtL) process. The rigorous techno-economic analysis demonstrates that the
optimal mass blending ratio between the two feedstocks, biomass and natural gas, is 4.27 in the integrated
process of natural gas-biomass to liquid fuels (GBtL). The life cycle assessment of the hybrid system highlights the
impact of biomass feed on global warming by considering the biogenic carbon in the feedstock. The analysis
reveals that a 30% alteration in biomass feedstock leads to approximately 30% variation in the global warming
emission impact of the hybrid plant. Utilizing the different types of biomass feedstock is also evaluated and
compared as a potential solution for the difficulties in the supply chain and defining the best type of biomass for
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the feedstock.

1. Introduction

The evolving landscape of the energy and transportation sectors,
marked by the transition to renewable sources and the rising prices of
fossil fuels stemming from the unstable socio-political situation, calls for
more flexible technologies in the production of liquid fuels (LFs) [1].

LFs are versatile hydrocarbon-based substances that can be used in
vehicles, heating systems, and for power generation. They are
commonly produced from fossil resources such as petroleum, coal, and
natural gas which are converted to gasoline, diesel, and jet fuel. Alter-
natively, their production from biomass resources is attracting increased
attention to generate environmentally friendly biofuels like biodiesel,
bioethanol, or biogas [2].

Fossil-based LFs currently dominate the global energy sector ac-
counting for 30% of the energy supply but its consumption is expected to
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peak in the coming years. These fuels hold favored features due to
current infrastructures and transportation technologies designed for LFs,
and their high energy density [1,2].

Within the portfolio of options for LF production, Fischer-Tropsch
(FT) synthesis stands out because it can utilize all carbon materials as
potential feedstocks. In the FT process, the catalytic FT reactor is the
core unit, where the syngas (a blend of CO and Hy) is converted into LFs
which can later be upgraded and refined in downstream units. LFs ob-
tained through the FT process possess desirable properties such as being
sulfur-free, simplifying downstream processing [3]. The conversion of
natural gas and coal to LFs (GtL and CtL, respectively) are more mature
technology due to their high efficiency and low complexity compared to
the conversion of biomass and power to LFs (BtL and PtL). However, the
utilization of biomass as a feedstock has garnered attention within the
scientific community due to the growing awareness of the need for more
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eco-friendly fuels [4,5].

In a conventional biomass-to-liquid facility (BtL plant), the biomass
is first subjected to grinding and drying processes to prepare the biomass
for the gasification reactor [6]. Subsequently, the gasification reactor
initiates a thermochemical transformation, converting the feedstock into
syngas. Gasification has become a focus of attention due to the growing
emphasis on environmentally friendly fuels.

The main challenge of the BtL plants is their relatively low process
efficiency. The BtL conversion efficiency ranges from 28 to 40%, which
means that approximately just one-third of the feedstock is converted
into the desired product (LFs), while the remaining portion of the
feedstock is converted into COy, burned as fuel to supply energy of the
process or exits the process as waste [7]. Chiodini et al. highlighted the
deficient Hy:CO ratio in the produced syngas [8]. The FT reactor oper-
ates effectively with an input mole ratio of hydrogen: carbon monoxide
of 2:1 [9]. However, the gasified biomass contains a limited amount of
Ho, necessitating compensation through a water gas shift (WGS) reactor.
In the WGS reactor, carbon monoxide (CO) reacts with excess steam to
produce Hy and, inevitably, carbon dioxide (CO3) [10]. Approaches
included the use of Ni-based [11] alumina or silica-alumina catalysts
impregnated with alkali [12]. An alternative solution involving the
incorporation of a chemical looping design into the gasification process
has been also explored [13].

The operational parameters during the gasification stage, including
the amount of oxygen and steam utilized, play a pivotal role in
increasing the Hpy yield [14,15]. Moreover, co-gasification of biomass
and methane also has a substantial impact on the H, content within the
syngas. Shen et al. (2018) demonstrated that adding methane to biomass
in a reactor with Ni and alumina-based catalyst can increase the Hy/CO
ratio to two [16]. Hence, the presence of methane in the gasification
process plays a crucial role, as its addition limits the reverse steam
methane reforming reaction, allowing the achievement of more than
80% mole fraction of Hj in the gas output [17].

Another method to address the Hjy deficiency in syngas involves
combining the gasification process with syngas enrichment from a GtL
process. GtL plants employ different technologies for syngas production,
such as auto-thermal reforming, steam methane reforming (SMR), and
partial oxidation. Notably, the SMR process leads to the highest Hy/CO
ratio and relatively lowest power requirement [9]. In this context, more
than two decades ago, Brogwardt et al. (1997) proposed biomass gasi-
fication alongside the reforming of methane for methanol production;
however, their study did not include the FT stage [18,19]. Nevertheless,
the co-utilization of biomass and natural gas represents a great oppor-
tunity to efficiently utilize the carbon and hydrogen content of different
feedstocks while preventing the conversion into COy during the WGS
process [20].

As for today, the large-scale deployment of the BtL plants in the
landscape is limited due to several factors that hinder their economical
implementation. Perhaps the main barrier is the relatively low efficiency
and the economic feasibility due to capital investment. Hence, the
integration of BtL with the GtL process holds promise in mitigating this
economic drawback and improving the overall economic performance
making it a more attractive option for pursuing sustainable and greener
energy solutions [21]. Although conventional liquid fuel production still
maintains the cost advantage, this gap is decreasing due to optimal
process design and credit for environmental factors. Additionally, this
integration presents an intriguing opportunity to leverage the economic
advantages of GtL technology to reduce the production costs of the BtL
plants. Another important barrier includes the technical complexity of
exploiting the biomass resources available. Addressing the substantial
challenge of supplying a large quantity of biomass feedstock sustainably
is a critical aspect of this integration [22]. Hence, conducting an eco-
nomic and environmental analysis can elucidate the benefits of this
integration by considering various types of feedstocks.

Prior studies have demonstrated that hybridizing natural gas and
biomass conversions to LFs (referred to as GBtL) has the potential to
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reduce greenhouse gas (GHG) emissions while maintaining economic
competitiveness compared to the hybrid conversion of coal and biomass
to liquid fuels (CBtL) [23]. GBtL systems can be economically compet-
itive with fossil fuel-based processes while producing nearly half of GHG
emissions [24]. Even achieving a net negative GHG emissions balance is
possible by implementing carbon capture processes in both the GBtL and
BtL plants. However, an increase in the natural gas portion in feedstock
may lead to positive GHG from a life cycle perspective [25]. Hence,
there is a compelling argument to limit the use of natural gas in line with
the advanced biofuel standards [26].

Zhang et al. emphasized that co-processing natural gas with biomass
in the GBtL systems can enhance liquid fuel yields and improve process
economics, but it compromises environmental sustainability as the
natural gas blending ratio increases. They concluded that the optimal
natural gas blending ratio to meet the renewable fuel standard GHG
emission targets from the U.S. environmental protection agency is up to
28%. Additionally, they highlight that achieving cost competitiveness
with fossil-derived fuels requires optimizing blending ratios, heat inte-
gration, minimization of oxygen consumption, electricity, and excess
hydrogen [27].

In terms of process conversion efficiency, GtL systems typically
exhibit higher efficiency (~70%) depending on their reforming tech-
nology [9,27,28] compared to the BtL systems which is around half of
this amount [7,27]. The GBtL process optimizes the syngas composition,
overcoming the hydrogen deficiency of BtL syngas. This hybrid
approach leads to higher efficiency compared to the BtL systems in the
Fischer-Tropsch synthesis, providing an advantage over conventional
BtL plants. See, for example, the figures about the carbon efficiency
(Fig. 7 of the manuscript and Fig. S5 of the supplementary material).

Economically, GtL systems have traditionally been more favorable
due to their higher efficiency and lower operational complexity and
produced fuel costs [22]. However, the integration of biomass in GBtL
systems allows for a significant reduction in greenhouse gas emissions,
and particularly in the carbon footprint, due to less reliance on fossil fuel
feedstock while maintaining cost-competitiveness with conventional
GtL processes. The economic feasibility of BtL remains more chal-
lenging, largely due to lower process efficiency and higher capital costs.
Still, BtL offers a distinct advantage in environmental sustainability,
which is becoming increasingly valued in the current market landscape
[26,27].

The inherent trade-offs between the economic and environmental
criteria underscore the necessity for comprehensive assessments to
determine the optimal conditions for GBtL systems, including identi-
fying the most suitable feedstock ratio. Hence, a thorough examination
of the operational conditions considering the utilization of various
feedstock is still lacking and is essential to address the complex interplay
of economic and environmental concerns. Compared to the previous
works on GBtL process, this study includes biomass feedstock analysis,
comprehensive environmental impact assessment using ReCiPe, and in-
depth sensitivity analysis of operational parameters.

In this work, we contribute to this research direction to minimize the
uncertainties surrounding the GBtL process by conducting a techno-
economic and environmental assessment using several biomass feed-
stocks. We rely on a combination of process simulation tools (all unit
operation performances are validated with experimental data) and
detailed Life Cycle Assessment (LCA) methodologies to explore the im-
plications of the integration, finding optimal process conditions and
comparing various feedstock scenarios to establish a versatile integrated
process that can adapt to challenges impacting the supply chain.

2. Methodology
2.1. Process description and simulation overview

The GBtL process was modeled in Aspen Plus v11 considering that
feedstock can be varied between natural gas and different types of
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biomass; however, the total input carbon of the system is kept fixed for
comparison. Currently, there is no commercial hybrid GBtL plant,
therefore laboratories and plant data [9,29,30] are used for each unit
independently to validate the entire hybrid simulation model. The
simulation result and validation of the integrated GBtL plant are pro-
vided in the Supplementary Material, Tables S1, S2 and S3.
Post-processing of the simulation data is performed using 11 calculator
blocks, which include more than 20 unit operations and 200 input
variables. Around 100 output results of the model are subsequently used
for sizing, calculating equipment cost and environmental impacts. The
GBtL plant has four main subsystems (see Fig. 1(a)): feed preparation
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(grinding, drying and pre-reformer), syngas production (gasification and
SMR), syngas treatment (CO5 and water removal) and, FT and product
upgrading. In addition, the BtL plant needs utilities such as steam, water,
and oxygen. The required facilities for utilities and an air separation unit
(ASU) for oxygen supply are included in the model (feed preparation
subsystem). BtL and GtL plants have very similar process diagrams aside
from the syngas production section. Fig. 1(b) illustrates a simplified
block diagram of a GBtL process. The simulated flowsheet of the plant is
shown in Fig. S1 of the Supplementary Material.

The capacity of the GBtL system is considered 17000 bbl/day ac-
cording to the operating data of one train of the Oryx GtL plant in Qatar
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Fig. 1. Schematic of a typical GBtL process (HTX: heat exchanger, Comp: compressor; SMR: Steam methane reforming). a) Block diagram of the main subsystems of
the GBtL process; b) Simplified flowsheet of the GBtL process (The heat integration is not considered in the figure).
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[31]. The ratio of feedstock among biomass and natural gas (B:NG) is
adjusted according to the economic and environmental objectives while
the total mole flow of input carbon is constant. Based on available data
and rough estimations, for producing 1 bbl of LFs, around 10 thousand
standard cubic feet of natural gas is needed [28]. In the modeled GBtL
plant, biomass feedstock passes through a gasification unit where steam
and oxygen are injected to produce high-quality syngas. On the other
hand, the SMR reactor is employed to produce hydrogen-rich syngas
from natural gas feedstock. Notably, the syngas produced from gasifi-
cation contains methane so it can pass through the SMR reactor. The
final syngas contains significant amounts of HyO and CO, which should
be removed prior to the FT reactor to increase the efficiency and con-
version rates. The FT product is divided into water, liquid hydrocarbons
and unreacted gas fractions which are directed to a water treatment
plant, upgrading section and recycle line, respectively. Part of the
recycle stream is allocated for providing the required thermal energy
demands of the plant while the remainder is recycled into FT and gasi-
fication units.

2.1.1. Feed preparation

There is a wide range of biomass types from wood chips to green or
municipal wastes that can be utilized as feedstock. In this study, Pine
pellet is considered as feedstock for the baseline scenario and the results
are compared with other sources of biomass. Grinding and drying units
handle biomass feedstocks to prepare them for gasification [22].
Biomass is defined as an unconventional component in Aspen Plus and it
is modeled using UltAnal and ProxAnal (i.e., ultimate analysis and
proximate analysis, respectively) as shown in Table 1. One of the main
challenges to utilizing biomass on an industrial scale is the supply chain
and the availability of a unique biomass feedstock throughout the entire
year [32] so the final result of the baseline feedstock will be compared
with other types of biomass.

As we use processed natural gas, there is no necessity for sweetening;
however, since the natural gas line contains heavier hydrocarbon (pro-
pane, butane, etc.) a pre-reformer converts these materials to syngas and
methane to increase the process efficiency. Natural gas contains 94.50%
methane, 2.70% ethane, 1.48% propane and 0.80% nitrogen. The pre-
reformer converts the ethane and propane in a stoichiometry reactor
followed by an equilibrium reactor where the CO methanation and WGS
reactions take place according to the operating conditions. The details of
the reactions for the pre-reformer can be found in Table 2.

The total carbon flow rate as feedstock is kept fixed, and when the
amount of biomass is specified, the amount of natural gas is calculated
automatically.

2.1.2. Syngas production

Gasification is a thermochemical process that comprises pyrolysis,
combustion and reduction zones. Among the currently developed tech-
nologies for gasification reactors, bubble-fluidized and entrained-flow
reactors stand out for their high carbon conversion. Although the
entrained-flow reactor provides better quality syngas, it consumes
abundant oxidants and needs high temperature, so the average pro-
duction cost of syngas is expected to be lower in the bubbling fluidized
bed reactors [6,33,34]. In this study, we opted for the fluidized bed

Table 1

Biomass feedstock elemental analysis for the different feedstocks considered [30].
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reactor to balance capital costs and syngas yield.

There are sets of complex reactions that occur in the gasification
reactors. Some studies have tried to mimic this behavior with an equi-
librium reactor or minimizing the Gibbs energy [35,36]. However,
experimental data proved that except for narrow process conditions, the
equilibrium reactions cannot predict the syngas produced in the overall
range of operating conditions [37]. Thus, a reliable approach is to
approximate the complex process by different sets of reactions for
divided subprocesses.

Pyrolysis reactions are detailed in Table 2 where the reaction rate of
each substance is defined as a function of temperature. The following
assumptions are made for the gasification section: Reactor without
pressure drop or temperature profile, one-dimension reaction section is
considered and there is no change in the radial vector, ash is inert, and
the decomposition zone converts all char and tar to the elemental
species.

The pyrolysis reactions are modeled in a stoichiometry reactor, fol-
lowed by a decomposition process that converts the char into its con-
stituent components. In the next stage, oxygen is injected into the
pyrolysis outlet gas for the combustion and reduction sections, which
are approximated with two plug flow reactors in series, where 6 and 8
power-law reactions are taking place respectively (see Table 2 for more
details).

The result of the gasification unit for different feedstocks is validated
with experimental work [30]. Downstream units require high-pressure
gas, so a compression section is needed. A boiler is utilized to generate
saturated steam from the hot discharge of the compressors.

The quality of the syngas produced at the gasification reactor is
improved by the use of agents, such as oxygen and steam [15,38].
Although air injection is price-wise and has been investigated in many
studies [12,14] establishing an expensive ASU reduces the final expenses
by taking into consideration that the presence of a large amount of ni-
trogen increases the size of all downstream units and lowers reaction
efficiencies. The ASU has a good economy of scale, and it is utilized in
gigantic plants such as the Pearl GtL plant with a capacity of 140,000
bbl/day production. A conventional cryogenic ASU [39] with an oxygen
purity of more than 95% (molar) is simulated to supply the oxygen for
the gasification unit. Nitrogen with a purity of over 99% (molar) is a
value-added byproduct of the ASU plant. The compressed air passes
through a heat exchanger, cold box and Joule-Thomson valve before
entering the cryogenic distillation unit. The liquid oxygen and nitrogen
gas from the distillation tower cross the cold box to cool the feed line
before leaving the ASU.

An SMR does syngas production from natural gas feedstock to get the
highest Hy/CO ratio [9]. SMR plays a critical role in the GBtL process by
producing hydrogen-rich syngas with an Hy/CO ratio of 3-6. The
endothermic nature of SMR requires precise temperature control, with
methane reacting with steam to produce CO and hydrogen. Integrating
SMR with biomass gasification enables the enrichment of the Hy content
in syngas, optimizing it for FT synthesis.

The SMR reactions are simulated in a plug flow reactor with 3
Langmuir Hinshelwood Hougen Watson (LHHW) kinetics (Table 2)
which operates at 1100 K [40]. The simulated reactor is validated with
experimental data [29], and the catalyst loading in the SMR is tuned to

Biomass Proximate analysis (wt %) wet basis Ultimate analysis (wt %)
Moisture Fixed carbon Volatile matter Ash C H N S o

Pine 4.60 16.60 78.50 0.30 47.50 6.20 0.09 0 46.21

Pellet

(baseline)
Wood pellet 6.30 11.20 82.00 0.50 47.76 5.95 0 0 46.29
Eucalyptus A 11.80 14.60 71.00 2.87 45.85 6.13 0.35 0 47.67
Eucalyptus B 11.40 19.00 68.50 1.19 49.07 6.45 0.07 0 44.41
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Table 2
Reactions and kinetic rates.

Pre-reformer [9]

CnHanyo + nH20-nCO + (21 + 1)H,

CuHay + nH,0—nCO + (2n)H,

Conversion = 100% (n = 2, 3)
Conversion = 100% (n = 2, 3)

SMR [40]

CH4 + H,05CO + 3H2

CH4 + 2H,05CO; + 4Hy

CO + H,05CO;, + Ha

<PCH4 Pro PCOP?IE)

Pg? Keq,
n=k DEN?
Pci, P*1,0 B PCOZPIDﬁS
Py Keg,
r2 =k DEN?

(PCOPHZO B Pcoz)
ks Py, Keqs

8= DEN?

DEN =1+ Kcu,Pcn, + Ku,Pu, + KcoPco + Ku,0Pr,0 /P,

—26830

Keq, = exp(
Keg, = Kegy % Kegy

Keq, = exp (i;)o — 4.036)

+ 30.114)

—240100
ki =1.17 x 10%5 x exp(T)
—243900
_ 14
ky =2.83x 10" x exp( RT )
—67130
ks =5.43 x 10° x exp( RT )

38280 70650
Ken, =6.65x 107* x exp (W Keo = 8.23 x 107° x exp <?>
_ 82900 —88680
Ky, =6.12x 107° x exp(v Ki,0 = 1.17 x 10° x exp( RT )
Pyrolysis [46]
Yy, =1.362x 1075 T2 - Yoo = — 3.524x 1075 T2 + 0.0977 T —
0.02517 T+ 12.19 24.93
Yco, = 3.958 x 107° T% — You, = — 4.341x 107° T2 + 0.1012 T -
0.09126 T+ 64.02 51.08
Yi,0 = 5.157 x 1075 T2 — Yen, = — 6.873x 107572+ 0.1494 T —
0.1186 T+ 84.91 76.89
Yc,n, = 8.265x 107672 — Yeon, = — 3.134x1075T% + 0.07544 T —
0.02105 T+ 13.38 42.72
Ye,He0 = 1.508 x 107572 — Ye,u, = — 4.539 x 107°T% + 0.00687 T+
0.03662 T+ 22.19 1.462
Yeons = — 8.548 x 107972 +
0.01882 T— 9.851
Combustion zone [30]
1.2 . . -
5C+ 0,—0.5CO + 0.75CO, ¢ =37 % 10T x exp( 1;();)00) 03]
CO + 0.50,—CO, r=178x
101 exp (w) [COJ[02)° 2 [H0]°

CH4 + 0.50,—CO + 2H,

H; + 0.50,—-H,0

CeHgO + 40,—6CO + 3H,0

CeHs + 4.50,—6CO + 3H,0

r =1.58x 10'2 x

—202000
exp (T) [02)°®[CH,)7

r =1.08 x 107 x exp(ilgioo) [02][Ha]
—802
r = 655 x exp( 8§T00> [02][CsH60]%°
r =24x 10" exp x
—126000
(1) alcota®

Reduction zone [30]

C+ Hy,0—-CO + Hy

CO + H,0—CO; + Hy

CO2 + H,—»CO+ H,0

CH4 + H,0—-CO + 3H,

C+ CO,—2CO

CeHsO—CO + 0.4CyoHg +

0.15C¢Hg + 0.1CH4 + 0.75H,
CsHgO + 3H,0—-4CO + 0.5C2H4 +

CH4 + 3Hz

—49900
=0. H
r =0.008 x exp( RT )[C][ 10|
r =278 x exp (_126()0) [COJ[H20]
—12600
r =258 x exp( RT )[COz][Hz]
r =4.92x
—125000
101t —F | [H H
01 exp (20 im0 cit
—135000
_ 13
r =1.05x 10" x exp( RT )[C]
—100000
r =107 x exp(T) [C6HgO]
—100000
r =107 x exp(T) [CeH6O]
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Table 2 (continued)

Pre-reformer [9]

C10Hg—6.5C + 0.5C¢Hg + 0.5CH4 +

16
1.5H, r=17x107 x exp(m> M

RT [Hz ] 0.5

WGS reactor

CO + H,05CO; + Hy

4577.8
Keq = exp( T~ 4A33)

FT reactor [9]

nCO + 2nHy—(—CH,—),, + nH20 + o 3667 x 10-°Py, P %%
AH(>0)(n=1-20andn = T T (33 % 10°%)Pgo
25 for wax cut) 6.655 x 10~2Py, *Pco0 65
rco = — 2
«© 1+ (33 x10°%)Pgo

obtain high conversion (~90%); however, this conversion rate is
reduced if the feedstock composition changes, as the steam feed flowrate
in the SMR is affected [29]. As long as the produced syngas from biomass
contains a high amount of methane, a route to convert it to syngas in the
SMR reactor is considered. The injected steam into the SMR reactor is a
parameter that allows modifying the Hp/CO ratio of the mixed syngas.
According to the SMR kinetics outlined in Tables 2 and it is observed that
the quantity of steam increases in scenarios characterized by lower
hydrogen content, and conversely decreases when hydrogen content in
the gasification is higher.

2.1.3. Gas treating

In this phase, the produced syngas is prepared for the FT synthesis.
To do so, the mole fraction of CO; should be decreased to obtain a higher
syngas conversion rate with the higher partial pressure of the reactants.
A methyl diethanolamine (MDEA) CO5, capture process with an absorber
and a stripper is simulated using the ELENRTL thermodynamic package.
The CO, to MDEA ratio is around 45% and the MDEA concentration in
the solvent is near 35% w/w [41]. The heat integration of the plant
provides the energy requirements to absorb more than 90% of the CO,.
The captured CO5 can be stored or utilized in similar processes, such as
WGS unit and urea production [42,43]. Conversion of COs rich syngas to
LFs can occur in the FT reactor but it requires the use of specific
iron-based catalysts [44,45].

Removing the steam content of the produced syngas will increase the
conversion rates of the FT reactor. A considerable amount of water
content in the syngas is separated in a flash drum by lowering the syngas
temperature. Then, the inlet stream of the FT reactor needs to be
reheated to 210 °C [28].

2.1.4. Fischer-Tropsch reactor

In this section, the treated gas is passed through the FT slurry bubble
column reactor (SBCR) and the unreacted gases are separated. The low-
temperature FT (LTFT) reactors use Cobalt catalysts to provide a high
production rate of wax. Cobalt catalysts are preferred for FT synthesis
due to their higher selectivity for long-chain hydrocarbons at low tem-
peratures. Iron catalysts are also employed in FT reactors, particularly at
higher temperatures, for their effectiveness on WGS reaction [47]. We
simulate the process using a slurry bubble column reactor, which pro-
vides efficient heat removal and appropriate catalyst distribution [28].

More than 40 LHHW kinetic reactions are involved in the formation
of different olefins and paraffins [28]. The FT reactor generates a high
amount of heat during its operation. To maintain an isothermal oper-
ating condition at 210 °C, pressurized steam is used as a coolant.
Medium-pressure steam is generated from the released heat from the FT
reactor. As a good approximation, the FT reactions in the SBCR are
simulated in a continuous stirred-tank reactor (CSTR) with a volume of
2000 m®. The catalyst volume fraction in the reactor is 10% with 2000
kg/m? density. To calculate the FT conversions, it is assumed that the
weight fraction of Cobalt in the catalyst is 20% while the exposed sur-
face atom of cobalt is 10% [28]. The details of the simulation of the FT
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reactions with variable chain growth probability, where FT product
distributions are a function of mole fractions of Hy and CO in the FT
reactor, are available in section 1 of the supplementary material.

Water and unreacted gas released from the FT reactor are separated
from products in a 3-phase drum. A part of unreacted gas and light ends
(tail gas) is recycled to the FT reactor to enhance the overall conversion
of the reactor. As the GBtL process requires steam and heat, a part of tail
gas, which is purged from the recycle loop is burnt in a furnace to supply
the energy required.

2.2. Economic assessment

The total investment cost of the GBtL plant is estimated based on the
Lang equation (eq. (1)) for most of the equipment and Peters et al. [48]
study. It is assumed that the working capital cost is 15% of fixed capital
cost and there are 330 working days per year. The NPV of the plant is
evaluated using Equation (2). The detailed calculation and financial
coefficients are available in Tables S4 and S5 of the supplementary
materials.

Equipment capacity "
Equipment cost = Reference cost x qp—pty
Reference capacity
Cost index (2022)

Reference cost index

(eq. 1)

Cash flow,

NPV = —
tt'25(1 + interest rate)

— FCI (eq. 2)

2.3. Life cycle assessment

The environmental evaluation is carried out by LCA (a methodology
for evaluating the environmental impacts associated with the entire life
of the process) [49]. This study covers from cradle to gate, thereby
involving all the activities before the usage phase of the LF. The LCA
data is extracted from Ecoinvent by SimaPro software (background
system) and the inventory data is collected from the simulation (fore-
ground system). Environmental implications are assessed with the
ReCiPe method [50]. The normalization and weighting factors facilitate
comparing the environmental impact of the processes by indicating one
score for each case [50]. The functional unit for environmental calcu-
lation is 1 barrel of LF.

In order to have a detailed environmental assessment of the process,
it is imperative to define all plant inputs and outputs. The allocation in
this study is selected in reference to a point of substitution (APOS) of
Ecoinvent v.3.7 life cycle inventories. Global inventories are considered
for most of the inputs and outputs. The produced nitrogen and electricity
are assumed as by-products of the plant, and economic allocation is
implemented to assess the final impact of the main product. To evaluate
the equipment impact, it is assumed that they were constructed using
steel although results express that the impact of equipment is negligible
compared to other inputs. Also, 100-km transportation for the fuels is
deemed.

2.4. Scenario development

Investigated scenarios involving the utilization of four types of
feedstocks, as delineated in Table 1, considering their implications on
both environmental and economic aspects.

Finding the optimal values for the free variables of the baseline plant
is the case study. To do so, a sensitivity analysis is performed; Our
analysis includes altering biomass feedstock from 150 to 200 tons/h
(optimum range) and altering oxygen flowrate from 35 to 43 tons/h
(valid range) for the baseline feedstock.
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3. Results and discussion

The simulation outcomes including the main input and output data
and the economic results can be found in the Supporting Information
(Sections S1 to S3).

3.1. Different feedstock usage

The utilization of various feedstock (Table 3) throughout a year is
assessed to find out the relation between the feedstock composition and
the techno-economic condition of the integrated process of the GBtL
plant. The profit is calculated by deducing the total production cost from
the revenues. In this comparison, the carbon efficiency of the integrated
plant is also considered as one of the main indicators. Carbon efficiency
is defined as the total moles of carbon in the products divided by the
total moles of carbon of input (feed and fuel).

Selection of the best feedstock always depends on various conditions
such as supply chain, price, the efficiency of the process, etc. The results
in Table 3 consider the same condition for supply chain and price. The
Eucalyptus B feedstock has the highest profit and the best NPV while the
wood pellet shows lower investment cost for the integrated plant.

Biomass supply will encounter several logistical and operational
challenges. One of the primary issues is the geographical and seasonal
variability in biomass availability. Since biomass is often harvested
seasonally, supply fluctuations can cause price volatility and necessitate
consideration of alternative feedstocks. Storage is another significant
challenge, as biomass requires considerable space and has lower energy
density compared to conventional fossil fuels. This often requires larger
storage areas and increases the plant’s costs. Additionally, transporting
biomass over long distances poses economic and environmental issues,
making it crucial for the plant to be located near biomass resources.By
comparing Tables 1 and 3, it can be inferred that the amount of carbon
content in the feedstock has a significant impact on the economics of the
integrated plant, and as expected, the model is very sensitive to the
carbon content of biomass. The seemingly small variation in carbon
content in the Ultimate analysis between Eucalyptus B and pine pellets
(less than 2%), plays a pivotal role in syngas production during gasifi-
cation. This difference in carbon utilization efficiency between feed-
stocks affects the syngas production and downstream units, as higher
carbon content in Eucalyptus B results in more CO generation and a
larger volume of adjusted syngas, indirectly enhancing the SMR effi-
ciency and economical of the entire process.

The hydrogen content, along with other substances such as oxygen,
exerts an influence on the syngas quality; however, their impacts are
generally mitigated by the introduction of steam and oxygen in the
gasification unit. The high content of carbon in Eucalyptus B biomass
results in higher production of CO during the gasification, which yields a
greater amount of adjusted syngas (after SMR) destined for the FT
reactor. Therefore, the higher conversion rate of both feedstocks into
syngas is a critical bottleneck with the potential to enhance the overall
economic viability of the GBtL system. The plant with the pine pellet
biomass has the best efficiency regarding the usage of carbon content in
feedstock, however, the LCA analysis can illustrate more detailed
aspects.

Comparative analysis of the findings with those of prior studies [21,
24,25] reveals that results are aligned by estimating the same propor-
tional conditions. The high conversion rate of syngas in the FT reactor,

Table 3
Techno-economic comparison using various biomass feedstock.

Feedstocks Profit [M$/year] FCI [M$] NPV [M$] Carbon efficiency
Wood pellet 53.1 668 80.4 47.0%
Pine pellet 52.6 670 71.3 47.1%
Eucalyptus A -13.6 752 —943.6 44.0%
Eucalyptus B 61.8 692 179.0 46.7%
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optimal condition of the feedstock, implementation of the heat inte-
gration and incorporation of recycle streams result in relatively more
favorable economic conditions and consequent reduction in the TPC of
the integrated GBtL plant.

Various biomass feedstock demonstrates the different intensity of
impacts for each ReCiPe category (Fig. 2). As expected, there is no
alternative that performs best in all (or most) impact categories.
Selecting the optimum biomass ratio in the feed is mainly dependent on
the supply chain and location of the plant. For example, although the
wood and pine pellet feedstocks show less global warming impacts, they
occupy more land and consume more water and those aspects should be
carefully considered, in addition to the local characteristics of each re-
gion [51]. Thus, stakeholders can use Fig. 2 to select the appropriate
biomass in accordance with their particular criteria. The distribution of
environmental impacts demonstrates that most of the impacts derive
from processing, where the produced syngas from biomass consumes a
high amount of electricity in compressors. However, future decarbon-
ization of the electricity grid is expected to significantly diminish these
electricity-related impacts [52].

The endpoint ReCiPe approach can condense the number of in-
dicators from 18 to three main categories (Human health, ecosystems
and resources). The standard weighing factors of the ReCiPe method
[50] are employed to yield a single score for each type of feedstock. The
calculated scores for pine pellet, eucalyptus A, eucalyptus B and wood
pellet are 4.91, 7.16, 6.77 and 4.34, respectively. From a general
perspective, the wood pellet and pine pellet biomass attain better
environmental performances, as evidenced by their achievement of
lower scores.

3.2. Sensitivity results

In this section, we delve into the influence of the blending ratio of
biomass and natural gas and the oxygen flow rate on the economic and
environmental results for the baseline feedstock. The pine pellet has
been chosen as the designated biomass feedstock for all the subsequent
analyses and evaluations. As explained, the blending ratio of feedstocks
(B:NG) is designed as a free variable. To calculate the optimum blending
ratio, a sensitivity analysis that manipulates the biomass mass flow rate
from 150 tons/h to 200 tons/h (optimum range) is performed; natural
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gas, oxygen and steam are adjusted automatically based upon a fixed
amount of carbon input and optimum syngas production, so all cases are
comparable as shown in Fig. 3 for the baseline feedstock. The sensitivity
of the plant’s profitability to changes in feedstock and product prices is
shown in Fig. S5 of the supplementary material, which highlights the
strong effects of biomass and wax prices on the plant’s economy.

The profit of the plant has an optimum point where the biomass-to-
natural gas mass ratio is around 4.27. The optimal blending ratios for the
other feedstocks are calculated in a similar approach in Fig. S4 and
Table S6 of the supplementary materials. Total production cost (TPC)
and revenue affect the economic indicators. TPC includes a variety of
fixed and variable expenses such as raw materials, operating labor,
depreciation, and maintenance ... [48], while the revenue is derived
from selling the different hydrocarbon products (gasoline, kerosene,
etc.) in addition to the nitrogen obtained in the ASU as a byproduct. The
raw material costs (feedstocks) have the largest share in the TPC of the
GBtL plant which directly affects the profit (detailed information is
available in Fig. S3 of the supplementary materials).

and wax prices on the plant's economy.
800 60

700

50
600
5
400

300

288 317 349 385 427 477 535 6.04 689 7.96 933
(150) (155) (160) (165) (170) (175) (180) (185) (190) (195) (200)
B:NG [w/w]
(biomass tons/h)

=3
&
1)

8
8
Profit [M$/ year]

FCl [M$]

[N
o

2

=3
153

-

o

1

=}
S

w=w= Feed preparation == Gasification === SMR Syngas treatment wssFT —@=Profit

Fig. 3. Effect of the feedstocks blending ratio (biomass: natural gas) on the
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As the total carbon input from the feedstock is fixed and the
hydrogen-to-carbon monoxide ratio is adjusted by changing the
manipulated variables (i.e., steam and oxygen), the production rate re-
mains relatively stable [9], even with changes in the feedstock ratio.
This is because the syngas produced from both feedstocks is carefully
controlled using calculator blocks and design specifications in the
simulation, ensuring minimal variation in the distribution of hydrocar-
bons in the FT reactor across the operating range. However, note that FT
products distribution is a function of chain growth probability (a),
which is a function of Hy/CO, and this is incorporated in our detailed FT
reactor [9]. Although a slight uptick in production is observed due to the
increasing nitrogen byproduct in the ASU, the revenue from FT products
exhibits a flat maximum at around 170 tons/h of biomass consumption
due to higher production, as shown in Fig. 3 (see Table S5 of the sup-
plementary materials).

TPC is linked to three main categories, which vary independently:
utility cost, fixed capital investment (FCI) and raw materials (check
Fig. S3 and Table S4 of the supplementary material for the TPC distri-
bution). Utility cost is one of the key parameters to shape Fig. 3 decline
trend because by expanding the biomass share in feedstock, the elec-
tricity sharply increases due to the compressors and refrigerant con-
sumption in the ASU. This means that the BtL process (or high B:NG)
does not present a favorable return on investment in comparison with
GtL (or low B:NG). On the other hand, the raw materials cost has a
positive effect by increasing the sharing part of the biomass on the
economy of the plant. Generally, the total production cost of biofuel (a
part of the LFs produced from biomass conversion) is more expensive
than that of fossil fuel (a part of the LFs produced from methane con-
version) due to the high oxygen and electricity consumption during the
BtL process.

The FCI linearly diminishes by increasing the biomass blending ratio
(Fig. 3), indicating that the integrated GBtL plant has a higher FCI
compared to a standalone BtL plant [25]. The costs of equipment such as
compressors and heat exchangers grow by increasing the biomass
feedstock, while the cost of other unit operations such as the furnace
decrease due to lower recycle flowrate. The main contribution to the
reduction of the FCI is correlated to the reactors (more than 50% of the
FCI, check Fig. S2 of the supplementary material for the details). Cata-
lyst expenses make up approximately 20% of the total cost for each
catalytic reactor, which is consistent with economic calculations, mak-
ing their cost a critical factor in the economic assessment. The FT reactor
and its catalyst form the most significant cost component, followed by
the SMR unit. The syngas treatment, gasification, and feedstock prepa-
ration units contribute to the FCI to a lesser extent.

The feed preparation, gasification and syngas treatment units require
more investment by increasing the share of biomass, while the FT
reactor cost significantly drops because of the substantial reduction of
the recycle flow rate by increasing the B:NG ratio. This flow reduction is
primarily attributed to the amount of injected steam in the SMR unit,
which adjusts the Hp/CO ratio in the synthesis gas. By expanding the
biomass share in the feedstock, the required steam for the SMR is
increased, which subsequently affects the SMR efficiency and the recycle
flow rate. The cost of the SMR reactor has minor oscillations because the
amount of natural gas and recycle flowrate diminish while the amount of
syngas produced in the gasification unit rises.

The oxygen flowrate in the gasification unit is another crucial free
variable for the quality of syngas, so in Fig. 4 we analyze this effect on
the profit of the integrated plant.

The amount of syngas production from the gasification unit can
explain the rationale behind the oscillating trend of the plant profit in
Fig. 4. Kinetics of the gasification (Table 2) demonstrates a local mini-
mum for syngas production at 41 tons/h of oxygen. A wider range of
oxygen mass flow leads to the violation of the valid operating temper-
ature of the gasification unit. Therefore, the flow rates are analyzed
between 35,000 and 43,000 kg/h to maintain the gasification temper-
ature between 700 and 1000 °C, [6,37]. The higher temperature range
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Fig. 4. Effect of the oxygen flowrate on the process economics for the pine
pellet biomass.

provides more Hj, and a better quality of syngas; however, it also in-
creases ash-related problems, such as agglomeration [37]. Conversely,
lower temperatures result in increased tar content, which creates oper-
ational problems in downstream units. The higher production of syngas
improves the whole process efficiency and reduces the amount of the
recycle flow rate. The FCI demonstrates a consistent upward trend due to
the expansion of ASU by increasing the oxygen flow rate.

The economics of an integrated process without the recycle stream is
also studied and compared with the base case. The excess amount of
energy in the furnace is employed to generate steam and electricity for
the simulation scenario without the recycle stream. Eliminating the
recycling stream reduces production by more than 15% of the produc-
tion which leads to a change of just nearly 100 million dollars per year in
profit (10% of the profit). Nonetheless, the amount of FCI diminished by
around 150 million dollars (20%) because of the elimination of two
compressors and the smaller size of some equipment.

Fig. 5 illustrates that increasing the B:NG has negative consequences
from environmental aspects because the BtL process is more complex
and less efficient compared to the GtL process. Thus, enlarging the
biomass share in feedstock leads to higher consumption of utilities and
resources. Eliminating the recycling stream decreases the availability of
the purge stream as fuel, and therefore the environmental impacts in-
crease by around 10% in this scenario. The distribution of impacts is
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Fig. 5. Distributed environmental impacts comparing different blending ratios
of the baseline feedstock. GW: Global warming; SozD: Stratospheric ozone
Depletion; Irad: Ionising radiation; OzFHH: Ozone Formation, Human Health;
FPMF: Fine Particulate Matter Formation; OzFTE: Ozone Formation, Terrestrial
Ecosystems; Tac: Terrestrial acidification; Feu: Freshwater eutrophication; Meu:
Marine eutrophication; TEx: Terrestrial Ecotoxicity; Fex: Freshwater ecotox-
icity; Mex: Marine ecotoxicity; HCTx: Human Carcinogenic Toxicity; HnCTx:
Human non-Carcinogenic Toxicity; LU: Land Use; MRSc: Mineral Resource
Scarcity; FRSc: Fossil Resource Scarcity; WC: Water Consumption.
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almost the same as in Fig. 2, where the produced syngas from biomass
and the electricity consumption of the compressors are the most sig-
nificant. Therefore, changing the B:NG does not affect each impact
category in a different way so the best and worst scenario remains the
same for all the categories.

3.3. Biogenic carbon

We performed a cradle-to-gate LCA, thus the consumption stage of
fuels is not included. However, one of the main reasons for using
biomass as renewable feedstock is the contribution of biogenic carbon
sources to LCA, and therefore the absorbed carbon in the biomass will
come back into the environment by combustion of fuel (cradle-to-wheel
LCA). Including this aspect clearly highlights the use of biomass as a
renewable feedstock [53,54]. Fig. 6 explains how this aspect affects the
ranking of the different scenarios considered in the environmental
analysis.

Fig. 6 expresses that going toward biomass feedstock diminishes the
released carbon dioxide by the negative impact of biogenic carbon [55].
The combustion emissions have negligible differences for the scenarios
as the quality of the produced LF is similar and the variation is due to the
difference in the production capacity. For the scenario with the lowest
amount of biomass, the total CO, equivalent emission reaches nearly
200 kg per barrel while for the scenario with the highest percentage of
biomass, it is around 130 kg per barrel. Thus, increasing the amount of
biomass in feedstock from 150 tons/h to 200 tons/h could reduce the
total global warming impacts by over 30%.

The primary influential factor concerning the global warming indi-
cator of the GBtL plant pertains to carbon efficiency and the effective
utilization of the feedstock carbon. The integration of the GtL and the
BtL plants aims to enhance this synergic effect. Fig. 7 demonstrates how
the input carbon is exploited in the GBtL plant (check the supplementary
file Fig. S6 for the BtL and GtL carbon routes). The carbon efficiencies
are approximately 23%, 50% and 70% for the BtL, GBtL and GtL plants,
respectively (check Section 3 in the supplementary materials). By
increasing the share of natural gas in the GBtL process, not only the
carbon efficiency of the overall plant will sharply grow, but also the
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Fig. 6. Global warming impacts of the baseline scenario comparing different
feedstock blending ratios.
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Fig. 7. Carbon route in tons per day for the GBtL process.

carbon recovery of the biogenic carbon (biomass) will experience a
significant enhancement. It is worth mentioning that approximately
similar efficiencies are mentioned in the literature; however, these
percentages are highly influenced by operational conditions [27,28,56]
and the technology selected. The 70% GtL carbon efficiency was ach-
ieved by employing auto-thermal reformers for syngas production, and
50% of the GBtL efficiency was obtained after the optimization (see the
sensitivity results section). It is assumed that the BtL process has only
one recycle loop around the FT reactor and a part of the feedstock is used
for heat generation for all the plants.

Around 72% of carbon (865 tons per day) of the final product is
supplied by the bio-genic source in the suggested GBtL plant which is
more than 75% (372 tons of carbon) increase compared to the stand-
alone BtL plant (check the Supplementary Material Fig. S6 for the BtL
carbon route). Therefore, the recovery of biogenic source of carbon
(biomass) into the final product can be significantly enhanced
(approximately 20%) by integrating biomass plants with fossil fuel
resources.

4. Conclusions

The utilization of various sources of biomass influences economic
metrics in different aspects. The amount of carbon and ash in the
analyzed biomass types are crucial parameters for the economic per-
formance and environmental impact of the plant. Higher carbon content
in the biomass boosts the profit while low hydrogen content enhances
the SMR conversion and consequently carbon efficiency of the inte-
grated process increases. Thus, the comparison between the usage of
four different feedstocks demonstrates that the selection of Eucalyptus B,
with higher hydrogen and carbon content, is more profitable. The
feedstock selection affects the process conditions and utility re-
quirements which plays a significant role in the environmental impacts.
For instance, the single environmental score (normalized impact) for the
wood pellet is approximately twice that of the Eucalyptus B feedstock.
Due to the difficulties in continuously supplying a unique type of
biomass all over the year for industrial plants, a detailed comparison of
mixed biomass feedstocks should be considered; the final decision for
the optimal feedstock selection should be based on regional conditions
and policies.

A sensitivity analysis is conducted to study the optimal process
conditions of the baseline GBtL plant. The economy of the integrated
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plant is evaluated based on profit and NPV. The optimum economic
result is achieved when the biomass mass weight is 4.27 times higher
than natural gas which results in the daily production of above 13500
barrels of liquid fuels. This level of production is 20% lower compared to
an existing GtL facility and around 50% higher compared to a BtL plant,
assuming equivalent carbon input in the feedstock. Changing the B:NG
does not considerably affect the production capacity due to operating
variables operating in the optimum region, so the optimum ratio for the
integrated plant is due to a trade-off between the utility costs, the FCI
and the efficiency of the syngas production unit.

The recycle flow rate varies in each case and has a significant impact
on economics due to its effect on the blending ratio. A higher percentage
of biomass in the feedstock leads to producing insufficient Hy in the
gasification, which is compensated by a higher steam rate in the SMR.
Consequently, the overall efficiency of the syngas production is
enhanced with a higher utility cost and it decreases the recycling stream.
This result indicates that for a high B:NG, the reduction (or even elim-
ination) of the recycle line is preferable.

The high electricity consumption is the main contribution to the
environmental analysis, although future decarbonization of the elec-
tricity mix will decrease the impacts. Expanding the share of biomass
feedstock leads to increased compressor loads; consequently, the overall
environmental impact will be worse in most of the ReCiPe categories.
However, considering the final step of the life cycle of carbon (usage
phase of the LFs) shows an opposite inference due to the release of
biogenic carbon dioxide from the biomass feedstock. Thus, increasing
the biomass (i.e., biogenic carbon) by 50 tons/h (33%) can reduce the
global warming impact of the integrated process by 30%, while the total
amount of carbon in the feedstock is fixed.

Nomenclature
ASU Air Separation Unit
B:NG Biomass to natural gas ratio
BtL Biomass to liquid
CSTR Continuous stirred-tank reactor
CtL Coal to liquid
CBtL Coal and biomass to liquid
GBtL Natural gas and biomass to liquid
GHG Greenhouse gas
GtL Natural gas to liquid
FCI Fixed capital investment
FT Fischer-tropsch
h hour
HTX Heat exchanger
R Gas constant [J/K-mol]
LCA Life cycle assessment
LFs Liquid fuels
LHHW Langmuir Hinshelwood Hougen Watson
MDEA Methyl diethanolamine
P Partial pressure [N/m?]
PtL Power to liquid
SMR Steam methane reforming
T Temperature [K]
TPC Total production cost
WGS Water gas shift
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