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Abstract
An integrated thermochemical-biochemical Biomass-to-Liquid (BtL) pathway for the production of aviation and maritime 
liquid fuels from biogenic residues is introduced. The presence of a semi-commercially proven technology like Dual Flu-
idized Bed Gasification (DFBG) ensures extended fuel flexibility, syngas of high quality, complete fuel conversion, and 
optimal heat integration while avoiding CAPEX (Capital Expenditure) intensive equipment like air separation unit. Then, 
a two-stage biochemical route is proposed: initially syngas fermentation (anaerobic) into acetate and subsequently acetate 
fermentation (aerobic) into targeted triglycerides (TAGs) that will be finally purified and hydrotreated to form the desired 
drop-in biofuels. The tolerance of the bacteria to syngas contaminants minimizes the gas cleaning requirements. Moreover, 
the low-pressure requirements (1–10 bar) along with the mild operating temperatures (30–60 °C) reduce drastically the 
capital and operational cost of the process. The biological process of syngas fermentation inherently has limited side prod-
ucts, a fact that reduces the risk of deactivation of hydrotreatment catalysts. Heat and mass balances are calculated for the 
proposed concept via full-scale process simulations in Aspen Plus™ assuming a thermal input of 200  MWth with crushed 
bark as feedstock. Three different operational scenarios are examined mainly through overall performance indicators such as 
carbon utilization (CU) and energetic fuel efficiency (EFE). Competitive performance compared to technologies that exploit 
similar feedstock (i.e., biogenic residues) was noticed, since values in the range of 22–27% and 31–37% were obtained for 
the CU and EFE, respectively. The aim of this study is to determine the appropriate key process specifications and assess 
the potential of the proposed concept compared to other competitive technologies.
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1 Introduction

The Paris Agreement’s objectives related to climate change 
put aviation and shipping sectors, along with other indus-
tries, under great pressure and environmental inspection. 
According to a study based on different business-as-usual 
scenarios [1], maritime  CO2 emissions in 2050 have been 
projected to increase by 50–250% compared to 2012. In 
2018, the International Maritime Organization (IMO) 
adopted a preliminary strategy to mitigate the shipping sec-
tor’s GHG emissions and reduce its contribution to climate 
change. The main goals of this strategy were to reduce the 
carbon intensity of international shipping by 70% and the 
total annual GHG emissions by at least 50% by 2050, com-
pared to 2008 [2]. As for the aviation sector, projections sug-
gest that by 2050 air passengers could exceed 10 billion per 
year. Based on a business-as-usual approach, the estimated 
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2021–2050 carbon emissions are approximately 21.2 Gt of 
 CO2. At the 77th Annual General Meeting of International 
Air Transport Association (IATA) in 2021, IATA member 
airlines agreed to commit to net-zero carbon emissions by 
2050 to limit the aviation industry’s contribution to the 
global warming [3].

Biofuels have recently started to attract great interest and 
have been identified by IATA and IMO as a promising strat-
egy to reduce  CO2 emissions in the aviation and shipping 
sector, respectively. The International Energy Agency (IEA) 
claims that biofuels could provide 27% of total transport 
fuel by 2050, mainly replacing diesel, kerosene, and jet fuel 
[4]. Lignocellulosic biomass conversion into liquid biofuels 
through thermochemical routes has been considered as a 
favorable option that offers several advantages. The main 
challenge for these pathways is to develop advanced technol-
ogies with reduced energy consumption in a cost-effective 
way. The low energy density (due to high oxygen content) 
and the corrosive nature of pyrolysis bio-oil or the high costs 
(catalysts, high pressures) of liquefaction have established 
biomass gasification as the most cost-effective and efficient 
technology for lignocellulosic biomass conversion to bio-
energy [5, 6].

Today, the main types of synthesized paraffinic kerosene, 
approved by ASTM (ASTM D7566-20) as blending compo-
nents for conventional jet fuel (Jet A1) to make up bio-jet 
fuels, are the Fischer–Tropsch synthetic paraffinic kerosene 
(FT-SPK), Fischer–Tropsch synthetic kerosene with aro-
matics (FT-SKA), Hydroprocessed Esters and Fatty Acids 
(HEFA), synthesized isoparaffins (SIP), and Alcohol-to-Jet 
(ATJ) [7]. Aviation biofuels must comply almost entirely 
with conventional jet fuel specifications, since blending 
regulations for aviation sector are stricter than other trans-
portation. Currently, the vast majority of bio-jet fuel is 
produced via the HEFA route using fats, oils, and greases 
(FOGs) as feedstock since it is the most technically mature 
technology. Neste and World Energy are two of the world’s 
largest companies for commercial-scale HEFA production 
from vegetable oils, used cooking oils (UCO), animal fat, 
non-edible oils, and waste [8]. However, the major obsta-
cle for such technologies is the high feedstock cost and low 
sustainability [9]. All the other SAF (Sustainable Aviation 
Fuel) routes continue to grow, but have not reached com-
mercialization yet. Indicatively, Sasol and Syntroleum that 
produce aviation fuel through the FT process using coal and 
natural gas have now turned their attention to the production 
of biomass-derived jet fuel [10]. LanzaTech and Gevo, com-
panies specializing in advanced biochemically engineered 
fermentation processes, have developed processes for the 
production of ATJ using gas-fermented ethanol and isobu-
tanol, respectively [11]. A collaboration between Total and 
Amyris has resulted in the development of a SIP production 
route through the conversion of sugarcane into farnesene and 

subsequent hydroprocessing into jet fuel [12]. In the marine 
sector, there are two types of fuels, distillate (e.g., marine 
gas oil (MGO)) and residual fuels (e.g., heavy fuel oil). The 
most common bio variants of MGO are fatty acid methyl 
ester (FAME/biodiesel) and hydrotreated vegetable oil 
(HVO). There are several companies producing FAME and 
HVO on a commercial scale, with Renewable Energy Group 
and Neste being the world’s leading producers, respectively 
[13, 14]. In general, sustainability issues (e.g., food vs. fuel 
and costly feedstock) and uncertainty over cost reduction 
related to most of the mentioned current biofuels impose the 
incorporation of alternate approaches in the current biofuel 
production pathways that target to more competitive drop-in 
biofuel prices [15].

In this study, an alternative Biomass-to-Liquid (BtL) 
route for the production of drop-in aviation and maritime 
fuels is introduced. The proposed concept aims to establish 
a combined thermochemical–biochemical pathway for the 
treatment of biogenic residues that minimizes the short-
comings of the existing technologies and takes advantage 
of their strong aspects in order to produce elevated yields of 
the desired fuels with limited energy consumption. The sug-
gested process chain can be divided into three distinct parts: 
the thermochemical, the biological, and the thermocatalytic. 
Concerning the first (thermochemical) part, a Dual Fluidized 
Bed Gasification (DFBG) unit is considered for the syngas 
production from biogenic residues followed by a catalytic 
tar reformer, while for the second (biological) part a double-
stage syngas-to-acetate-to-triglyceride (TAG) fermentation 
unit is involved accompanied by a lipid extraction and puri-
fication system. The last (thermocatalytic) part refers to the 
hydrotreatment unit where the obtained TAGs are converted 
into drop-in liquid fuels. The proposed concept from start to 
end is presented in Fig. 1.

The European project BioSFerA [16, 17] has undertaken 
the realization, technical maturation, and implementation 
of the mentioned novel concept for the production of drop-
in biofuels that has never been studied before as a whole. 
DFBG is a semi-commercially proven technology that has 
already been tested with a wide variety of different feed-
stocks, like wood pellets/chips, bark, straw, and sewage 
sludge [18]. However, so far, no previous research has exam-
ined the connection of a DFBG unit with a double-stage 
fermentation system. Hu et al. [19] introduced a two-stage 
integrated bioprocess for the conversion of syngas to ace-
tate and finally to lipids and performed bench-scale experi-
ments demonstrating the potential of such a system. As for 
the lipid extraction, in the present study, a novel method is 
proposed based on the steam explosion technique that has 
never been tested before for the extraction of TAGs from 
yeasts; this technology has only been investigated for the cell 
disruption of microalgae resulting in high lipid extraction 
yields [20, 21]. To date, no known study has focused on the 



Biomass Conversion and Biorefinery 

1 3

hydrotreatment of this type of microbial oil deriving from 
yeast, although there is a vast variety of oils that have been 
hydroprocessed for the production of advanced liquid fuels 
(e.g., vegetable oils, fats, or waste cooking oils). Thus, indu-
bitably, this is a highly innovative concept for the production 
of jet-like and bunker-like fuels, involving technologies with 
very strong prospect in an integrated scheme.

In this paper, a conceptual design based on the aforemen-
tioned process chain is developed and presented. Heat and 
mass balances are calculated for the integrated scheme via 
full-scale process simulations in Aspen Plus™ assuming a 
thermal input of 200  MWth with crushed bark as feedstock. 
Three different operational scenarios have been examined 
and assessed mainly through overall performance indica-
tors: carbon utilization (CU), energetic fuel efficiency (EFE), 
liquid fuel mass yield, and overall energetic/exergetic effi-
ciency. Design considerations and their impact on process 
efficiency were performed within the assumed scenarios, 
including parameters such as internal/external hydrogen 
securement via pressure swing adsorption (PSA)/water elec-
trolysis and oxy-/air-acetate fermentation as well as auto-
thermal/allothermal operation of the catalytic reformer. The 
development of this preliminary process design is based on 
available literature data and relevant experimental studies 
of the main individual sub-processes. Planned experimental 
trials of the proposed integrated concept will shed more light 
in selected process aspects and will feed with confidence the 
simulation results.

2  Materials and methods

2.1  Concept description

2.1.1  Feedstock selection and handling

Thanks to the DFBG technology, the process can be driven 
feedstock-flexible using a broad and variable portfolio of 
biogenic residues, which may be carbon sources of lower 
quality compared to the sugar, starch, and oil plants used 
for conventional liquid biofuels, but do not come in conflict 
with food production and tend to avoid land use restric-
tions. Using biogenic residues also has the advantage of 
being in line with the EU’s biofuel policy documented in 
the RED II directive, mentioning the promotion of residue-
based biofuels (or so-called advanced biofuels). Within 
this study, an extended feedstock screening around Europe 
was performed and the most promising types of feedstock 
from each residual biomass category involving agricultural 
residues (prunings, straw), forestry residues (logging, bark), 
and wood industry residues (sawdust) as well as biogenic 
wastes from airports/ports or other “waste-productive” 
fields were selected. The selection was also based on the 
pretreatment requirements of each feedstock in order to 
optimize the process performance. These pretreatment 
requirements are more intense in feedstock exhibiting high 
contaminant concentrations, low energy densities, or low 
ash melting temperatures [22].

Fig. 1  The proposed BtL concept from start to end [16]
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In general, each feedstock involvement should be assessed 
in terms of gasification requirement fulfillment as well as 
supply chain economic optimization, and subsequently, 
the appropriate pretreatment pathway should be applied 
including from the mildest (e.g., drying and chipping) to 
more energy and cost-intensive measures (e.g., torrefaction 
and pelletizing). It has to be noticed that the pretreatment 
requirements for the selected DFBG technology are expected 
to be rather limited in commercial scale, and therefore, 
extended costs related to them can be avoided [23].

2.1.2  Dual Fluidized Bed Gasification (DFBG) and gas 
cleaning

The conversion of the biomass feedstock into syngas is 
carried out with the DFBG technology. The DFBG system 
consists of two interconnected CFB (Circulating Fluidized 
Bed) reactors, the gasifier where gasification takes place 
and the oxidizer where partial combustion of the char or 
supplementary fuel combustion takes place in order to 
secure the heat requirements of the gasifier. In particular, 
the produced char, other residues (i.e., ash), and part of 
the bed material are transported to the combustor where 
they react with the oxidizing medium to produce heat. The 
(hotter) bed material returns to the gasifier, serving as the 
heating medium for the endothermic pyrolysis and steam 

gasification reactions, leading to higher carbon conver-
sion rate and thermal efficiency. Raw syngas of moder-
ate heating value and relatively low tar levels is produced 
filtered at gasifier exit temperature and subsequently is 
catalytically reformed. The reformer is heated by par-
tial combustion with oxygen or air, and in addition, the 
reforming reactions consume steam and/or  CO2. The pri-
mary function of the catalytic reformer may be to convert 
tars and hydrocarbon gases to  H2 and CO, but it can also 
be modified to attain several targets relating to the syngas 
purification requirements for the subsequent fermentation 
process. Depending on the gas cleaning needs, different 
catalyst loadings and reactor design can be applied. For 
example, HCN contents can be reduced to 1–10 ppm by 
using calcium-based bed materials in the gasifier followed 
by a reformer that is also active for  NH3 decomposition. 
Beyond that, depending on the purity level target, addi-
tional scrubbers and adsorbents can be implemented for 
the efficient removal of other syngas contaminants (e.g., 
 H2S, HCl, and COS) prior to the fermentation unit [23]. A 
typical layout of a DFBG configuration that contains the 
filter and the catalytic reformer at the exit of the gasifier 
as well as an indicative gas cleaning section is presented 
in Fig. 2. As when this study was conducted, it was not 
clear yet which of the contaminants are harmful for the 
fermentation, and thus, a complete gas cleaning chain is 
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Fig. 2  DFBG typical scheme (CFB gasifier–CFB oxidizer) accompa-
nied by the catalytic reformer and a mild gas cleaning section. Raw 
syngas is produced, filtered at gasifier exit temperature and cata-
lytically reformed for tar conversion in the presence of steam and/or 

 CO2. Then, removal of contaminants (e.g.,  H2S) prior fermentation is 
applied. Preheating of air and steam is performed via the hot outlet 
gas streams
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considered. A future, more advanced study of the concept 
may exclude some of these cleaning steps as unnecessary.

2.1.3  Syngas fermentation

In the first step of the biological part of the process, syngas 
is converted into acetate under anaerobic conditions. Sev-
eral anaerobic bacteria (Clostridium, Acetobacterium, and 
Eubacterium) have shown their ability to ferment single 
carbon gases such as CO and  CO2 plus  H2 into chemicals, 
usually acetate, through the acetyl-CoA pathway. These bac-
teria are named acetogens. The acetyl-CoA pathway (Wood-
Ljungdahl pathway) can utilize both CO and  H2 as a source 
of electrons and CO and  CO2 as a source of carbon [24].

Two critical factors, which highly influence the fermenta-
tion kinetics and consequently the acetate productivity, are 
the gas solubility and the ratios of  CO2/CO/H2; especially 
CO and  H2 present low solubility in water. By recirculating 
the off-gas back to the fermenter, the unconverted syngas 
components can be recovered and recycled. At the same 
time, the broth containing the produced acetate in low con-
centration is extracted in a continuous way, and the liquid 
volume is kept constant by adding fresh culture medium. 
Increasing the pressure improves the gas solubility and con-
sequently the acetate production yield. A cell recycling sys-
tem (hollow fiber membrane) is also required to retain the 
cells while extracting the liquid effluent from the fermenter.

2.1.4  Acetate fermentation

The second fermentation step refers to the production of 
TAGs through an aerobic fermentation process. The produc-
tion of lipids from acetate has been described in different 
microbial species. So far, the most efficient microorganisms 
in carrying out this conversion are the so-called oleaginous 
yeasts, such as Yarrowia lipolytica and Cutaneotrichosporon 
oleaginosus. In order to obtain strains that exhibit high lipid 
concentration, yield, and acetate conversion, a metabolic 
engineering strategy of Y. lipolytica can be adopted. The 
produced intracellular microbial oil mainly consists of fatty 
acids like oleate, stearate, and palmitate [25].

During the continuous acetate fermentation process, the 
dilute acetate effluent stream from the syngas fermentation 
enters the aerobic fermenter, where the targeted TAGs are 
produced in the presence of oxygen, additional nutrients, 
salts, and the oleaginous yeast (Y. lipolytica). A cell recycle 
system (hollow fiber membrane) can be installed to recir-
culate the cellular biomass in the bioreactor while extract-
ing the effluent. During the continuous feed of the diluted 
acetate into the reactor, metabolic reactions take place and 
lipids are formed as intracellular products. At the same time, 
a gaseous  CO2-rich stream is formed and leaves the reac-
tor from the top. Depending on the oxygen content of this 

stream, the resulting  CO2 can be partially recycled back to 
the inlet of the gas fermenter or cover other  CO2 needs of 
the plant (e.g., gasifier and reformer). The complete double-
stage fermentation scheme, containing both the anaerobic 
syngas fermentation and the aerobic acetate fermentation, 
is presented in Fig. 3.

2.1.5  Triglyceride (TAG) purification

Lipid extraction from the oleaginous yeasts is an important 
step before hydrotreatment and the final liquid biofuel for-
mation. As oleaginous yeasts store lipids in intracellular 
form, an extraction technique is required to obtain TAGs. 
Cell disruption and lipid extraction steps are critical for 
large-scale biofuel production in terms of cost adequacy. 
Mechanical processes generally provide high product recov-
ery yields with good management and scalability, but they 
are energy intensive. Steam explosion is an innovative 
method with reduced environmental impact, lower costs, 
and energy demand, compared to other techniques that are 
widely used. In steam explosion, raw material is exposed 
to steam at 180–240 °C for several minutes, and then, it 
is subjected to depressurization under ambient conditions. 
This generates an explosion that causes cell-wall disruption 
[20]. In a context in which heat flows are available as down-
stream of other processes and so steam could be generated at 
low cost, steam explosion should be considered as a poten-
tial technology for the recovery of intracellular products 
reaching high yields. The process converts thermal energy 
into mechanical energy, and the shear forces caused by the 
expansion of water vapor lead to the disruption of cell wall. 
Centrifugation could then be applied for the separation of 
lipids from the exploded material. Using centrifugation, a 
lipid fraction can be efficiently separated at least from water. 
Lipids are partially separated as a top layer and partially 
form an oil-in-water emulsion. After this, if purification of a 
single lipid category is needed, the oil fraction could be fur-
ther processed in a membrane plant. Membrane separation is 
well suited for such purposes and is, therefore, a promising 
option for downstream processing. The proposed microbial 
oil purification and recovery process is presented in Fig. 4.

2.1.6  Triglyceride hydrotreatment

The final stage of the value chain includes the upgrading 
of microbial oil into drop-in aviation and marine biofuel 
through TAG hydrotreatment. The catalytic hydrotreatment 
process is generally divided into three main steps.

The first two steps refer to hydrogenation and subse-
quent hydrodeoxygenation and decarboxylation. In particu-
lar, unsaturated fatty acids and triglycerides are converted 
into saturated fatty acids by catalytic hydrogenation. Then, 
the saturated fatty acids are converted to straight-chain 
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alkanes by deoxygenation (decarboxylation/decarbonyla-
tion), co-producing propane, water, CO, and  CO2. The 
desired products from these two steps are mainly straight-
chain paraffins containing no oxygen. In the last step, the 
deoxygenated straight-chain paraffins are selectively hydro-
cracked or isomerized yielding highly branched alkanes. 
This step is essential to improve the cold properties of the 
product. The common catalysts for this step are Pt, Ni, or 
other metals based on  Al2O3 or zeolite molecular sieves. 
The resulted organic product is a mixture of straight and 

branched  CnH2n+2 that can be suitably used as drop-in liquid 
fuel. The hydrotreatment unit is presented in Fig. 5.

2.2  Model description

The proposed BtL value chain could be separated in three 
main parts: the thermochemical part, the biological part, 
and the thermocatalytic part. The thermochemical part refers 
to the DFBG unit as well as the following syngas cleaning 
and conditioning that will secure the smooth transition to 
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the biological part, which contains the double-stage syngas 
fermentation scheme. The thermocatalytic part refers to the 
TAG hydrotreatment unit and the fractionation in order for 
the final liquid fuels to emerge. Two additional units, which 
could potentially interact with the BtL value chain and deter-
mine the plant operation mode, were investigated. The first 
one is a RES-based water electrolysis unit that will be able 
to secure the hydrogen and pure oxygen requirements of the 
plant, while the second one is a Heat Recovery Steam Gen-
erator (HRSG) unit for the efficient heat recovery and steam 
generation from the thermochemical part. The described 
concept is illustrated in a block form in Fig. 6.

The process model was developed in the commercial 
software Aspen Plus™. The simulations were performed at 
full scale (200  MWth), and crushed bark was selected as 
feedstock. The main specifications of the feedstock used in 
the process simulations are presented in Table 1.

An important aspect for the correct operation and integra-
tion of the individual units in the simulation environment is 
the definition of the appropriate property methods for the 
efficient estimation of the thermophysical properties of the 
components and streams. The IDEAL property method was 
selected for the thermochemical part, while the Predictive 
Soave–Redlich–Kwong (PSRK) method was used for the 
biological and thermocatalytic parts. For the development 
of the HRSG model, IAPWS-95 property method was used 
for the water side and IDEAL property method for the flue 
gases side. A heat to power conversion efficiency equal to 
45% is applied in case of a steam turbine (ST) coupling with 

the HRSG. The water electrolysis unit was modelled in a 
simplified way that includes the mass balance of the water 
electrolysis reaction (2  H2O → 2  H2 +  O2) as well as an aver-
age required electricity demand equal to 180 MJ/kg of pro-
duced hydrogen that reflects to an electrolyzer efficiency of 
70–80% [26].

2.2.1  Model development of the thermochemical part

The thermochemical part of the process consists of the 
DFBG unit and the catalytic reformer as well as the gas 
cleaning steps required for a subsequent efficient syngas 
fermentation. Equilibrium models have been used for the 
implementation of the gasification and the reforming reac-
tions, while for kinetically and hydrodynamically controlled 
phenomena that cannot be predicted with the rules of chemi-
cal equilibrium (e.g., unconverted solid carbon and forma-
tion of gaseous hydrocarbons), fitting of selected parameters 
with experimental data was followed. The selected param-
eters and the fitting of the model are based on previous steam 
DFBG pilot tests with crushed bark [23, 27].

For the DFBG unit, a gasifier operating with 100% steam 
at 780 °C and an oxidizer operating with air at 880 °C were 
considered. Char is the main fuel source of the oxidizer, but 
also off-gases from other sub-units of the integrated BtL 
scheme can be used as supplementary fuel. Filtration of syn-
gas takes place at gasifier outlet temperature, while the filter 
ashes are also directed to the oxidizer. A mixture of sand and 
calcium carbonate was used to represent the bed material. 
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The governing reactions in the gasifier are the steam gasi-
fication reaction, the water–gas shift (WGS) reaction, the 
Boudouard reaction, the homogeneous gas reactions that 
form hydrocarbons, and the partial combustion reactions. 
The main input and process parameters for the DFBG unit 
are gathered in Table 2 (left side).

For the catalytic reformer, there are two design options 
(see Sect. 3.4). On the one hand, there is the autothermal 
reforming (ATR) where the reformer operates under auto-
thermal conditions with the addition of oxygen or air as 
oxidation media and steam or carbon dioxide as reforming 
agent, while on the other hand there is the steam methane 
reformer (SMR) that is heated externally with the assistance 
of an air-heated combustor where purge gases are burnt in 
order to cover the energy requirements of the steam reform-
ing reactions. The main input and process parameters for 
the reforming unit are shown on the right side of Table 2.

2.2.2  Model development of the biological part

The core of the biological part of the process model is the 
two fermenters where syngas and acetate fermentation take 
place, respectively. Both fermenters were modelled as stoi-
chiometric reactors (RStoic), with specific reaction stoichi-
ometry and fixed conversions.

For the syngas fermentation stage, Moorella thermoacetica 
was used as the reference acetogenic bacterium, and thus, an 
anaerobic reactor operating at 55 °C was considered, since the 
optimal temperature range for these strains is 55–60 °C [28]. 
The operating pressure of the reactor was considered to be 
5 bar in order to achieve higher solubility of the reacting gases 
in the liquid phase. Syngas derived from the reforming and 
purification units (plus the recycle gas) enters the fermenter 
where syngas is mainly converted into acetate. The only by-
product considered is ethanol, yet with very low production. 
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(sell to the grid)

Fig. 6  Block flow diagram of the integrated BtL plant

Table 1  Fuel properties 
and analysis for crushed 
bark involved in the process 
simulations

Mass flow a.r. (kg/s) 11.24

Net calorific value LHV a.r. (MJ/kg) 17.79
Proximate analysis (%)
Moisture Fixed carbon Volatile matter Ash
8.4 18.5 77.8 3.7
Ultimate analysis (%)
Ash Carbon Hydrogen Nitrogen Chlorine Sulfur Oxygen
3.7 51.5 5.8 0.3 – 0.06 38.64
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The 97.5% of the bioreactor’s off-gas, which mainly consists 
of the unreacted syngas and the produced  CO2 is recycled 
back to the fermenter. Equations (1–4) were selected as the 
key reactions occurring during syngas fermentation.

For modelling purposes, the acetate which is the real product 
of gas fermentation is represented by acetic acid. Additionally, it 
was considered that the  H2 and CO utilization of the syngas inlet 
stream (fresh plus recycled gas) by the bacteria in each pass is 
43% and 61%, respectively. The selected values were based on 
literature data [24, 29]. The main input and process parameters 
for the syngas fermentation unit are presented in Table 3.

(1)4CO + 2H2O → CH3COOH + 2CO2

(2)2CO2 + 4H2 → CH3COOH + 2H2O

(3)6CO + 3H2O → C2H5OH + 4CO2

(4)2CO2 + 6H2 → C2H5OH + 3H2O

The aerobic fermenter, where the acetate fermentation 
takes place, operates at 30 °C under atmospheric pressure. 
The acetate extracted by the first fermenter reacts with 
oxygen for the production of TAGs and non-lipid biomass. 
Dilinoleylpalmitin  (C55H98O6) and tripalmitin  (C51H98O6) 
were selected as the two representative TAGs produced 
during the lipid accumulation phase. Equations (5) and 
(6), which represent the intracellular lipid formation by 
the yeast, were based on previous studies [19, 30]. The 
conversion rates of the reactions were selected in such a 
way that the subsequent decomposition of TAGs simulates 
the targeted fatty acid distribution, as reported in the lit-
erature [19]. The main input and process parameters for 
the acetate fermentation unit are presented on the right 
side of Table 3.

(5)
58.2CH3COOH + 39.83O2 → C55H98O6 + 61.35CO2 + 67.4H2O

Table 2  Thermochemical part 
process parameters

DFBG unit Reforming unit

Parameter Input Parameter Input

Pressure (bar) 1.5 Outlet temperature (°C) 900
Gasifier temperature (°C) 780 Steam-to-oxygen ratio (ATR) (kg/kg) 1
Carbon conversion in the gasifier (%) 78 Steam-to-carbon ratio (SMR) (mol/mol) 1.5
Pressure drop in the gasifier (bar) 0.2 Oxygen temperature (ATR) (°C) 400
Steam-to-biomass ratio (kg/kg dry, ash free) 0.7 Steam temperature (°C) 350
Steam preheating temperature (°C) 350 Combustor temperature (SMR) (°C) 950
Oxidizer temperature (°C) 880 Oxygen in flue gas (SMR) (% vol.) 6
Air preheating temperature (°C) 400 Pressure drop (bar) 0.2
Oxygen in flue gas (% vol.) 4
Heat losses (gasifier + oxidizer) (%) 1
Sand input (% of biomass input) 1
Calcium carbonate input (% of biomass input) 1

Table 3  Biological part process 
parameters

Gas fermentation Liquid fermentation

Parameter Input Parameter Input

Pressure (bar) 5 Pressure (bar) 1
Temperature (°C) 55 Temperature (°C) 30
CO utilization per pass (%) 61 Conversion of  CH3COOH in Eq. (5) 0.80
H2 utilization per pass (%) 43 Conversion of  CH3COOH in Eq. (6) 0.15
Conversion of CO in Eq. (1) 0.95 Substrate utilization for non-lipid cellular 

biomass formation (%)
5

Conversion of  H2 in Eq. (2) 0.95 Oxygen-to-acetic acid ratio (mol/mol) 0.63
Conversion of CO in Eq. (3) 0.001
Conversion of  H2 in Eq. (4) 0.001
Substrate utilization for microbial 

growth (%)
4.9

Off-gas recycle (%) 97.5
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In order to extract the lipids from the yeast cells, the 
fermentation broth containing the cells undergoes some 
lipid purification steps. The estimated energy demand 
for conventional lipids purification techniques (i.e., 
bead milling, ultrasound, and microwave) for Y. lipol-
ytica is in the range of 115–194 MJ/kg of extracted oil 
[31]. However, with the novel steam explosion-based 
technology that is proposed for the described value 
chain, the corresponding energy demands are expected 
to be remarkably lower.

2.2.3  Model development of the thermocatalytic part

The thermocatalytic part of the process refers to the hydro-
treatment of the produced TAGs to obtain the willing liquid 
fuels [32]. Initially, the decomposition of the two representa-
tive triglycerides  (C51H98O6 and  C55H98O6) is taken into 
account to simulate the fatty acid distribution that contains 
palmitic acid  (C16H32O2), oleic acid  (C18H34O2), stearic acid 
 (C18H36O2), and linoleic acid  (C18H32O2). Total conversion of 
the triglycerides into acids and propane  (C3H8) is assumed. 
Then, an equilibrium reactor is employed for the simulation of 
the hydrotreating reactor involving hydrogenation, deoxygena-
tion, and reduction reactions. The product yield is determined 
by the equilibrium state of the occurred reactions in it [33, 
34]. The formed light gases, mainly containing propane, are 
sent back to the DFBG unit to be used as supplementary fuel 
for the oxidizer. The main process parameters for the hydro-
treatment reactor are presented in Table 4.

The hydrotreated microbial oil is separated from 
the gas phase (unreacted hydrogen, light hydrocar-
bons, and produced CO/CO2) and sent to a distillation 
column in order to retrieve the targeted drop-in bio-
fuels. The last part of the process (i.e., isomerization 
and fractionation) was not modeled in detail, and the 
produced alkanes were considered as the final product 
in this analysis.

(6)
51CH3COOH + 29.5O2 → C51H98O6 + 51CO2 + 53H2O

2.2.4  Process configurations and examined scenarios

Apart from the nutrients and microorganisms for the bio-
logical step, the process has also heat, electricity, steam, 
air/oxygen, and hydrogen requirements. The overall plant 
efficiency, its operation mode, and its full spectrum of capa-
bilities are highly dependent on the effective securement and 
integration of all these parameters in the BtL scheme. The 
oxygen-based components (i.e., autothermal reformer and 
aerobic fermenter) have been identified as key aspects con-
cerning the overall process character and functionality.

An oxy-blown autothermal reformer covers its heat require-
ments for the reforming reactions with partial oxidation of 
syngas. The high-quality syngas along with the relatively low 
content of light hydrocarbons derived from the DFBG unit 
makes the energy degradation of the gas that takes place with 
its partial oxidation affordable, since the gas that leaves the 
reformer is a nitrogen-free gas which still maintains a high 
energetic content that can be used entirely for the liquid fuel 
production. An ATR can be operated also with air instead of 
oxygen, but the extended presence of nitrogen in the reformed 
gas may cause problems in the biological part and its handling 
in general. On the other hand, an allothermal steam reformer 
can be operated with external heating from a combustor that 
utilizes air and not necessarily oxygen. The impact of WGS 
reaction in this case, due to the excess steam in the reformer 
and absence of oxidation, may be stronger creating a local 
energetic upgrade of the reformed syngas, but the external 
heat requirements are larger and remarkable part of the syngas 
should be used for combustion instead of fermentation. The 
latter is rather inefficient from the overall BtL point of view. 
The two different operations of the catalytic reformer are illus-
trated in Fig. 7. The other procedure that has oxygen require-
ments is the aerobic fermentation of acetate. The process can 
be driven as oxy-fermentation or air fermentation (Fig. 7). 
The difference is that fermentation with pure oxygen will lead 
to the formation of a quite pure  CO2 stream in the fermenter 
outlet and consequently strengthen the carbon capture and 
storage or utilization (CCS and CCU) ability of the plant.

There are also hydrogen requirements in the process 
chain and in particular in the hydrotreatment unit, but they 
are expected to be low. The disproportionately lower hydro-
gen requirements in comparison with the oxygen require-
ments of the plant mean that potential oxygen securement 
via water electrolysis would be accompanied with excess of 
pure hydrogen. The establishment of an electrolysis unit to 
cover primarily oxygen demands instead of hydrogen seems 
rather unreasonable and inefficient for the plant. However, 
in this way, two valuable off-gases (i.e., pure  CO2 from oxy-
fermentation of acetate and pure  H2 from the water electrol-
ysis) are produced that are capable of completely upgrading 

Table 4  Hydrotreatment process parameters

Parameter Input

Reactor pressure (bar) 40
Reactor temperature (°C) 350
Hydrogen-to-TAG ratio (kg/kg) 0.03
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the plant either via their reutilization in the biological part 
(i.e., gas fermentation) or via other catalytic routes of fuel 
synthesis. If there is no electrolysis implementation, then 
the required hydrogen for the hydrotreatment procedure 
can be obtained from syngas via PSA. Finally, the steam 
requirements of the plant can be covered with a HRSG sec-
tion that utilizes the waste heat from the DFBG unit and 
produces steam. A steam turbine (ST) system for power pro-
duction could be applied also in the end of the HRSG unit 
in case of excess heat in high temperatures. After taking all 
the above mentioned points into consideration, the follow-
ing scenarios have been developed and simulated (Fig. 8).

1st scenario In this case study, the establishment of an elec-
trolysis unit is assumed for hydrogen production. This means 
that pure oxygen can be available also for the autothermal 
reformer as well as for the aerobic fermentation of acetate. 
The produced syngas is utilized entirely for the final fuel 
production, meaning that the efficiency of the BtL plant is 
high and it can be further enhanced from the emerging pure 
streams of  H2 and  CO2. Of course, since water electrolysis 
is a rather expensive choice, it can be considered only in the 

case of low-cost RES electricity. Otherwise, this scenario 
refers to a scheme with high electricity demands.

2nd scenario In this case study, electrolysis unit is not 
involved. Pure industrial oxygen can be purchased exter-
nally for oxy-autothermal reforming or oxy-fermentation 
of acetate. Otherwise, autothermal reforming with limited 
air can be applied and, respectively, air fermentation that 
will lead to a  N2/CO2 mixture in the fermenter gas outlet. 
The chemical energy of the produced syngas is utilized once 
again almost entirely for the biofuel production, apart from a 
small portion of hydrogen that is extracted via PSA from the 
recirculating off-gases of the anaerobic fermenter in order to 
secure the hydrotreatment hydrogen requirements.

3rd scenario In this case study, no use of pure oxygen is con-
sidered neither in the reformer nor in the aerobic fermenter. 
The technology of allothermal steam reforming is applied, 
which imposes an assisting combustor that utilizes air and 
part of the syngas to provide the appropriate heat to the 
reformer. This is achieved by extracting a portion of the recir-
culating off-gases of the anaerobic fermenter and sending 

Fig. 7  i Autothermal and allo-
thermal operation of catalytic 
reformer and ii oxy- and air 
fermentation of the aerobic 
fermenter

i)

ii)
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them to the SMR combustor. The hydrogen requirements are 
covered again by the same stream via PSA, and therefore, 
the syngas “losses” in terms of fuel production are expected 
remarkable and the BtL plant’s efficiency low. However, the 
flue gases stemming from the SMR combustor in this case 
are an additional hot source that can be thermally exploited. 
The primary objective is the steam generation for the reform-
ing, but its further thermal utilization could boost a potential 
power generation of the plant with the addition of a ST.

The examined scenarios are presented in Table 5 in a more 
concise form.

3  Results and discussion

The heat and mass balances are performed for each case 
study, and indicators for the overall plant performance are 
assessed. The following critical factors are introduced:

• Total carbon utilization factor is the fraction of carbon 
in initial feedstock that is converted to the final fuels, 
hereinafter referred to as carbon utilization (CU) and 
calculated as

• Liquid fuel to feed energy ratio is the fraction of the 
chemical energy in the initial feedstock that is transferred 
to the final fuels, hereinafter referred to as energetic fuel 
efficiency (EFE) and calculated as

• Liquid fuel mass yield is the mass flow ratio of liquid 
fuels to solid feedstock (crushed bark) and calculated as

(7)CU =
ṁc,liquid fuel

ṁc,crushed bark

(8)EFE =
ṁliquid fuel ⋅ LHVliquid fuel(Eliquid fuel)

ṁcrushed bark ⋅ LHVcrushed bark(Efeed)

(9)yieldliquid fuel =
ṁliquid fuel

ṁcrushed bark

Scenario 1

Scenario 2

Scenario 3

Fig. 8  The block flow diagrams of the three (3) examined scenarios

Table 5  Integration scenarios for the BtL concept

1st scenario 2nd scenario 3rd scenario

Water electrolysis unit ✓
Oxy-autothermal reformer ✓ ✓
Allothermal reformer ✓
Acetate oxy-fermentation ✓
Acetate air fermentation ✓ ✓
PSA ✓ ✓
HRSG ✓ ✓ ✓
Steam turbine ✓
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• Energetic efficiency (ηE) describes the overall perfor-
mance of the system considering any involved electrical 
power generation/consumption as well and can be calcu-
lated as

• Exergetic efficiency (ηEx) is used for a more holistic 
assessment of the examined schemes in terms of perfor-
mance and energy quality. It is expressed as the ratio of 
total exergy output to total exergy input:

where  Exliquid fuel is the chemical exergy of the final liquid 
fuels calculated according to the following equation [35]:

where N is the molar flow in kmol/s and xi the molar frac-
tion of each component I and R is the gas constant. The 
term  Exfeed is the chemical exergy of the solid feedstock 
(crushed bark) calculated according to [36] (the correspond-
ing physical exergies are assumed equal to zero and thus are 
neglected). The standard chemical exergy εo,I (kJ/kmol) for 
each component i that exists in the final fuel stream at refer-
ence conditions (T0 = 298.15 K, p0 = 1.013 bar) is obtained 
from [37]. The standard chemical exergy of any component 
that is not apparently given from [37] was calculated accord-
ing to [38] by means of the contribution method of simple 
chemical groups.

3.1  Carbon balance

Cold gas efficiency (CGE) is the fraction of the chemical 
energy in the initial feedstock that is transferred to syngas 
in the gasifier. This is measured to be 85% after the hot fil-
tration of syngas, while it drops to 80% after the ATR since 
partial oxidation of syngas takes place at the auto-reforming 
procedure. The acetate concentration in the effluent stream 
(Broth 1) of the gas fermenter is around 30 g/L, while the 
TAGs are obtained in the effluent stream (Broth 2) of the 
aerobic fermenter in a concentration of 100 g/L as a result 
of the cell recycle system applied in the fermenter. Accord-
ing to the model, the decomposition of triglycerides leads to 
the formation of palmitic acid, oleic acid, linoleic acid, and 
stearic acid as well as propane. The dominant species in the 
final liquid products are  C16 and  C18 alkanes. The light gases 
leaving the hydrotreatment reactor consisting of propane, 
carbon dioxide, and any remaining hydrogen are directed to 
the oxidizer of the DFBG unit in order to boost the gas pro-
duction efficiency. The main stream results for the  1st case 

(10)�E =
Eliquid fuel + Pelproduced

Efeed + Pelconsumed

(11)�Ex =
Exliquid fuel + Pelproduced

Exfeed + Pelconsumed

(12)Exliquid fuel = N ⋅ �ch = N ⋅

(

∑

x
i
�
o,i + RT

∑

x
i
lnx

i

)

study are attached in the Supplementary Material (SI). The 
obtained carbon balances for all three simulated scenarios 
are presented in Fig. 9.

In the  1st case study, a water electrolysis unit feeds the 
BtL plant with oxygen and hydrogen, while the HRSG unit 
exploits the thermal load of the hot gases to cover the pro-
cess steam requirements (i.e., gasification, reforming, and 
lipid purification). In case all the oxygen requirements are 
covered from the electrolyzer, excess of hydrogen and a quite 
pure stream of  CO2 are obtained along with the final liq-
uid products. The CU of the BtL plant, meaning the carbon 
content of the final liquid fuels, has been calculated equal to 
26.44%. A high carbon content (43.37%) is found among the 
outlet gas streams of the biological part, mainly through the 
 CO2-rich stream that leaves the aerobic fermenter (36.94%) 
and secondly through the purge gas (bleed stream) extracted 
from the recirculation gases of the anaerobic fermenter 
(6.43%). Further utilization of this  CO2-rich stream along 
with the hydrogen excess sourcing from the electrolyzer 
can remarkably increase the CU of the BtL plant and reach 
values greater than 37%. The rest carbon “expenses” of the 
process are the flue gases leaving the oxidizer (24.23%) and 
the carbon utilized for the cellular biomass formation in both 
fermenters (5.22%) as well as the low organic content of 
wastewaters (0.74%).

In the absence of an electrolysis unit in the context of the 
 2nd case study, autothermal reforming is performed with the 
assistance of externally purchased industrial oxygen, while 
the hydrogen requirements of the hydrotreatment unit are 
covered via PSA with extraction from the off-gases of the 
anaerobic fermenter. Industrial oxygen could be purchased 
also for the aerobic fermentation in order to achieve high 
 CO2 purity in the off-gases, but this would lead to remark-
ably higher operational costs. The internal  H2 securement, 
which can be considered as a small syngas “loss” for the BtL 
plant, affects the efficiency of the syngas fermentation and 
is translated to slightly lower syngas conversion to acetate 
and consequently lower liquid fuel production and carbon 
conversion to biofuels. In particular, the obtained CU for the 
 2nd scenario is measured at 25.19%. Since the plant’s hydro-
gen requirements are not extended, PSA technology might 
be preferable in terms of pure hydrogen generation in com-
parison with the establishment of a whole electrolysis unit.

In the integrated concept of the 3rd case study, there is not 
any pure oxygen involvement since the reforming (i.e., allo-
thermal) as well as the aerobic fermentation procedures are 
performed with air utilization. The required heat input for 
the allothermal reformer is secured with partial gas extrac-
tion from the recirculating gases of the anaerobic fermenter. 
The same goes for hydrogen, which is extracted via PSA 
from the same stream. The reformer operates at 900 °C and 
the assisting combustor at 950 °C. The obtained CU for this 
case study is equal to 22.86%. A remarkable carbon content 
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(20.52%) is transferred to the supporting combustor of SMR 
and ends up as an additional  CO2 emission from the thermo-
chemical part. Therefore, in terms of carbon, an increase in 
the carbon content that is released from the thermochemical 
unit is observed due to the presence of two flue gas sources 
now (i.e., DFBG oxidizer and SMR combustor). The allo-
thermal operation of the reformer seems to have a notable 
negative impact on the overall performance of the BtL plant, 
since a non-negligible amount of syngas ends up as flue gas 
in the SMR combustor instead of acetate and subsequently 
liquid fuel.

The CU factors of the investigated scenarios are relevant 
with the calculated liquid fuels mass yields that are presented 
in Table 6. The highest liquid fuel yields are obtained for the 
 1st scenario where the supply of pure hydrogen and oxygen 
can potentially boost the liquid fuel production, while the  2nd 
scenario achieves competitive numbers without the energy 

consuming electrolysis addition. The  3rd scenario, due to 
the remarkable syngas losses in the allothermal reforming, 
presents the lowest fuel yields.

3.2  Energy balance

The obtained energy balances for all three simulated sce-
narios are presented in Fig. 10. The heating value of the 
obtained raw mixture of jet/diesel paraffins, which is con-
sidered as the final product of the present simulation study, 
was measured in the range of 44–45 MJ/kg (LHV-based) in 
every case.

The EFE for the  1st scenario is measured at 37%. Heat 
recovery for steam generation and the oxidizer’s air preheat-
ing is performed from the hot streams of the DFBG unit (i.e., 
syngas and flue gases) (15.35%). The main energy losses are 
observed in the biological synthesis of TAGs via double-
stage fermentation (42.25%), while the losses from the syn-
gas cooling to the operating temperatures of the biological 
part (7.5%) and the hydrotreatment unit (1.5%) are lower. 
The electrolysis power consumptions only for the hydrogen 
requirements of the hydrotreatment unit have been consid-
ered as well. The redirection and the reutilization of the quite 
pure  CO2 stream sourcing from potential oxy-fermentation 
of acetate will enhance the CU as well as the EFE of the 
plant in a remarkable way (i.e., CU > 37% and EFE > 45%). 
However, a prerequisite of this strategy is the extended 

Carbon content

Scenario 1

Scenario 2

Scenario 3

Fig. 9  Carbon balance of the three (3) examined scenarios

Table 6  Liquid fuel mass yield

*These numbers refer to further exploitation of the pure  CO2 and  H2 
streams that are obtained in the  1st scenario

Scenario 1 2 3

ṁcrushedbark (kg∕s) 11.24 11.24 11.24
ṁliquidfuel(kg∕s) 1.65 (2.11*) 1.57 1.42
yieldliquidfuel(kg∕kg) 0.147 (0.188*) 0.140 0.126
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electrolysis operation (i.e., higher power consumptions) for 
pure oxygen supply.

Within the  2nd scenario, the impact of the internal 
hydrogen extraction in the energy balance of the process 
can be observed. An EFE equal to 35% is obtained. The 
lower acetate production leads to lower energy content 
of the produced TAGs. The observed decrease in CU 
and EFE of the BtL plant can be characterized as afford-
able. The involvement of the PSA technology and the 
internal securement of the limited hydrogen needs of 
the process seem to have a controllable effect on the 
process performance. The avoidance of an electrolysis 
unit would drastically reduce the capital and operational 
costs of the plant. However, the main shortcoming of 
a scheme without the capability of pure oxygen is that 
the off-gases of the aerobic fermenter will be a mixture 
of  CO2 and  N2, and therefore, their carbon reutilization 
will be difficult.

The decreased fuel production of the BtL plant in the 
 3rd scenario is also reflected in the EFE that is calculated 
at 31.5%. The purge gas that is transferred to the reforming 
combustor contains a remarkable energy content (25%) that 
does not participate in the CU or EFE enhancement. How-
ever, the flue gases of the SMR combustor are a hot stream 
that updates the heat recovery and steam generation capabil-
ity of the plant. For this reason, this is the only case study 
that the addition of a steam turbine could make sense in 

terms of power production (> 10% of thermal input). It has 
to be mentioned that this is the only case that seems to have 
the potential to offer power independence of the plant via a 
polygeneration scheme of power, heat, and fuel production.

Aiming to obtain a performance overview of the inves-
tigated concept in terms of energy quantity and quality 
distribution in the examined scenarios, the corresponding 
energetic and exergetic efficiencies have been calculated 
(Table 7).

The  3rd scenario may present the higher overall ener-
getic/exergetic efficiencies (~ 40%) due to its polygenera-
tion scheme, but on the other hand, it is the scenario with 

Chemical energy

Heat

Electricity

Scenario 1

Scenario 2

Scenario 3

Fig. 10  Energy balance of the three (3) examined scenarios

Table 7  Overall energetic and exergetic efficiency

*These numbers refer to further exploitation of the pure  CO2 and  H2 
streams that are obtained in the  1st scenario

Scenario 1 2 3

Eliquidfuel(MW) 74 (90*) 70.5 63
Efeed(MW) 200 200 200
Exliquidfuel(MW) 76.5 (92*) 73 66
Exfeed(MW) 214.8 214.8 214.8
Pelproduced(MW) 0 0 21
Pelconsumed(MW) 11 (97*) 0 0
�E(%) 35.1 (30.3*) 35.3 42.0
�Ex(%) 33.9 (29.4*) 34.0 40.5
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the lowest performance indicators concerning liquid fuel 
production (EFE and CU). On the contrary, the  1st and the 
 2nd scenarios come up with lower and similar overall energy 
efficiency (~ 35%) since power production is not envisaged 
in these cases, but present higher liquid fuel productivity 
factors (EFE and CU). Another important aspect that has 
already been mentioned and is proven from the performed 
energetic/exergetic analysis is the inefficiency of potential 
extended electrolysis to cover pure oxygen demand further 
than the hydrogen requirements of the hydrotreatment unit. 
In other words, the higher the electrolysis involvement in 
the  1st scenario, the lower the overall system performance 
in terms of energy quality (~ 30%) despite the increased fuel 
productivity.

A short description of the three scenarios along with the 
identified pros and cons and the calculated KPIs are included 
in Table 8.

Taking for granted that the priority of a BtL concept is the 
high liquid fuel productivity, the competitiveness of the  2nd 
scenario in all aspects by avoiding the establishment of an 
electrolysis unit turns the combination of internal  H2 extrac-
tion via PSA (for hydrotreatment) and the potential limited 
purchase of industrial  O2 (for reforming) as an attractive 
possibility in terms of cost and performance. Moreover, 
the external purchase of  O2 is rather an operational option 
rather than an inherent drawback of the  2nd scenario since 
air reforming can be functional as well despite the unwilling 
 N2 presence. A thorough techno-economic analysis, which 
is expected to be a follow-up work of the present study, will 
serve the optimization of the proposed concept and along 
with dedicated lab and pilot tests will verify its potential.

3.3  Comparison with other certified biofuel 
pathways

Within this section, it is aimed the comparative assessment 
of the proposed concept against other certified biofuel pro-
duction pathways in terms of liquid fuel productivity. Thus, 

the focus is given on the corresponding performance indi-
cators such as EFE, CU, and liquid fuel yield. In particu-
lar, the established technologies of HEFA/HVO, the Fis-
cher–Tropsch Synthesis (FT), and the Alcohol-to-Jet (ATJ) 
are selected for comparison.

HEFA/HVO fuels are produced by the hydrogenation of 
vegetable oils, animal fats, or waste oils. The HEFA tech-
nology is currently the most mature one, with HEFA fuels 
being the only alternative already used commercially (TRL 
8–9). However, it should be mentioned that the feedstock for 
HEFA is usually costly, and it often raises the question of 
food vs. fuel, as cultivating bigger amounts of its feedstock 
would severely change land use. Fischer–Tropsch liquids are 
produced through bio-based gasification with FT synthesis 
using lignocellulosic biomass as feedstock. This technol-
ogy is now just approaching commercialization (TRL 7–8) 
and has received growing attention since it offers clean and 
potentially carbon neutral fuels directly usable in the trans-
portation sector. Alcohol-to-Jet is a pathway that produces 
fuels from sugary, starchy, and lignocellulosic biomass, such 
as sugarcane, corn grain, and switchgrass, via fermentation 
of sugars to ethanol or other alcohols. This technology is still 
on a demonstration level (TRL 6–7), partly because of the 
alcohol production cost.

An estimation of the performance range of the mentioned 
technologies has been carried out by utilizing data from previ-
ous related studies reported in the literature [10, 39–42] and is 
contained in Table 9 and Fig. 11 along with the corresponding 
performance indicators extracted by the present study.

The proposed BtL pathway is able to achieve competi-
tive values in terms of liquid fuel productivity (EFE, CU, 
and yield) in comparison with already certified technolo-
gies that exploit similar feedstock (i.e., FTS and ATJ). How-
ever, the favorable position of the suggested concept lies 
on its ability to reach decent efficiency levels by avoiding 
the strict specifications of FTS that usually require costly 
and energy-demanding equipment or the several unit opera-
tions (pretreatment, hydrolysis, fermentation, dehydration, 

Table 8  Advantages, disadvantages, and main KPIs of the examined scenarios

*These numbers refer to further exploitation of the pure  CO2 and  H2 streams that are obtained in the  1st scenario

Scenario no 1 2 3

Short descrip-
tion—key 
aspects

Water electrolysis, oxy-autothermal 
reformer, oxy-fermentation of acetate, 
HRSG

Oxy-autothermal reformer, air fermen-
tation of acetate, PSA, HRSG

Allothermal reformer, air fermentation 
of acetate, PSA, HRSG, ST

Advantages - High BtL efficiency
- Pure oxygen production
- Potential reutilization of pure  H2 and  CO2 

streams

- High BtL efficiency
- Low power consumptions
- Water electrolysis avoidance

- No pure oxygen requirements
- High potential of power independence

Disadvantages - Extended power consumptions - Potential purchase of industrial 
oxygen

- Low BtL efficiency

CU 26.44% (37*) 25.19% 22.86%
EFE 37% (45*) 35% 31.5%
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and oligomerization) of the ATJ route that raise the total 
production costs [43].

HEFA/HVO technology, as expected, presents high effi-
ciency numbers in the selected performance indicators due to 
the more straightforward chemical structure of the involved 
feedstock (i.e., oils) compared to the other routes. However, 
it should not be ignored that the HEFA/HVO feedstock is 
significantly more expensive than the feedstock used in the 
other technologies (i.e., lignocellulose and energy crops).

4  Conclusions

Within this study, a basic definition of a novel integrated 
thermochemical-biochemical BtL process has been per-
formed. The extended feedstock flexibility and the limited 
gas cleaning requirements as well as the low-pressure and 
mild operating temperatures of the biological part turn the 
proposed pathway into a promising BtL technology. The 
standalone sub-technologies may have already been tested 
and involved in medium/large-scale applications, but the 
major technical challenges of the proposed concept are 
the efficient coupling of the thermochemical part with the 
biological part as well as the avoidance of expensive puri-
fication techniques for microbial oil recovery. An overall 
process model was developed, and process simulations were 
performed at full scale (200  MWth) for the BtL plant with 
crushed bark as feedstock. Design parameters like PSA/
water electrolysis, oxy-/air-acetate fermentation, or auto-
thermal/allothermal reformer operation were investigated, 
and their compatibility with the system was assessed via 
dedicated operational scenarios. The heat and mass balances 
for the examined configurations were solved and evaluated 
via overall performance indicators (i.e., CU and EFE).

Values between 22 and 27% and between 31 and 37% 
were obtained for the CU and EFE, respectively. Reutiliza-
tion of the  CO2 stream deriving from the oxy-fermentation 
of acetate could enhance the CU and EFE of the plant reach-
ing values of 37% and 45%, respectively. The major car-
bon and energy losses were observed in the biological part. 
The optimization of the double-stage syngas fermentation 
(recirculation rates, gas solubility, optimum parameters, etc.) 
is expected to reduce these losses and enhance the overall 
performance of the plant. The limited  H2 requirements of 
the plant cannot probably justify the presence of such an 
energy-consuming unit like the electrolyzer while internal 
 H2 extraction via PSA seems the most efficient option in 
terms of cost-performance balance. The scheme with the 
allothermal SMR seems inappropriate for this concept, since 
notable decrease in the performance indicators of the BtL 
plant is observed. A primary placement of the suggested 
concept among other certified biofuel pathways (i.e., HEFA/

Table 9  Certified biofuel pathways and preliminary comparison with the proposed concept

*These numbers refer to further exploitation of the pure  CO2 and  H2 streams that are obtained in the  1st scenario

Pathway Feedstock Mass yield (kg/kgbiomass) EFE (%) CU (%) Ref

HEFA/HVO Vegetable/animal oils and fats 0.50–0.70 60–70 70–80 [39–41]
FTS Lignocellulose 0.16–0.21 35–46 25–30 [10, 42]
ATJ Lignocellulose/starch-rich crops/sugars 0.11–0.24 26–48 22–32 [10, 40, 41]
This study  (1st scenario) Lignocellulose (crushed bark) 0.147 (0.188*) 37 (45*) 26.44 (37*) –
This study  (2nd scenario) Lignocellulose (crushed bark) 0.140 35 25.19 –
This study  (3rd scenario) Lignocellulose (crushed bark) 0.126 31.5 22.86 –

Fig. 11  Certified biofuel pathways and preliminary comparison with 
the proposed concept A EFE, B CU, and C liquid fuel yield
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HVO, FTS, and ATJ) was attempted. Competitive perfor-
mance indicators were achieved compared to technologies 
that refer to similar feedstock. Of course, the concept of the 
present study is subject to optimization and a subsequent 
techno-economic assessment is expected to properly define 
its encouraging potential.

The main objective of the present study is to define the key 
process specifications and evaluate the potential of the proposed 
concept compared to other competitive technologies. The inves-
tigated scenarios and the obtained primary conclusions can act 
as a benchmark for the further development and optimization 
of the integrated concept. The more in-depth techno-economic 
assessment of multiple aspects (water electrolysis/PSA, air/
oxy blown fermentation,  CO2 exploitation, etc.) is a necessary 
follow-up work that is due to be performed after the conduc-
tion of further lab and pilot tests concerning the feasibility and 
sustainability of the examined process configurations.
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