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The second-generation bio aviation fuel production via Chemical Looping Gasification (CLG) of biomass com-
bined with downstream Fischer-Tropsch synthesis is a possible way to decarbonize the aviation sector. Although
CLG has a higher syngas yield and conversion efficiency compared to the conventional gasification processes, the
fraction of biogenic carbon which is converted to biofuel is still low (around 28%). To increase carbon utilization
and biofuel yield, incorporation of two types of electrolyzers, Polymer Electrolyte Membrane (PEM) and Molten
Carbonate Electrolysis Cell (MCEC), for syngas conditioning has been investigated. Full chain process models
have been developed using an experimentally validated CLG model in Aspen Plus for Iron sand as an oxygen
carrier. Techno-economic parameters were calculated and compared for different cases. The results show that
syngas conditioning with sustainable hydrogen from PEM and MCEC electrolyzers results in up to 11.5% higher
conversion efficiency and up to 8.1 % higher biogenic carbon efficiencies in comparison to the syngas condi-
tioning with water gas shift reactor. The study shows that the lowest carbon capture rates are found in the
configurations with the highest biogenic carbon efficiency which means up to 14% more carbon ends up in FT
crude compared to the case with conventional WGS conditioning. Techno-economic analysis indicates that
syngas conditioning using PEM and MCEC electrolyzers would result in an increase of the annual profit by a
factor of 1.4 and 1.7, respectively, when compared to using only WGS reactors.

1. Introduction

Climate change has made it harder for both humans and wild animals
to survive as global warming directly injures animals, ruins the habitats
they rely on for survival, and has a disastrous impact on people’s way of
life and communities [1]. Since the beginning of the industrial revolu-
tion, carbon dioxide emissions, which are mostly caused by the burning
of fossil fuels have increased tremendously [2]. The carbon budgets for
the 1.5 °C and 2 °C global warming limitations would run out soon if
current emissions of roughly 40 GtCO,/year remain unaltered. There-
fore, there is a need to cut CO5 emissions swiftly and dramatically [2].
Most Intergovernmental Panel on Climate Change (IPCC) emission sce-
narios that adhere to the global two-degree limit call for the deployment
of carbon capture and storage (CCS) for key industrial sectors because
over 80% of present primary energy usage is still dependent on fossil
fuels [3].
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The EU transportation sector’s greenhouse gas emissions increased
steadily between 2013 and 2019, which is a pattern that stands out
clearly from those of other sectors. Due to decreased activity during the
Covid-19 pandemic, the statistics for 2020 showed a significant fall in
transport emissions. After 2020, it is predicted that the domestic and
international transportation emissions would rebound and increase
again; however, with additional measures adopted by the EEA member
states recently, the domestic emissions are anticipated to drop to the
1990 level in 2029. However, emissions from aviation and maritime
transport are expected to rise continuously in the future [4]. In 2021,
aircraft transport contributed more than 2% of the world’s energy-
related CO, emissions, growing more quickly recently than cargo, rail,
or road [5]. Unlike road or rail sector which has the option to be elec-
trified, finding alternative fuel for the aviation industry to reduce the
CO4 emissions from this sector is not feasible at the current development
stage of the technologies [6]. Therefore, green fuels are needed for the
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Fig. 1. Full chain process concept for biomass fuel production using CLG.

aviation sector to reduce its carbon emissions. In contrast to other
renewable energy sources, biomass may be converted directly into liquid
fuels, or “biofuels,” to help supply the need for transportation fuel. Since
the same amount of CO, will be consumed during the production of
biomass, the GHG emissions from the burning of biofuels will not in-
crease the quantity of CO5 in the atmosphere [7].

To limit global warming to 2 °C before the end of this century,
negative emission technologies need to be deployed to capture CO; from
the atmosphere [3]. Negative CO, emissions may be accomplished by
combining the use of biomass with carbon capture, or BECCS to produce
bio-aviation fuel. A potential strategy for decarbonizing industries like
aviation involves chemical looping gasification (CLG) of biomass in
conjunction with downstream Fischer-Tropsch (FT) synthesis, as
explained in Saeed et al. [8]. The CLG of biomass is a novel indirect
gasification-based alternative that improves energy efficiency and sim-
plifies the process of producing renewable hydrogen, synthetic fuels, or
chemicals while confining CO, emissions and reducing the work needed
to capture CO; [9]. In order to create hydrocarbon products, synthesis
gas comprising hydrogen and carbon monoxide must first undergo a
process known as Fisher-Tropsch synthesis [10]. Syngas conditioning
before the FT reactor is essential since the process calls for a certain
condition of syngas. This condition is defined by the Ho/CO molar flow
rate ratio which needs to be around 2.1 [10]. Water Gas Shift (WGS)
reactor is one way to condition this ratio in the syngas before the FT
synthesis process. By using catalysts made of iron or cobalt, the syngas is
transformed into hydrocarbons in the highly exothermic FT synthesis
process [10]. The process configuration for bio-aviation fuel production
can be seen in Fig. 1.

For the purpose of producing syngas, the biomass is first dried in a
biomass drying unit before going through a CLG plant. The syngas passes
through a number of cleaning devices where solid particles, tars,
hydrogen sulfide, carbon dioxide, ammonia, and nitrogen get captured.
The syngas conditioning unit is required to adjust the Hy/CO ratio. The
CO4 in the flue gas is captured before FT synthesis and send to CO5
capturing unit. By using the “Anderson Schultz Flory” distribution in the
FT reactor, the syngas is transformed into hydrocarbons. The FT crude
produced by the FT reactor is made up of hydrocarbons with various
carbon numbers and chain lengths. While the heavier hydrocarbons are
sent to an atmospheric distillation column, the lighter hydrocarbons in
the gaseous phase are sent to an auto thermal reformer to be converted
back to syngas before mixing with the clean syngas from the syngas
cleaning unit to improve the yield of heavier hydrocarbons in the FT
crude.

Although the technologies for bio-aviation fuel production are
available, providing sustainable biomass for biofuels is not a promising
task as biomass supply for future usage is limited. According to

Panoutsou [11], the supply of biomass for bioenergy will be constant
between the years 2030 and 2050, despite estimates for the total
quantity of biomass that will increase for all markets from 0.98 to 1.3
Mtoe dry tons of biomass. It means that there will not be as much
biomass available for making biofuel if the demand for biofuels rises.
The potential for biomass supply will stay similar and constant for the
energy sector during this period due to [11]:

1- Rules and regulations for the sustainable use of land and water re-
sources proposed a 30% decrease in the agricultural area by 2050 in
the EU.

2- Improvements in forest management are gradual due to the long
growing cycles of forests, which prevent quick changes in potential
growth.

3- Awareness of the need to reduce waste and more stringent rules and
standards for recycling.

These logistic and political barriers for providing biomass for bio-
aviation fuel production suggest that the biogenic carbon from the
biomass should be conserved in the process to maximize the yield of
biofuel production. In other words, the carbon conversion from biomass
to biofuel should increase to save biogenic carbon.

One possible way to decrease the carbon losses is limiting the syngas
conditioning activity in the BtL process by using power to gas technol-
ogies. In order to store intermittent renewable energy in the form of
chemical fuels such as hydrogen, methanol and methane, technologies
like power-to-gas and power-to-liquid systems based on electrolysis are
being evaluated [12-14]. Power to gas methods enable the production
of gas, which can be easily stored, transported, and transformed into
other useful chemicals [15].

This study investigates improving the biogenic carbon efficiency for
the bio-aviation fuel production by conditioning the syngas with
hydrogen produced from electrolysis rather than using WGS reactors
where some CO gets converted to CO2. The study was conducted using a
validated CLG model in Aspen Plus process simulation software [8],
where the complete chain process models of biomass to liquid fuel (BtL)
using iron-sand as the oxygen carrier (OC) and two types of electrolyzers
(both mature and lab scale electrolyzer technologies) for syngas condi-
tioning were created. In this way, the ultimate utilization of carbon
could be increased, increasing production of condensable fuel.

In addition to the novelty in the integration of electrolyzer technol-
ogy in BTL through use of CLG, this study is also novel as it investigates
using iron sand as an oxygen carrier (OC) in CLG for biofuel production.
Iron sand is a slag from copper smelters and is produced in enormous
amounts in Sweden [16]. The study aimed to evaluate the feasibility of
valorizing this waste material in BtL which brings environmental and
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Table 1
List of CLG pilot plants.
Pilot plant Capacity Oxygen carrier Reference
Instituto de Carboquimica (ICB- 50 kW Ilmenite [24]
CSIC), Zaragoza, Spain
Southeast University, Nanjing, 25 kWy, Natural [25]
China Hematite
Chalmers University of 10 kWy, LD slag1 and [26,27]
Technology, Gothenburg, Ilmenite
Sweden
Instituto de Carboquimica (ICB- 1.5 kW, Fe,0Al, [17,28]
CSIC), Zaragoza, Spain Ilmenite, LD
slag

1 LD slag is one of the recyclable wastes produced by basic oxygen furnaces
(BOF) or Linz-Donawitz (LD) converters in integrated steel plants.

Table 2
Syngas purity needed for FT synthesis [31].

Component Needed Purity

H,S H,S 4 COS + CS; < 1 ppm
COoS

HCN HCN + NH3 < 1 ppm

NH3

Alkalis HF + HCI + HBr < 0.01 ppm
Halides < 0.01 ppm

economic benefits and promote circular economy.

For the gasification of solid fuels, like biomass, chemical looping
gasification (CLG) is a cutting-edge method. Two connected fluidized
bed reactors make up the conventional reactor system, in which solid
metal oxide particles, or oxygen carriers, are circulated between the two
fluidized bed reactors. These materials transport the oxygen needed for
the endothermic gasification reaction in addition to sensible heat
needed for sustained autothermal operation. The reactors are called Fuel
reactor (FR) and Air reactor (AR). The biomass is initially devolatilized
in the fuel reactor (fluidized with steam and/or carbon dioxide),
resulting in char (C), ash, and volatiles, primarily CH4, CO, Hy, COo,
H»0, HyS, NH3, and higher hydrocarbons (tars) [17].

Biomass— Char + Volatile gases (H, + CO 4+ CO, + H,O + CHy) + Tar
(@)

The gasification agent converts the char into CO and Hj through the
reactions below:

C + H,0-CO + H, 2

C + C0,-2CO 3

The conversion of HyO via the water—gas shift reaction results in the
formation of Ho:

CO + H,0 « CO; + H, @

By reducing the oxygen carrier, the gaseous byproducts of devola-
tilization and gasification, primarily CO, CH4, and Hj, are partially
oxidized producing heat for autothermal operation of the FR:

Me, O, + CO - Me,O,_; + CO, 5)
4Me,Oy + CH; —»4Me,O,_; + CO, + 2H,0 (6)
Me,O, + H2 —» Me,Oy_; + H,0 (2]

The oxygen carrier particles are separated from the syngas leaving
the fuel reactor (using a cyclone separator) and delivered to the air
reactor (fluidized with air), where the oxygen in the air re-oxidizes the
reduced form of the oxygen carrier Me,Oy_; to Me,O,:

Me,O, | + 0.50, —Me,O, ®
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While the total reaction in the FR is endothermic, the reaction in the
AR is substantially exothermic. Heat is transferred from the solids
flowing from the AR, which is operated at a higher temperature
(900-1050 °C), to the FR, in order to maintain a temperature of around
850-950 °C [18]. A fraction of the syngas should also be combusted in
the fuel reactor to achieve autothermal operation [19].

Although there are similarities between the Indirect gasification (IG)
and CLG process, there are some clear differences. IG normally utilizes
sand as bed material where the main aim is bio-methane production. On
the other hand, CLG uses oxygen carriers as bed material, and the aim is
syngas production. The use of oxygen carriers changes the fuel conver-
sion process substantially, and thus the heat balance and process streams
are totally different. In CLG, the majority of CO» is ideally limited to the
Fuel Reactor (FR), where it is available for carbon capture, in contrast to
the IG process, which utilizes fuel in the “air” reactor in order to supply
heat to the particles. Hence, CO; is released in the air reactor in IG where
it is highly diluted with nitrogen. In CLG, the air reactor is ideally clean,
and any CO, is found together with the syngas in the FR. As a result, CLG
would enable lower costs for gas purification and carbon sequestration.
Compared to the conventional indirect gasification, CLG has various
benefits [20-22]:

e A greater partial pressure of CO and HO in the fuel reactor than in
the conventional indirect gasification and oxygen transfer by OC,
which results in a more oxidizing environment.

e The oxygen carrier’s catalytic properties lead to a greater syngas
yield and a lower tar concentration in the syngas.

e Less alkali emissions from the air reactor compared to fuel reactor
which makes the gas cleaning steps less extensive

e No need for an expensive, energy-intensive air separation unit (ASU).

The continuous CLG operation has been successfully demonstrated in
a number of pilot-units with capacities ranging from 1.5 kWy, to 50
kW4, where different Fe- and Mn- based oxygen carriers have been used.
It is clear that the process can work well with high yield of syngas from
the fuel reactor [22,23]. Table 1 summarize the pilot plant CLG tests at
different institutes. It is clear that the process can work well with high
yield of syngas from the fuel reactor.

There are many downstream processes that use catalysts to operate
which are sensitive to poisonous materials in the syngas. Gas cleanup
procedures are therefore necessary but have a big impact on plant
economics because they can account for a lot of the capital and opera-
tional costs [29]. The syngas cleaning unit contains several stages such
as fly ash removal unit, tar removal unit and acid gas removal units
which are explained by Arvidsson et al. [30] in detail. The syngas
cleaning requirements for FT synthesis can be seen in Table 2.

The syngas composition before the FT reactor should match specific
requirements, such as the Hy/CO ratio (~2.1) and the syngas cleaning
conditions stated in the previous section, for the optimum conversion of
syngas to produce biofuel [10]. This paper studies two method for
conditioning syngas to reach the desired target:

1- Water Gas shift reactor (WGS)
2- Electrolysis

WGS is a traditional method of adjusting the Hy/CO molar ratio. Hy/
CO ratio can be adjusted by the conditioning unit before the FT reactor.
The specific ratio, which depends on product type and catalyst, can be
controlled by the water—gas shift reactor. Water-gas shift reaction is an
exothermic reaction that forms as below:

C0+H20—>C02 +H2 (9)

The temperature is governing which direction the reactions happen,
generally low temperatures promote CO conversion thermodynami-
cally, while pressure has little influence because the process is
exothermic and has no mole number variation [32]. The H,O/CO feed
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Fig. 2. Working principle of (a) PEM electrolyzers (b) MCEC electrolyzers.

molar ratio typically ranges from 2 to 5 to change the thermodynamic
equilibrium conversion and control the reaction rate in the water gas
shift reactor [32].

The share of energy production from renewable sources (especially
wind power and hydropower) rose by 3% in 2020 compared to 2019
[33]. This rise in renewable sources indicates more curtailment of
electricity production in the future to ensure the stability of the grid and
system as a whole (frequency and voltage control). This curtailment of
electricity in wind farms especially can be reduced by consuming elec-
tricity for the production of hydrogen in electrolyzers during hours of
high net electricity production [34]. It is proposed to produce hydrogen
from green electricity and introduce it for conditioning the syngas to the
optimum H3/CO molar ratio and producing bio-aviation fuel, conse-
quently transferring more carbon from biomass to the condensable fuel
[35].

This study explores feasibility of polymer electrolyte membrane
(PEM) electrolysis and molten carbonate electrolysis cell (MCEC) elec-
trolysis usage to enhance the biofuel production in the biofuel produc-
tion process. Fig. 2 shows the working principles of PEM and MCEC
electrolyzers.

PEM water electrolysis is one of the most promising methods, which
is at Technology Readiness level (TRL) 6-8 [36], for producing high-
purity, cost-effective hydrogen from renewable energy sources because
it produces oxygen as the only byproduct and emits no carbon. Addi-
tionally, the hydrogen (H;) and oxygen (O3) produced are directly
employed in the process and other industrial uses [37].

At the relevant electrodes, such as the cathode for hydrogen and the
anode for oxygen, hydrogen and oxygen are electrochemically separated
from water in PEM water electrolysis. PEM water electrolysis is started
by pumping water to the anode, where it separates into oxygen (O2),
protons (H'), and electrons (e). The proton conducting membrane
transports these protons to the cathode side. The external power circuit,
which supplies the reaction’s driving force (cell voltage), allows the
electrons to leave the anode. The hydrogen is created at the cathode side
by the recombination of protons and electrons [37].

1
Anode : HO—2H" +§02 +2e” (10)
Cathode : 2H" +2e¢~ —H, (11
1
Overall reaction : H,O—H, + 502 (12)

PEM water electrolysis has many benefits, including its compact
design, high current density (above 2 A/cm?), high efficiency, quick

response, small footprint, ability to operate at lower temperatures
(20-80 °C), ability to produce ultrapure hydrogen as well as oxygen as a
byproduct, and ease of balancing. These factors make PEM electrolysis
plants more appealing for use in industrial applications [38].

MCEC which is at TRL level 3, makes it possible to produce fuel
gases, such as hydrogen or syngas, by removing CO; from the syngas
stream and increasing the viability of COy capture [14]. Most of the
commercially available electrolysis technology is designed to operate at
low temperatures, such as in alkaline water electrolysis and proton ex-
change membrane water electrolysis. However, experimental studies
have demonstrated that the thermodynamic and kinetic characteristics
of the electrochemical process are advantageous in the high-
temperature electrolysis of MCEC [39].

The reactions happening in MCEC are expressed below:

Cathode : H,0 + CO, +2¢~—H, + CO3~ 13)
H,0+ CO—H, + CO, 14
Anode : 2COY =0, +2C0; +4e” 15)

As an electrolyte, molten alkali metal carbonate salts are frequently
used in MCEC, which requires operating temperatures between 600 and
800 °C [39]. Due to the higher solubility of CO; in the molten carbonate
electrolytes, this technology is more preferred in CO, utilization con-
cepts compared to other high temperature electrolysis technologies like
solid oxide electrolysis cell (SOEC). Separating of the CO5 and O, allows
for their utilization. The generation of Hy increases by recycling the CO,
back into the cathode, while the Oy can be used in the gasification or
auto thermal reformer processes. Furthermore, through the water gas
shift (WGS) reaction, the CO content in the cathode’s output stream can
be adjusted, making it possible to regulate the Hy/CO ratio [14].

The technique of converting biomass into liquid fuel, or BtL, has been
around since the 20th century, when Germany invented it to make liquid
fuel from its coal reserves [40]. Spyridon Achinas looked into the
technological and economic viability of producing sustainable aviation
fuel, and the results showed that as of today, no industrial technique
could economically compete with the costs of traditional jet fuel. On the
other hand, policymaking could benefit the bio-jet fuel industry by
funding more into the research to lower the production costs [41]. For a
comprehensive assessment of the current status of thermochemical
conversion techniques used to produce biofuels from lignocellulosic
biomass, reader can refer to study that has been investigated by Paola
Ibarra-Gonzalez et al. [42].

One popular technique for transforming syngas into liquid fuel is the
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Table 3
Base case model conditions.

Parameters Assumptions

Biomass Fuel Forest Residue (Finland)

Raw Biomass Moisture Content 50 %
Biomass Moisture Content After Drying 15 %
Gasification Steam Temperature 500 °C
Oxygen carrier LD slag
Fuel Reactor Temperature 935°C
WGS Reactor Temperature 350 °C

Optimum H,/CO Ratio for FT Synthesis [10] 2.1

Fischer Tropsch Synthesis Temperature 220 °C
Auto-thermal Reformer Temperature 1000 °C
Auto-thermal Reformer Steam Temperature 250 °C

Table 4

Selected biomass composition.
Forest residue in Finland
HHV (MJ/kg d.b*) 20.67
Proximate analysis (wt. % d.b*)
Volatile Matter 79.3
Fixed Carbon 19.37
Ash 1.33
Ultimate analysis (wt. % d.b*)
C 51.3
H 6.1
) 0.4
N 40.85
S 0.02
Ash 1.33

* d.b. stands for dry basis.

Fischer-Tropsch Synthesis (FTS) process. The catalytic FT synthesis
creates a variety of hydrocarbons from syngas, which is mostly
composed of hydrogen (Hj) and carbon monoxide (CO). In the FTS
sections, it is crucial to consider the operating mode, the kind of catalyst
used, and the reactor design. These process factors control the syngas
conversion efficiency as well as the product distribution of the inputs for
the product upgrading section. High-Temperature Fischer-Tropsch
(HTFT) or Low-Temperature Fischer-Tropsch are the two possible
operational modes (LTFT). The Anderson-Schulz-Flory (ASF) definition
can be used to describe the distribution among these several carbon
ranges. The output of the ASF model is an ideal distribution that fore-
casts the FT process’s end products. The molar fraction (Mn) of the
hydrocarbon product with carbon number (n) is simply reliant on the
chain growth probability (a), which is a function of the rates of chain
growth and chain termination [43,44].

M, =a""'(1-a) (16)

The chain growth probability (a) is based on the experimental
investigation and reported by Song as below [45]:

* Yco *
= [A*——————+B )*[1 —0.0039(T — 533 17
“ < (reo +7m) * > [ ( )] a7

where the T is the operating temperature in Kelvin and A and B are
constants reported by [45] to be 0.2332 + 0.0740 and 0.6330 + 0.0420,
respectively. The FTS is an exothermic process in which the operational
temperature is controlled with a continuous supply of cooling water. The
operational pressure is normally between 20 and 30 bar.

2. Methodology

This section covers the methodology to construct BtL process models
in Aspen Plus with and without hydrogen conditioning from electrolysis.
The procedure for techno-economic analyses as well as the required
assumptions have also been explained.

Fuel 348 (2023) 128525
2.1. Methods of modelling and techno-economic analysis

The set of conditions and assumptions for modelling the BtL plant
with syngas conditioning using WGS reactor (base case) are shown in
Table 3.

Condori et al. [17] found a char conversion of 98.7% in FR at 930 °C
and a steam-to-biomass ratio of 0.62. Therefore, considering the
experimental data in the literature for the high temperatures and steam-
to-biomass ratios, which are the case in this work, the char conversion in
the FR is assumed to be 99%. For purposes of simplification, the system
has also been modelled with no pressure losses; nevertheless, the capital
costs of the compressors required to compensate for the pressure loss
have been considered in the techno-economic analysis.

2.1.1. Biomass

In this work, forest residues are used as fuel for the process, which
has an LHV between 8 and 9 MJ/kg (as received) and a moisture content
of 50% [46,47]. The fuel must be processed to improve the quality of the
syngas, which will affect the plant’s thermal and chemical efficiency.
The forest residue is dried to reduce the moisture level of the raw
biomass fuel to 15%. The plant’s low-temperature waste heat is used to
generate drying heat. According to Hannula et al. [47], problems with
energy efficiency, GHG emissions, heat integration, and dryer perfor-
mance make it difficult to dry biomass to low levels of moisture. In order
to produce synthesis gas, feedstocks must be dried to a moisture content
of less than 30%, ideally less than 15%, and in the case of pyrolysis, less
than 10%.

The ultimate and proximate analysis of the typical forestry residue in
Finland is presented in Table 4 [48] which is also the gasification fuel in
this investigation.

2.1.2. Oxygen carrier

The model has been tested using iron sand, a byproduct of the copper
industry, as oxygen carrier. Iron sand is a crystalline iron silicate
aggregate from the copper smelter (copper smelter slag) [16]. Iron sand
has been selected for this study due to its low oxygen-carrying capacity
making it a suitable choice for CLG and Chemical Looping Reforming
(CLR). This material is produced in enormous amounts in Sweden and
Europe with very low cost and available value chains, and there has been
no previous process study with this material [49]. It is expected that the
oxygen carrier transformations would occur only via the Fe;O3-Fe304
redox transition, although in reality, lower forms of iron oxides, like
FeO, could also be formed in the fuel reactor. Also, it has a size distri-
bution of between 63 and 560 pm which is in the proper range for flu-
idized bed application, hence there is no need for crushing and sieving
[16]. Also, utilizing a waste stream from the copper industry as an OC,
lower the cost of the process and promote a circular economy. Table 5
lists the elements that make up iron sand.

2.1.3. Formation of tar and methane

The validated CLG process model developed by Saeed et al. [8] in
which LD slag was used as the OC, has been modified for use with iron
sand. Since there is no experimental data for CLG tests using iron sand as
and OC, assumptions are needed for the methane and tar amount in the
CLG process model using iron sand. Iron sand is an iron-based OC and
the iron content in iron-sand is between the iron content in ilmenite and
LD slag [20]. Therefore, the experimental data for methane and tar
formation from CLG tests using LD slag and ilmenite could give a hint
about the tar and methane amount for CLG using iron-sand. It is
generally known that the presence of calcium and magnesium inhibits
tar production in biomass gasification [17,50]. However, these compo-
nents are not present in the composition of ilmenite; due to similarities
between LD slag and iron sand in terms of compostion, LD slag experi-
mental data was used in this work as opposed to ilmenite. Table 6 shows
the tar and methane amount in CLG test with LD slag and ilmenite at
temperature of 935 °Cin a 1.5 kWy, pilot plant [20]. Based on the results
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Table 5

Selected oxygen carrier compositions.
Composition (wt.%) Fe,03 Si0, CaO MgO Al,O3 Zn Cu Mn Cr
Iron Sand 45 35.6 6 7 1.5 0.9 0.6 0.4
bl characterization from CLG operation using LD slag and ilmenite as an

Table 6

Methane and tar formation in CLG test with LD slag and ilmenite at temperature
of 935 °C in the 1.5 kWy, reactor.

Oxygen Carrier LD slag Ilmenite

Methane
Tar

10 vol% of dry syngas
1.5 g/kg of dry biomass

8 vol% of dry syngas
3 g/kg of dry biomass

from Condori el al. (2021), the methane amount in the fuel reactor is not
very sensitive to the temperature of the fuel reactor or the steam to
biomass ratio for each oxygen carrier. Also, the tar amount is in the
range of 3-1.5 g/kg of dry biomass. Therefore, it has been assumed that
the tar amount for CLG using the iron sand is 3 g/kg of biomass and the
methane is 8 vol%. In addition, based on previous studies on tar

Table 7

OC, the main tar compounds are assumed to be Phenol, Toluene, and
Naphthalene [17,26].

2.1.4. Developing process models in Aspen Plus

The Peng-Robinson equation of state with Boston-Mathias modifi-
cations (PR-BM) was chosen as the property method in the process
model, and the stream class was set to MIXCINC, which has three sub-
streams: Conventional Fluids (MIXED), Conventional Inert (CI) Solid,
and Non-Conventional (NC) Solid. The sub-streams “CI Solid” and “NC
Solid” consist of all solid compounds with and without defined molec-
ular weights, respectively, whereas the sub-stream “MIXED” includes all
compounds in the vapor or liquid phase. In contrast to char (graphite)
and OC streams, which are modelled as CI solids, biomass and ash are

Description of BtL process configurations employing different syngas conditioning processes to improve biogenic carbon efficiency.

Cases  Syngas Conditioning Technology Bypass Tar Carbon Capture Technology CO, Recycle Rate Fig
Needed Removal
A WGS Reactor Yes 'RME Rectisol (Amine Scrubber for H,S removal) NA 3
B PEM Electrolysis No Scrubber Amine Scrubber 4
C Rectisol
D PEM Electrolysis (hydrogen also produced Amine Scrubber 5
for assisting in gasification in FR)
E Rectisol
F MCEC Electrolysis Yes Amine Scrubber for capturing CO, from 30 % of carbon dioxide produced at 6
syngas/Rectisol for capturing CO, at anode anode recycled back to cathode
G 40 % of carbon dioxide produced at
anode recycled back to cathode
H MCEC Electrolysis No Tar 30 % of carbon dioxide produced at 7
Reformer anode recycled back to cathode
I 40 % of carbon dioxide produced at
anode recycled back to cathode
! Rapeseed Methyl Ester.
02
Auto ASU
Thermal
Reformer |[¢
Acid Gas Distilation
Removal Column
Y
OO Aviation Fuel
Ash and HyS Mixer litter oS
Removal P FT Synthesis
A
Biomass Dryer
Other Valuable Fuel
Streams
Steam
s WGS CcO,
CO»

Fig. 3. Base case BtL process configuration with WGS reactor (case A) adapted from Saeed et al. [8].
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Fig. 4. BtL process with syngas conditioning using hydrogen from PEM electrolyzer (cases B and C).
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er

Electricity

H; into Fuel Reactor
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Removal

Acid Gas
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Biomass Dryer

Fig. 5. BtL process with hydrogen assisted CLG and syngas conditi

specified as NC solids. The ‘HCOALGEN’ and DCOALIGT’ property
models were selected to define enthalpy and density of non-
conventional solid fuel, respectively. Aspen plus software computes
the enthalpy of non-conventional solid fuel using HCOALGEN property
model with user-specified heat of combustion of biomass [51]. All the
BtL processes, except the syngas conditioning have been modelled the
same way as in Saeed et al. [8] where the model has also been validated
with the experimental results using some CH,4 and tar composition in-
puts from experiments. Syngas conditioning unit has been modelled by
modeling the PEM/MCEC electrolyzer. For simplification, PEM elec-
trolyzer is modelled using only a stream of hydrogen, the flow of which
is determined by a design specification in Aspen Plus to reach the desired
H,/CO ratio, whereas MCEC electrolyzer has been modelled using a
stream of HyO and implementing reactions (12)-(14) using design specs
and calculators along with an RGibbs reactor block for simulation of
WGS reaction at the cathode. A design spec block is used to achieve
desired Hy/CO ratio by controlling the mass flow of steam to the
electrolyzer.

Distilation
Celumn

Aviation Fuel
>

FT Synthesis

—>
ther Valuable Fuel
Streams

Syngas
Conditioning

oning using hydrogen from PEM electrolyzer (cases D and E).

2.1.5. Process configurations

Different syngas conditioning configurations of the BtL process plant
for reaching the desired H,/CO molar ratio have been studied to
compare the process parameters of the models, most importantly the
biogenic carbon efficiency. The base case includes WGS reactor for
syngas conditioning whereas for the other cases, syngas is conditioned
by mixing it with hydrogen from the electrolyzers such as PEM and
MCEC. Table 7 explains the different technologies and process config-
urations for syngas conditioning.

Fig. 3 shows the full chain model configuration with a WGS reactor
before the FT synthesis unit for syngas conditioning as explained in
section 1. The syngas from cleaning unit and auto-thermal are reformer
first mixed after which the stream is split to send the required fraction of
syngas into the WGS reactor. Main carbon sinks are the CO5 capture
units such as Amine scrubber and Rectisol. CO3 is mostly produced as a
result of combustion and WGS reactions in the FR and later in the WGS
reactor due to WGS reaction.

Syngas can also be conditioned by feeding hydrogen produced by a
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Fig. 6. BtL process with syngas conditioning using MCEC electrolyzer with bypass and internal recirculation (cases F and G).
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Fig. 7. BtL process with tar reformer and syngas conditioning using MCEC electrolyzer with internal recirculation (cases H and I).



M. Shahrivar et al.

Table 8
Assumptions for the techno-economic analysis of the BtL process plants.
Techno-economic Parameters Assumptions Reference
Economic Lifetime of Plant (yrs) 20 [8]
Discount Rate (%) 10
Annual O&M Cost (%) 5
Annual Operating Hours (h/yr) 8000
Biomass Residue Chips Price (€/GJ) 5
Electricity Price (€/GJ) 14
District Heating Price (€/GJ) 1
PEM Electrolyzer Efficiency (%) 58 [53]
PEM Electrolyzer CAPEX ($/kW,) 1100
MCEC Electrolyzer Efficiency (%) 77.5
MCEC Electrolyzer CAPEX ($/kW,) 2800
Table 9
Prices of fuel assumed for the technoeconomic study.
Fuel Price Unit Notes References
Lighter 5.217 $/MMBTU Price from tradingecon [60]
Hydrocarbon omics.com for 24th
Gas March 2022
Gasoline 8.547 $/gallon Price from GlobalPetrolP [61]

rices.com (Sweden) for
21st March 2022
Kerosene (Jet A 144 $/bbl Price from IATA.org [62]
Fuel) (Europe and CIS) for
18th March 2022

Diesel 10.27 $/gallon Price from GlobalPetrolP [61]
rices.com (Sweden) for
21st March 2022
Wax 1000 $/tonne Price from paraffin [63]
waxco.com
Table 10

Techno-economic assumptions for future scenario.

Techno-economic Parameters Assumptions for Future Scenario

Electricity Price (€/GJ) 10
Negative Emissions Price (€/tonne CO3) 75
PEM Electrolyzer Efficiency (%) 65.5
PEM Electrolyzer CAPEX ($/kW,) 650
MCEC Electrolyzer Efficiency (%) 80.5
MCEC Electrolyzer CAPEX ($/kW,) 800

PEM electrolysis cell to the syngas stream entering the FT synthesis unit
as shown in Fig. 4. In this configuration the oxygen required for auto-
thermal unit comes from the PEM electrolyzer; therefore, the ASU unit
can be removed from the full chain process. This would mean that the
conversion of CO into CO5 in case of syngas conditioning by WGS re-
action is avoided resulting in better biogenic carbon efficiency.
Hydrogen from the PEM electrolyzer can also be provided to FR for
better biogenic carbon efficiency since the introduction of hydrogen in
FR reduces the conversion of CO into CO3 by shifting the WGS equilib-
rium in FR. The configuration seen in Fig. 5 shows the implementation of
hydrogen assisted gasification for a comparative analysis.

Fig. 6 shows the implementation of MCEC electrolyzer (explained in
section 1) to produce hydrogen by consuming CO for conditioning
syngas before entering the FT synthesis unit. Rather than capturing and
storing all the CO; produced at anode, a portion of COs is recycled back
to the cathode to improve the biogenic carbon efficiency and the yield of
FT crude.

The split syngas stream enters the MCEC at the cathode where CO, in
the stream reacts with steam to produce H; and carbonate ion. Since the
temperature inside MCEC is around 800 °C, some WGS activity also
happens at the cathode. The carbonate ion from cathode gets transferred
to the anode where it releases four electrons and splits into CO, and O».
Following the cryogenic separator where CO, and O are separated,

Fuel 348 (2023) 128525

some COs is recycled into the MCEC electrolyzer, while the rest is sent to
the CO, capture unit. The oxygen on the other hand is also used to
eliminate or reduce the oxygen demand from the ASU unit for com-
bustion in the auto-thermal reformer.

Since tars contain long hydrocarbon chains, removing tar would
result in lower biogenic carbon efficiencies. Therefore, the configuration
proposed in Fig. 7 includes a tar reformer for the conversion of tar into
syngas and improving the biogenic carbon efficiency compared to the
base case with an RME scrubber for tar removal. In this configuration, all
the syngas from cleaning section and recycled hydrocarbon from Fischer
Tropsch synthesis passes through a tar reformer to produce tar free
syngas. Later, all the syngas passes through the MCEC electrolyzer.

2.2. Technical parameters

The performance of all the cases given in the previous section are
compared based on cold gas efficiency, conversion efficiency and
biogenic carbon efficiency. These process parameters are given below:

2.2.1. Cold gas efficiency
The cold gas efficiency (CGE), which may be stated as a percentage,
is defined as the efficiency of the gasification unit and is given as [52]:

mass flowrate of clean syngas*LHV of clean syngas

CGE =
mass flowrate of biomass (as received)*LHV of biomass (as received)

(2.1)

2.2.2. Conversion efficiency
Conversion efficiency (CE) can be defined as the efficiency of the
overall BtL process and is given:

_ mass flowrate of FT crude*HHV of FT crude
" mass flowrate of biomass (as received)*HHV of biomass (as received)
(2.2)

CE

2.2.3. Biogenic carbon efficiency
Biogenic carbon efficiency (CCE) is defined as the ratio of the moles

of carbon that end up in FT crude to the moles of carbon in the biomass.

CCE is given as:

molar flowrate of C in FT crude

CCE =

= 2.3
molar flowrate of C in the biomass (2.3)

2.3. Economic analysis

This section covers common cost metrics for evaluating capital costs,
operating costs, revenues, and financial measurements, as well as detail
the important calculations based on the study by Hannula et al. [46]
Saeed at al. [8]. Table 8 summarizes the underlying assumptions in
the techno-economic study.

Smaller equipment such as compressors for pressure loss makeup,
pumps, and heat exchangers are expected to cost 10% of the Total Plant
Investment (TPI) [8]. The case studies’ operations and maintenance
(O&M) costs are taken as 5% of TPC based on Saeed et al.’s [8] study.
Personnel costs (0.5%), maintenance and insurance (2.5%), oxygen
carrier makeup (1%) catalysts and chemicals (1%) are all considered to
be part of the operations and maintenance cost. Based on the studies
available in the literature [8,14,47,54], the biomass residue and elec-
tricity cost are predicted to be 5 and 14 Euros/GJ, respectively. The
value for selling excess heat is regarded low at 1 Euro/GJ since the
location of the plant is not addressed [8]. The assumptions on the cost
and performance of the electrolyzers have been taken from the report
prepared by IEA about the future of hydrogen for G20 summit in Japan
[53]. The MCEC electrolyzer assumptions are based on the Solid Oxide
Electrolyzer Cell (SOEC) values due to similarity in the technologies as
per [14]. For techno-economic analysis of the electrolyzers normalized
costs based on the flow of hydrogen have been taken from [53].
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Fig. 8. Biogenic carbon efficiencies for different BtL process configurations.
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Biomass Dryer WGSs Rectisol FT Crude
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- 12 kmol/hr D
Carbon leakage 228 kmol/hr Purge Gas

co2
Liquefaction

Fig. 9. Carbon flow Sankey diagram for the BtL plant with WGS reactor for syngas conditioning — Case A.

2.3.1. Expenditure fuel, and power costs.

The total yearly cost includes the annual capital cost, which is often
paid back to the bank as a yearly payment of the loan obtained from the 2.3.1.1. Capital cost. Based on the literature, an estimate of the process
bank for building and erecting the plant, as well as the annual O&M, equipment’s capital cost is made. Hannula et al. [46] and Saeed et al. [8]

10



M. Shahrivar et al.

L]

Fuel 348 (2023) 128525

Tar
5§ kmol/hr
370 kmol/hr 370 kmol/hr
Syngas Cleaning ATR
654 kmol/hr 648 kmol/hr 415 kmol/hr 785 kmol/hr 597 kmol/hr
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Biomass Dryer CLG PEM Amine Scrubber FTCrude
6 kmol/hr 188 kmol/hr Fischer-Tropsch
. AN D
Carbon leakage 228 kmol/hr Purge Gas
co2

Liquefaction

Fig. 10. Carbon flow Sankey diagram for BtL plant with syngas conditioning using hydrogen from PEM electrolyzer and amine scrubber for carbon capture — Case B.
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Fig. 11. Carbon flow Sankey diagram for BtL plant with syngas conditioning using MCEC electrolyzers and amine scrubber for carbon capture — Case F.

are used as the source for various reference costs and literature values
used in the calculation of TPI. Using the following equation, the capital
costs of the equipment are scaled up or down in accordance with the size
requirements based on the model estimates.

Sy

C=Co*(+
o (So

2.4

where C, (reference cost) is the price for the same equipment listed in
the literature for the size S,, and C is the price for the size S that the
model suggests. Depending on the technological maturity and the year
used as the reference for cost computation, the scaling factor f typically
ranges between 0.6 and 0.8. The exponent is predicted to be 0.6 for most
established technologies, and 0.8 for new apparatus and technologies

11

[55].

The maximum size of equipment typically has a limit. If the
maximum size of the needed piece of equipment exceeds the upper limit,
numerous trains of the same piece of equipment are built so that no train
surpasses the maximum size. The following calculation is used to
determine the cost of the equipment for many trains of the same item:

C, =C*n" (2.5)

In this equation, n stands for the number of trains, while m is an
exponent, typically taken to be 0.9 [55-57].

The Chemical Engineering Plant Cost Indices (CEPCI), which mea-
sure inflation, are then used to alter the costs for March 2022:
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Fig. 12. CO; capture rate for different BtL configurations.

(CEPCl,,,

—_eary 2.
CEPCly,, , (2:6)

Component Costye,r y = Component Costyeqr »

The expenses are further adjusted to account for direct costs such as
plumbing, electricity, utilities, off-sites, equipment erection, structures,
and site preparation after size and inflation adjustments. These expenses
are frequently reported with the reference cost C, and are known as the
Balance of Plant (BOP) cost in most literature [55].

Indirect Costs (IC), which include charges for engineering, head-
quarters, start-up, and contingency, are also included in the component
cost because they are necessary for the process’s overall operation and
execution.

Since the BOP and IC are typically stated as a percentage of the
component cost, the usual formula to determine the Total Plant Cost
(TPC) is the sum of the component costs, BOP, and IC [58]:

TPC = zr:: C+ (iC*BOP%) + (iC*lC%)

Finally, TPI is calculated using Interest During Construction (IDC),
which is typically calculated as 10% of the Total Plant Cost (TPC) [59].

(2.8)

2.7)

TPI = TPC*(1+IDC)

To account for the capital expenditures of smaller equipment, such as
pumps, heat exchangers, and tiny compressors (for pressure loss
makeup), an additional 10% of overhead is added to TPL

TPI multiplied by the Capital Recovery Factor (CRF), or annuity
factor, yields the annual capital cost:

12

Annual Capital Cost = TPI*CRF (2.9)

where CRF is the Capital Recovery Factor, calculated as follows using
the plant’s economic lifetime T and the discount rate r:

r

CRF=— "
1-(1-7r)

(2.10)

2.3.1.2. Operations and maintenance cost. There are four categories of
O&M costs:

e Personal costs

e Maintenance, and insurance of plant equipment

e Loading and replacement of catalysts and chemicals.
o Loading and makeup of oxygen carriers

According to Saeed et al. [8], the annual personnel costs, mainte-
nance and insurance costs, and catalysts and chemicals costs are each
considered as 0.5%, 2.5%, and 1% of the Total Plant Cost (TPC),
respectively. It is expected that the annual oxygen carrier cost will be 1%
of the TPC.

2.3.1.3. Energy cost. The expected yearly running hours, prices for
biomass and electricity (shown in Table 8), as well as the corresponding
energy demands that may be derived from the model, are used to
determine the annual biomass and electricity expenses.
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Fig. 13. Hydrogen consumption for syngas conditioning.
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Fig. 14. Annual capital cost for BtL configuration with current and future scenarios.
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Fig. 15. Annual electricity costs for BtL plant configurations with current and future scenarios.

2.3.2. Revenue

The BtL plant sells its fuel products at pricing based on the March
2022 market’s average given in Table 9. Additionally, any excess heat
generated by the plant may be sold to any type of cogeneration facility,
such as a district heating (DH) provider. For the plant, pinch analysis is
used to determine the extra heat that is accessible. For better under-
standing, the grand composite curves from the pinch analysis for all the
process configurations have been added in a supplementary document.

The fractions of fuel from the CDU may need to go through extra
upgrading procedures since they don’t completely match the standards
of commercial fuels. However, FT crude is 130-180% more valuable
than crude oil and is free of sulfur, nitrogen, and heteroatoms [33], [71].
As a result, it is considered that the fuel fractions in this study are of
excellent quality and suitable for usage in commercial and industrial
settings. The Aspen Plus model’s output of a certain fuel and the asso-
ciated fuel price are used to determine the revenue from the fuel.

2.3.3. Economic parameters

The following economic metrics have been used to discuss and
compare the techno-economic analysis for various configurations and
settings.

2.3.3.1. Levelized cost of fuel. The Levelized Cost of Fuel (LCOF) is the
price at which the product (fuel) must be sold to break even on the in-
vestment (no loss and no profit). The project is lucrative if the product is
sold for more money. There is a net loss if the product is sold for less. The
LCOF is defined as follows [8]:

F+C+E+O—-R

LCOF((?J) - (2.11)

where, P is the annual energy production of the fuel (FT crude) in GJ,
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R is the annual revenue from byproducts and F, C, E and O are the annual
costs of biomass, capital, electricity, operations and maintenance costs,
respectively, all expressed in US dollars.

2.3.3.2. Annual profit. Total annual income minus total annual costs is
defined as the annual profit.

Annual Profit($) = Annual Plant Revenue — Annual Plant Cost (2.12)

2.4. Future scenario

Table 10 explains the assumptions for the techno-economic analysis
based on a future scenario where electrolyzers and electricity are ex-
pected to be cheaper owing to advancements in electrolyzer technology
and integration of cheaper renewable electricity into the electricity
system respectively [53]. A negative emissions market has also been
assumed for the future with a price similar to the average EU ETS carbon
permit price for March 2022 [64].

3. Results and discussion

In this section several process and techno economic parameters for
the cases explained in section 2.3 are reported and compared.

3.1. Technical performance analysis

Process parameters such as cold gas and conversion efficiencies,
biogenic carbon efficiency, FT crude production and hydrogen produced
by the electrolyzers are compared for different process configurations.
The biogenic carbon efficiency, cold gas efficiency and conversion effi-
ciency for the case A are 28%, 78% and 38% respectively. In comparison
to the configuration with WGS reactor for syngas conditioning, the
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Fig. 16. Annual profits for BtL plant configurations with current and future scenarios.

configurations with PEM or MCEC electrolyzers result in better biogenic
carbon and conversion efficiencies. Fig. 8 clearly shows that more
biogenic carbon from the biomass ends up in the liquid fuel by the
introduction of hydrogen from electrolyzers for syngas conditioning.
PEM electrolyzers produce only hydrogen without WGS reaction in the
cell; therefore, carbon monoxide is not consumed for conditioning the
syngas [37]. On the other hand, MCEC consumes CO; and produces
hydrogen by the reduction of water molecule, however, due to high
temperatures, WGS reaction also occurs at the cathode, converting CO
into COy [14], which is later captured, thus resulting in lower biogenic
carbon efficiencies and a lower fuel production compared to the case
with PEM. The configuration where PEM electrolyzer also provides some
hydrogen to the FR for assisting in gasification, the biogenic carbon
efficiency increases considerably because due to the introduction of
hydrogen in FR, the WGS equilibrium shifts and the reaction proceeds in
reverse direction increasing CO production. It is also noted that the
process configuration with Rectisol for acid gas removal (cases C and E)
have slightly better biogenic carbon efficiencies than the process
configuration with Amine scrubber (cases B and D). This is because less
carbon dioxide is captured and removed from cases C and E compared to
cases B and D owing to less carbon dioxide recycling with the FT tail
gases. Moreover, with the introduction of tar reformer alongside MCEC,
there is a big jump in the biogenic carbon efficiency since the biogenic
carbon in the tar is not wasted and yields to more liquid fuel after
conversion into syngas. Also, a higher CO, recycle ratio in MCEC results
in a better biogenic carbon efficiency due to higher hydrogen production
and lesser WGS activity. Syngas conditioning with PEM electrolyzer
results in the better carbon conversion compared to that with WGS
reactor or MCEC electrolyzer (without tar reforming).
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Cold gas efficiencies for all the configurations are the same except for
the configurations where hydrogen is introduced in the FR for assisting
in gasification which also result in better cold gas efficiencies.

Figs. 9, 10 and 11 clearly show the flow of carbon utilizing three
different technologies (WGS reactor, PEM electrolyzer and MCEC elec-
trolyzer) for conditioning the syngas for optimum conversion in the FT
reactor. For carbon molar flow of 654 kmol/hr as fuel in each case, 443
kmol/hr, 416 kmol/hr and 435 kmol/hr of carbon gets removed in the
form of carbon dioxide in cases A, B and F accounting for 67.7%, 63.6%
and 66.5% of the inlet carbon flow, respectively. The Sankey diagram
also indicates that 14% and 4% more carbon ends up in FT crude for
cases B and F respectively compared to case A.

Fig. 12 shows the rate of carbon captured for different BtL plant
configurations in ktonne/year. It can be seen that the cases with lowest
biogenic carbon efficiencies have the highest carbon capture rates and
vice versa. Fig. 12 displays the CO; capture rates for various BtL con-
figurations. The case A has the highest capture rate among all the con-
figurations which shows the more carbon is lost in form of CO; and sent
to CO5 capture unit. However, configurations with PEM and MCEC
electrolyzers show less capture rate therefore more carbon ends up into
the fuel. As less CO; is produced during the gasification compared to
other BtL process with electrolyzers, the configuration with PEM elec-
trolyzers and hydrogen assisted gasification show the lowest CO, cap-
ture rate.

The hydrogen consumption for syngas conditioning for all consid-
ered cases is shown in Fig. 13. This figure follows the trends for biogenic
carbon and conversion efficiencies presented in Fig. 8 as the consump-
tion of hydrogen is closely related to these efficiencies. The more the
hydrogen introduced into the process, the better the biogenic carbon
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Fig. 17. Payback periods for BtL plant configurations with current and future scenarios.

and conversion efficiencies. The process models with MCEC (cases F and
G) produce less hydrogen to adjust the Ho/CO ratio since the production
of hydrogen is followed by WGS adjustment inside the MCEC. On the
other hand, since no WGS reaction occurs in the process configurations
(cases B and C) with PEM electrolyzers, more hydrogen is introduced
into the process. More hydrogen is produced in the PEM to assist in
gasification in cases D and E. With Amine absorber (cases B and D in
Table 7), more carbon dioxide recirculates with the FT tail gases into the
autothermal reformer due to lesser CO; captured upstream, resulting in
lesser WGS activity because of equilibrium shift in the autothermal
reformer and producing slightly more carbon monoxide compared to the
models with Rectisol (cases C and E). This means slightly more hydrogen
is needed for conditioning the syngas (before FT reactor) for the cases
with Amine Absorber compared to those with Rectisol. Also, as
explained earlier, a higher recirculation of CO, in MCEC results in higher
production of hydrogen. Moreover, due to tar reformer, the syngas yield
increases, however, the increase in CO yield is more than that of Hy
resulting in a drop in the Hy/CO ratio. This means that more hydrogen
needs to be produced for conditioning the syngas for the desired molar
ratio of Hy and CO.

3.2. Techno-economic analysis

Most of the components in all the process configurations remain the
same as case A meaning that the capital costs don’t differ much, how-
ever, the introduction of electrolyzers in place of a WGS reactor usually
results in an increase in the capital cost due to high equipment and
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installation cost for the electrolyzers. As seen in Fig. 14, the process
models with MCEC and bypass (cases F and G) have slightly lower
capital costs than the model with WGS reactor (case A) due to the need
of a very small MCEC electrolyzers (evident from Fig. 13) for syngas
conditioning since MCEC electrolyzer produces hydrogen and has WGS
activity happening at cathode.

The highest costs are for process configurations with tar reformers
(cases H and I), due to increased flow of syngas after the reformer
resulting in need of larger components downstream, thus increasing the
total capital cost. For process configurations with amine absorbers
(cases B and D), more carbon dioxide recirculates with FT tail gases
compared to those with Rectisol (cases C and E) which means slightly
bigger FT reactors and autothermal reformers are needed, resulting in
slightly higher annual capital costs. Same trend is observed for process
configurations with MCEC electrolyzers (cases F to I); a higher recycle
ratio results in higher flow out of MCEC, resulting in slightly bigger
equipment downstream, hence slightly increasing the cost. Due to pro-
jected lower electrolyzers costs and higher efficiencies in the future
(cheaper and smaller electrolyzers), the total annual cost drops for the
future scenario.

The trends for both the current and future scenarios in Fig. 15 are
similar to those in Figs. 8 and 13. Increased utilization of hydrogen from
electrolyzers in the process results in better biogenic carbon efficiencies,
but also increases the cost of electricity for the plant. The future scenario
has lower electricity costs compared to the current scenario due to lower
electricity prices and better electrolyzer efficiencies. Figs. 16 and 17
show that currently due to the need of a small MCEC electrolyzer
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consuming less electricity, cases F and G give the highest annual profit
and shortest payback period, whereas process configurations with tar
reforming (cases H and I) result in the least profit and longest payback
period due to high cost of electrolyzer and electricity owing to high
production of hydrogen.

Also, the base case (case A) has a small profit due to poor yield of
liquid fuel owing to a low biogenic carbon efficiency. The process con-
figurations with hydrogen assisted gasification (cases D and E) have
lesser annual profits than cases F and G (despite having better fuel
yields) because of higher capital costs. In the future, due to cheaper
electricity and technological advancements in the electrolyzer technol-
ogies (better efficiencies and cheaper equipment) as assumed in the
study, cases H and I result in the highest annual profits whereas case A
has the lowest annual profit.

Fig. 18 that shows the levelized cost of fuel (LCOF) for different BtL
processes for current and future scenarios has a similar trend to those in
Figs. 16 and 17. Currently, cases F and G with MCEC and a bypass have
the lowest LCOF (highest profit and shortest payback period) among all
the configurations while process configurations with tar reformer (cases
H and I) have the highest LCOF (lowest profit and longest payback
period). In the future, case F is predicted to have the lowest LCOF
whearas case D will have the highest LCOF.

4. Conclusion

Gasification could provide a viable route for conversion of biomass to
liquid fuels. Still, previous works have shown limited carbon conversion
and efficiencies for BtL processes using gasification techniques, which
are problematic with respect to the limited resource base. This study
assesses the chemical looping gasification and sustainable hydrogen
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addition to BtL as a novel technology to increase biogenic carbon effi-
ciency using iron sand as OC. There haven’t been any prior process
studies using this material, although it is produced in huge quantities in
Sweden and throughout Europe at extremely low costs and with readily
accessible value chains. The results indicate that hydrogen production
from electrolyzers is a viable alternative for syngas conditioning by
reducing WGS activity in the process. It can clearly be seen that the
models with PEM and MCEC electrolyzers have better yields of liquid
fuel and biogenic carbon efficiencies compared to the base case; up to
11.5 % increase in conversion efficiency and up to 8.1 % increase in
biogenic carbon efficiency. MCEC reduces water molecules to create
hydrogen while consuming CO,. In addition, the WGS reaction, which
turns CO into CO», also takes place at the cathode because of the high
temperatures which means the biogenic carbon efficiency will be lower
compared to the process configurations with PEM electrolyzers; around
3 % drop in biogenic carbon efficiency for process configurations with
MCEC compared to those with PEM electrolyzers. Other possible ways to
increase the liquid fuel yield and the biogenic carbon efficiency are the
introduction of hydrogen in FR for assisting in gasification and imple-
mentation of a tar reformer in the BtL process resulting in up to 8 % and
7 % increase in biogenic carbon efficiencies, respectively, compared to
the base case.

Better biogenic carbon efficiencies are achieved by increased use of
hydrogen from electrolyzers resulting in increased revenues from the
liquid fuel, however, the plant’s capital and power costs also rise as a
result. Under assumed economic parameters, the techno-economic
assessment of future cases reveals a considerable potential in integra-
tion of renewable electricity into biofuel production in which the Lev-
elized Cost of Fuel would decrease up to 40% (up to 4 times increase in
annual profit). However, the uncertainty about electricity price may
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alter the techno-economic feasibility.
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