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ABSTRACT KEYWORDS
This study examines FischerTropsch Diesel as a source of decarbo- Biomass; Fischer-Tropsch;
nisation by use of lignocellulosic residues (wheat, barley, and maritime sector
maize) contributing to the European maritime sector. A techno-

economic methodology from the literature and well-to-tank ana-

lyses were used to calculate the production, cost, and carbon

emissions of the fuel. By exploiting an area of 23.27 million hectares,

nine countries could potentially produce 4.9 million tonnes of

renewable diesel annually, to be distributed to their respective

ports. That amount could eliminate 8.4% of the current CO, emis-

sions of the sector in Europe, at a cost ranging from 51.20 to 68.69

€/GJ. The study includes a sensitivity analysis of biomass, electricity,

interest rate, and sub-product cost variables, as well as blend varia-

tion (1-100%) with the current marine fossil fuel used, with a cost of

CO, saved varying between 678.46-1,457.86 €/tCO,.

Introduction

European maritime transport is responsible for the emissions of 138 million tonnes of
carbon dioxide equivalent (MtCO,eq), which corresponds to more than 40 million
tonnes (Mt) of marine fuel consumed [1]. The negative impacts caused by fossil fuel
consumption in the European Union (EU) have opened the door for the exploration of
the advanced biofuels from lignocellulosic resources as a major contributor to the
decarbonisation of maritime transport [2,3].

The Fischer-Tropsch (FT) process can convert biomass to hydrocarbons similar to
diesel fuel called biomass to liquid (BTL) fuels [4,5] or bio-FT diesel, suitable for internal
combustion engines (ICE) such as those used in maritime transport [5]. The process is
still at an early stage of development.
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The production of advanced biofuels from lignocellulosic resources, as in the case of
bio-FT diesel, highlights the relevance of agricultural residues in Europe, which is one of
the world’s largest producers of wheat, barley, and maize. Therefore, it has the potential
to offer a large quantity of straw to be transformed into bio-FT diesel for use in the
maritime transport sector.

A combination of methodologies from agriculture residue recovery [6,7] and techno-
economic analysis [8] allowed us to determine the potential biofuel output from each
crop. Moreover, the well-to-tank assessment will be presented to show the carbon
footprint of each region selected as a potential bio-FT diesel source for the European
ports.

Finally, this research enabled us to determine how substituting fossil fuels with a
biofuel can reduce greenhouse gas (GHG) emissions in the European maritime sector.
Furthermore, it allowed us to foresee the number of plant units and the potential regions
for exploiting the residual biomass from large harvests of crops in Europe to produce this
alternative fuel.

Material and methods

Figure 1 shows the methodology procedure, as follows:

e Key crops (wheat, barley, and maize) biomass availability data survey in the
EUROSTAT of the UE-27 plus UK.

e Technical simulation of biofuel production.

e Techno-economic and well-to-tank assessment.

Fischer-Tropsch biofuel production and economic assessment are based on Isabela et
al. [8] who used residues from wood as feedstock.

Biomass availability

For the recovered agriculture residues, a bottom-up approach was used within a 30 km
radius of a supposed factory [6,8-10]. Table 1 displays the residual biomass factors of the
crops used in this work, followed by the determination of the energy potential using the
following equation:

2nd Step 3rd Step

Biomass residues avaibility from
main grain crops in Europe

Biomass-to-biofuel conversion Economic assessment

Locations of units for

. X . Biofuel potential Environmental assessment
biomass-to- biofuel conversion

Figure 1. Methodology chart flow.
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Table 1. Residue characterization [6,7].

Biomass Type RPR RAF SRR LHV (MJ/kg)
Maize Straw 153 100% 25% 18.67
Barley Straw 1.48 100% 50% 19.68
Wheat Straw 1.55 100% 15% 19.54
BPr = Yr « RPR. RAF. SRR (1)

Where BPr is the biomass residue potential in tonnes per hectare (t/ha), Yr is the
average commodity [11] productivity in tonnes per hectare (t/ha). RPR is the ratio of
product residue (%), RAF is the residue availability factor (%), and SRR is the sustainable
removal rate (%). Table 1 shows all the necessary data.

EPr = BPr* LHVr 2)

Where EPr is the energy potential of the residue gigajoule per hectare (GJ/ha), BPr is
biomass residue potential in tonnes per hectare (t/ha). LHVr (Table 1) is the low heat
value of the residue (GJ/t).

THPr = EPr + n (3)

Where THPr represents the theoretical potential residues based on the FT diesel of
each commodity residue (GJ/ha), EPr is the energy potential of the residue (GJ/ha), and n
is the conversion process efficiency in terms of biomass-based FT diesel production
yields [8].

Equation 4 calculates the number of plant units that should be operating, per NUTS
region.

Number of plants = harvested land /0,283 (4)

Where harvested land is the area of each crop in million hectares (Mha) (Appendix A),
and the factor 0.283 represents the conversion of 30-km radius in Mha.

Bio-FT diesel process
The FT process includes several steps, from the type of biomass chosen to the gasifier,

and the target biofuel.

Gasification
The biomass gasification was calculated according to the straw compositions, and
Equation 5 was assumed (wheat, barley, and maize straw compounds in Table 2). The

Table 2. Composition analysis of Barley, Wheat, and Maize straw.

Compounds Barley straw [12] Wheat straw [12] Maize straw [13]
C 45.6 45.6 47.28

H 5.6 5.7 5.06

0 425 40 40.63

N 0.5 0.7 0.8

S 0.09 0.09 0.22

Ash 5.7 7.9 6

LHV 19.51 19.68 18.67
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partial oxidation is made in 0.4 air/fuel ratio in the molar base (95% O, molar base)
coming from an Air Separation Unit (ASU) with 4 megapascals (Mpa) of pressure and
energy demand of 0.2 megawatt-hours per tonnes of oxygen (MWh/tO,) [8].

CHONS + O, + N, + Ar = CO,, + COb + H,C + H,O0d + H,Se + NH3f + Arg  (5)

Gas cleaning
The water quench is capable to retain the total NH; and Slag [8,14,15].

Water-gas shift

The literature suggests that the ideal H,:CO ratio to the FT diesel production must be 2:1.
Thus the mass of water steam feeding the process is determined according to Equation
6 [13].

m STM, addition = 3 x m CO — m H,0 (6)

Where mSTM, addition is the inlet mass flow of steam in the water-gas shift (WGS)
reactor in tonnes per hour (t/h), MCO is the CO content in the syngas in t/h and mH,0 is
the water content in the syngas entering the WGS reactor. As suggested in the National
Renewable Energy Laboratory (NREL) [13] a ratio of 3:1 H,O to CO ensures enough
water for the conversion.

Acid gas removal

The acid gases CO, and H,S are considered 95% of removal and 100% respectively
through the solvent selexol in a ratio of 54 tonnes of solvent per tonnes of CO, (tsolv/
toCO,) coming from the syngas 2 stream. All sulphur content in the process was assumed
to be sent to a CLAUS plant to transform all H,S into elemental sulphur to be commer-
cialised as a by-product.

Fischer-Tropsch

The Fischer-Tropsch step will receive the syngas 3 after the acid gas removal process,
using as a model the fixed bed reactor and the cobalt catalyser with temperature and
pressure established at 200°C and 2500 Kilopascal (KPa) respectively [8,13,14,16].

Pressure swing adsorption

Pressure swing adsorption (PSA) is used to separate the surplus H, to be used in the
hydrocracking process [8]. The high hydrogen purity (99.9% v/v) can be obtained in a
cyclic process of solid adsorbent, which removes the impurities coming from the
syngas [17].

Upgrading process

The range of hydrocarbons (C1-C4 and C20-C30) formed in the FT process must be
separated [10,18]. The distillation and hydrocracking are done based on Schmidt [10],
data with Microsoft Excel support. The first step assumed the total separation of the
products formed (C1-C4, C20-C30) from the non-converted gases (CO,, H,O, CO, and
AR), and the hydrocarbons formed (liquefied petroleum gas (LPG), naphtha, diesel and,
gasoil) are sent to the upgrading stages.
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Distillation
In this process, all the hydrocarbons are separated according to their composition on FT
products formed (Equation 7).

Products (LPG, Naphtha, Diesel, Gasoil)(t/h) = FT products (t/h) * hydro. ratio yield (7)

Hydrocracking

The hydrocracking is modelled, using as the base the mass flow of gasoil leaving the
distillation process. The yield is based on data from the Schmidt studies [10,19], follow-
ing the yield product formation in the table and Equation 8

Mass prod. flow = Yield ratio * Gasoil in (t/h) (8)

Where the mass prod. flow is the product formed during the hydrocracking process in
t/h, the yield ratio is in Table 3 and the gasoil is the gasoil that leaves the distillation
process in t/h.

The H, demand in the hydrocracking process is established at 0.34 tH,/toil based on
the typical demand of 53 cubic metres per barrel (m?/bbl) mentioned in the literature
[10,19]. The LPG, naphtha, diesel, and gasoil are sent to their respective storage.

Power demand

For the power demand, several different works are considered to calculate the energy
consumption to maintain the process (Equation 9).

Power demand (MW ) = Reference demand (MW)  SS/SR 9)
Where Power is calculated in megawatt (MW), the reference demand is the power

demand taken from the literature, SS is the scale of simulation and SR is the scale of
reference from literature (Table 4).

Table 3. Distillation yield [10].

Products Yield ratio
GLP 0.02
Naphtha 0.20
Diesel 0.62
Gasoil 0.15

Table 4. Energy demand references.

Energy demand Demand of reference Scale of reference Reference
Pre-treatment 3.5 MW 2220 t/d [8,13]
ASU 0.20 MWh/t02 (95%) [15,20,21]
Gasifier 6.6 MW 4310.40 t/d [10]
Sulphur removing 1.8 MW 1.44 t/d [22]
FT 1.65 MW 427 t FT/d [10,13]

HCC 2.24 MW 427 t FT/d [10,13]
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“yyell”

Produce
primary fuel
~

Distribute
road fuel

Transport
primary fuel
N

Produce
road fuel

Fuel
vehicle
For each WTW pathway, calculate: ™ Burmn fuel

= Total energy required in vehicle

= Total GHG emitted
Tank to Wheels (TTW)

“Wheels”

Figure 2. Well-to-wheels approach [23].

GHG assessment

A well-to-wheel (WTW) analysis (Figure 2) serves as an important tool for measuring the
carbon emissions from all steps, from biomass harvesting to fuel burning in the ship
engines [23]. The present study will be limited to a well-to-tank analysis (WTT). Figure 2
shows the steps of the methodology.

Fertiliser compensation
Table 5 shows the nitrogen (N), phosphorus (P), and Potassium (K) in each tonne of
straw, which must be compensated with mineral fertiliser, based on the calculation of the
carbon dioxide equivalent (CO,eq) of this stage.

Equation 10 below calculates the number of nutrients necessary to make up their
removal for the FT process.

Straw removal(t/yem,> * Mineral compounds (kg/t)
Fertiliser (t/ ear) = (10)
Y 1000

Where Fertiliser is the number of mineral nutrients in tonnes per year (t/year), straw
removal is the biomass removed from the ground to be processed in the industry in t/
year, and mineral compounds are the nutrients in kilograms per tonnes (kg/t) available in
Table 5. It was assumed that all nutrients removed must return to the soil through
mineral fertilisation.

Table 6 below shows the data needed to calculate the carbon emissions related to
fertiliser production and the fertilisation data for carbon emissions.

Table 5. Nutrients per tonne of straw.

Compounds N P K Reference
Wheat (kg/straw) 735 1.09 9.35 [24]
Barley (kg/straw) 5.81 0.73 14.98 [24]

Maize (kg/straw) 7.72 1.82 15.44 [25]
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Table 6. CO,eq of fertiliser production.

Compounds N P K Reference
Fertizer emission (kgCO,eq/kg) 14.09 2,36 0,6 [26]
Fertilising (kgCO,eq/ha) 65.21 [27]

Using Equation 11 below plus the data available in Table 6, it is possible to calculate
the carbon emissions from fertiliser production and their fertilisation on the respective
lands.

Fertilizing(tCOZeQ/ye ar) = Harvested area x emissions (11)

Where Fertilising is the CO, emissions in tonnes per year associated with the manur-
ing process, Harvested is the collected biomass area (Area available in Appendix A) in
hectares per year (ha/year), and emissions are the released greenhouse gases associated
with mineral inputs accumulated over the lands annually in tonnes of CO,eq per hectare
(tCO,eq/ha).

Harvesting, baling, and transportation of straw
Table 7 shows the data regarding the activity data from the process to harvest, baling, and
transporting the biomass straw from the field to the projected plant within a 30 km
radius.

Equation 12 calculates the CO, emissions from biomass collection.

Emissions = Fuel consumption x biomass collected x emission factor (12)

Where Emissions are the CO,eq in t/year, Fuel consumption is the diesel in the
collection of the biomass in kg of diesel per tonnes of biomass, the biomass collected is
in t/year, and the emission factor in kgCO,/kgdiesel is given in Table 8.

Industry process
To calculate the power demand of the industry, we considered the CO,eq emitted in each
country, related to the different energy matrices for each European country.

Equation 13 is used to calculate the CO,eq.

Industry emissions = Power demand * emission factor (13)

Table 7. Emission factors of biomass collection activity.

Activity data Maize straw Wheat straw Barley straw Reference
Harvesting kgdiesel/tbiomass 0.36 1.20 1.20 [28]
Bales loading kgdiesel/tbiomass 0.31 0.58 0.58

transportation kgdiesel/tbiomass.km 0.01 0.01 0.01

Table 8. Emission factor of 1 kg of diesel [29].

Compounds Kg GWP
Co, 3.164 1
CHy 0.0003 28

N,O 0.04199 265
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Table 9. Truck emissions factor data [29].

Truck 33t capacity Factor kgCO,/t.km Factor kgCH4/t.km Factor kgN,O/t.km
0.07111 0.00001 0.00101

Where Industry emissions are CO, per hour (CO,eq/h), the power demand in MW,
and the emission factor in kilograms of CO, kgCO,eq/MWh.

Port distribution

The CO,eq calculation for the Bio-FT-Diesel distribution to the countries’ ports was
performed following Equation 14, assuming a 33t loaded truck with 20t of fuel trans-
portation per trip. Table 9 shows the factor emissions regarding transportation.

Distribution Emissions = (Diesel production/20)%33 x Distance * Emission Factor
(14)

The emissions are presented as tCO,eq per year, the 20 represents the t of fuel
transported per trip in t, 33 represents the total weight of the truck in t, and distance
represents the km travelled per trip from the region of production to the port of
distribution.

Total investment cost

The method selected for the cost curve (Equation 15) uses the exponential factor 0.7, and
this factor is the average used for processes in chemical plants [30]. (See Table C1 in
appendix C to Investment Cost Calculations)

s \/
p— 1
C = Cbase ( Sbase> (15)

C = Investment Cost of Equipment (M€)

Cbase = Known Investment Cost Equipment (M€)

S = Equipment Capacity (MWth)

Sbase = Known Equipment Capacity (MWth)

f = Scale Factor

Equation 16 shows the Chemical Cost Index Correlation rate with the respective years
of other work. The calculation of this factor is expressed in (16) by:

Index Value B

B=CA*%—-——— 16
¢ ¢ >klndex Value A (16)

Where:

CB = Current Cost (M€)

CA = Older Cost (M€)

Index Value B=CEPCI (Chemical Engineering Plant Cost Index) updated
(Dimensionless)

Index Value A = CEPCI Respective year (Dimensionless)

Table 10 describes the steps to quantify the total capital investment cost, adding the
Total Installed Costs considered to be 1.50 of the total purchase equipment cost (C)
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Table 10. Total capital investment cost.

Total Installed Cost (TIC) TIC = 1.50*TPEC
Contingency Costs (CC) CC = 0.20*TIC
Fixed Capital Costs (FCI) FCl = TIC+CC
Working Capital (WC) WC = 0.10*FCl
Total Capital Investment TCl = FCHWC

Table 11. Adjustment costs.

Parameters Value Reference
Current Interest Rate (IR) (%) —0.509 [33]
Biomass Cost (€/tonnes)

Wheat Straw 59.00 [34]
Barley Straw 65.00 [34]
Maize Straw 36.40 [35]
Electricity ((€/MWh) 118-222 [32]
Bio — LPG (€/tonnes) 1160.00 [32]
Bio — Naphtha (€/tonnes) 780.00 [36]
Bio — Gas oil (€/tonnes) 880.00 [37]
Bio-FT-Diesel (€/tonnes) 1040.00 [37]
Hydrogen (€/tonnes) 1500.00 [38]
Sulphur (€/tonnes) 36.40 [39]

[8,31], a contingency cost of 20%, and working capital of 10% [8]. The operation and
maintenance (O&M) cost was established at 4% of the total TCI [8].

Table 11 shows the data used to quantify the respective biomass, electricity, the
current interest rate, and the revenues that come from the bio-FT diesel and its by-
products. The electricity cost will calculate differently according to the respective coun-
tries [32]

Levelized cost

The Levelized Cost of the bio-FT diesel will be determined according to Equation 17 and
Equation 18.

CRF=r/(1—(1+1r)" (17)

Where CREF is the capital recovery factor based on the 0.14 IR, r is the interest rate, and
L is the lifespan of the factory (20 years).

LCOE = (CRF % TCI) 4+ (O&M + Biomass + Electricity — subproduct)/(FT Diesel)
(18)

Where LCOE is the Levelized Cost of the bio-FT diesel €/GJ, CRF is the capital
recovery factor %, TCI is the total capital investment in millions of euros (M€), O&M
is the operation and maintenance M€, annual biomass cost in M&€, the electricity in M€,
the by-products in M€, and annual bio-FT diesel in Gigajoule per year (GJ/year), all those
values based on 8000 hours of work per year and a life span of 20 years.

Table 12 displays the conversion rates considered in this work, and the rates were
based on the rates of May 2021.
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Table 12. Currency conversion rates.

Conversion

Reference

Pounds
1

Dollar

1

Euro
1.00
Euro
0.98

[40]

Results

Limitation of explored areas

The applied limitation area of 30 km of radius (0.283 Mha) could provide a total primary
of 1.251 petajoules (P]) (Figure 3). The wheat straw represents 66.83% of the technical

energy potential (TEP).

Wheat straw technical potential

The results from wheat straw are limited to the exploitation of the biomass resource
(Figure 4) in 9 countries, and 28 sub-regions delimited by the Nomenclature of

1400
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600
400

200

Wheat straw

Figure 3. Technical energy potential.
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Territorial Units for Statistics (NUTS 1), with a total of 42.80 Mt of wheat straw available
and 836.35 PJ. France alone represents 40% of the total.

Barley straw technical potential

The barley straw is limited to 4 countries and 6 sub-regions (NUTS 1) (Figure 5) to
process a total of 6.68 Mt of straw and 131.47 PJ. Spain alone represents 40% of the total.

Maize straw technical potential

The maize straw is limited to 4 countries and 8 sub-regions (NUTS 1) to process a total of
15.19 Mt of straw annually (Figure 6). Romania alone accounts for 53% of the total
(150 PJ).
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Figure 5. Barley straw potential per NUTS.
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Figure 6. Maize straw potential per NUTS I.
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Figure 7. Barley straw potential per NUTS.

Industry processing

The following sections display the results regarding the number of plants and hourly
capacity in the respective NUTS I regions.

Wheat straw bio-based industry

According to the calculations (Figure 7), 53 bio-based potential industries can be built in
those regions, with a total biomass process capacity of 42.80 Mt/year and diesel and gasoil
production of 3.72 Mt/year (Figure 8) with an average energy demand per industry of
26.04 MW.

Barley straw biobased industry

Thirteen barley straw bio-based industries can be built in four countries (Figure 9) with a
biomass processing of 6.68 Mt/year and producing 0.5 Mt of bio-FT diesel annually
(Figure 10) with an average power demand of 19.85 MW.

Maize straw

A total of 18 bio-based industries could process 15.20 Mt/year of biomass (Figure 11) and
annually deliver 1.3 Mt of bio-FT diesel (Figure 12) with an average energy demand of
29.45 MW.

Biofuel transportation

Within the potential regions of the study, the biofuel could be delivered inside the
respective ports (12 potential ports). Figures 13-15 regarding the wheat, barley, and
maize straw respectively show the regions and the distance from the points of production
to the ports of their potential use by ships.
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Figure 10.
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Figure 12. Biobased maize industry output.
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Figure 13. Distribution of Wheat straw bio-FT diesel from NUTS I to the ports.

Figure 14. Distribution of Barley straw bio-FT diesel from NUTS | to the ports.
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Figure 15. Distribution of Maize straw bio-FT diesel from NUTS | to the ports.

Activity data and emissions factors

The indirect fertiliser use represented the most carbon-intensive sector, followed by the
industry, harvest/bale/transportation, and distribution to the respective ports defined in
the previous section.

There is high carbon emission in ES4 (Spain) and BG3 (Bulgaria) regions with 51.73
and 46.50 gCO,eq/M] of marine diesel produced (Figure 16) respectively, because of the
higher areas of land which impact the fertiliser compensation (65 kgCO,eq/ha)
(Appendix A) and the lowest value was found in the FRH (France) region with 12.85
gC0O,eq/MJ. In terms of industry, the highest carbon emitter is Poland, because of its use
of its coal for energy, which corresponds to 73% of the electricity production. The lowest
emissions were in France, because of the high share of nuclear energy.

Regarding the results of the barley straw bio-FT diesel, Figure 17 displays the results
found in 4 countries and 6 NUTS I regions. The ES4 (Spain) region has the highest
emissions with 73.59 grammes of CO,eq per megajoule (gCO,eq/M]) of bio-FT diesel
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Figure 16. Carbon emissions composition of Wheat Straw bio-FT diesel.

production because of the low productivity of straw, where the high value of land
exploited contributes to high emissions from the fertiliser compensation. The FRB
(France) region, represents the lowest contribution with 15.29 gCO,eq/M] of diesel
produced, influenced by the high productivity of its crops.

In the bio-FT diesel from maize straw (Figure 18), the results were similar in almost all
NUTS I regions, with the RO2 and RO4 regions in Romania, representing the highest
factors of 38.37 and 38.36 gCO,eq/M] of diesel produced, respectively. The FRI region in
France had the lowest with 23.80 gCO,eq/M]J.

The highest value found in RO4 and RO2 is because of the high area of land to
compensate for the fertiliser use and the high carbon emissions in Romania’s power
production [41,42].

The carbon emissions showed different numbers in all scenarios, resulting from the
high influence of the area of land explored, which affected the installed capacity and the
fertiliser used to compensate for the organic material lost through the harvest process.
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Figure 18. Carbon emissions composition of Maize Straw bio-FT diesel.

Spain and Bulgaria showed up as the two highest polluters and France and Germany with
the lowest values (Figure 19).

Economic results

The LCOE presented high costs in all scenarios of straw exploration (wheat, barley, and
maize) with a current IR of —0.509%. Figure 20 below displays the average percentage of
each component that comprises the total LCOE in each bio-FT diesel production.
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Figure 20. Average percentage of composition cost.

The highest average LCOE was in barley straw, followed by wheat straw and maize.
This difference results from the efficiency of bio-FT diesel production of each feedstock
(17.77% for wheat, 16.95% for barley, and 17.78% for maize).

Considering all the NUTs I region for wheat straw bio-FT diesel, Figure 21 shows the
results. The average LCOE was 56.70 euros per gigajoule (€/GJ) produced with the
highest cost (67.22 €/GJ) in the ES4 region and the lowest (45.80 €/G]J) in the UKF
region. The TCI influenced the high or low costs of both regions.

The difference between the wheat straw bio-FT diesel and the current fossil fuel
options (Figure 22) is 42.82 €/GJ compared with the cheapest fossil fuel (IFO 380).
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Figure 21. LCOE composition costs wheat straw bio-FT diesel.
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Figure 22. LCOE of Wheat straw Bio-FT-diesel.

Figure 23 illustrates the composition cost results of the barley straw bio-FT diesel
production. The ES4 region presents the most expensive LCOE (74.15 €/GJ) influenced
by the TCI. The FRB region accounted for the lowest LCOE (54.64 €/G]J). The average
cost found was 64.75 €/GJ (Figure 24), being 50.87 €/GJ more expensive than the
IFO 380.

Figure 25 shows the results regarding the LCOE from maize straw bio-FT diesel. The
highest cost was found in the RO1 region (57.89 €/GJ) and the lowest in the HU3 region
(44.93 €/GJ). Comparing the average (51.16 €/GJ) LCOE (Figure 26) there was also a
huge difference between the current fossil sources and the renewable fuel projected in
this work.

All scenarios using the respective feedstocks showed an unfeasibility of the bio-FT
diesel use compared either to the conventional fossil fuel sources or the lowcarbon
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Figure 23. LCOE composition costs barley straw bio-FT diesel.
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Figure 26. LCOE of maize straw bio-FT diesel.

alternatives. The advantage of the bio-FT diesel is its similarity to the current fuel used,
which requires no need to modify engines and allows the same infrastructure of dis-
tribution at the ports.

Sensitivity analysis

To understand the variation of the bio-FT diesel costs in different scenarios, a sensitivity
analysis was conducted with the variables: 1) Interest Rate; 2) Biomass Cost; 3) By-
product costs; 4) Electricity cost; 5) Carbon credits. All the calculations were done
supported by Microsoft Excel.

IR variation. The LCOE in the 3 crops processed (Figure 27) presented a variation
between 53.20 and 90.57 €/GJ. In all scenarios, the cost increased significantly as the IR
rises where the rates were established between —2% and 8%. The interest rate was
established at an average cost of all regions concerning their feedstock processed.

Biomass cost variation. Figure 28 shows the LCOE for the 3 crops with a variation in the
biomass cost, setting the IR at 0.509% p.a.

By-product cost variation. The by-product prices (LPG, naphtha, hydrogen, and sul-
phur) were varied in a range between —25% and 100% to determine the LCOE oscillation.
Figure 29 shows all data. For all regions established I.R. was set at —0.509% per year.

Electricity cost variation. Figure 30 shows the LCOE for the bio-FTdiesel in all crops,
with variations in the electricity altered in a range of —25% to 100% of the current cost
and the L.R. —0.509%.

Avoided carbon emissions

The results for all feedstocks used (wheat, barley, and maize straw) have shown up
positive for their hypothetical exploitation in terms of tCO,eq saved. Assuming the
quantity of fossil diesel used is the same as the projected advanced bio-FT diesel, the
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Figure 28. Biomass cost variation.

avoided carbon for the wheat, barley, and maize straw Bio-FT-Diesel would be 9.36, 1.18,
and 1.16 MtCO,eq/year, respectively, with a total of 11.59 MtCO,eq/year.
Figures 31-33 display the results of CO,eq saved by region for all bio-FT diesel.
Figure 34 highlights the cost of the CO,eq saved using wheat straw bio-FT diesel with
an average cost of 529,91 euros per tonnes of CO,eq (€/tCO,eq) saved. The ES4 region
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Figure 29. By-products cost variation.
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Figure 30. Electricity cost variation.

would account for the most expensive CO,eq saved. Since the region had the highest
carbon footprint (51.73 gCO,eq/MJ) and the highest LCOE (67.23 €/G]J).

Figure 35 shows the results regarding the barley straw bio-FT diesel CO,eq cost. The
average cost of the carbon saved was 968.13 €/tCO,eq. Again, the ES4 region presents the
most expensive results (3034.19 €/tCO,eq) influenced by the high LCOE (72.49 €/GJ)
and the region’s high carbon footprint (73.59 gCO,eq/M]).

The results from the maize straw bio-FT diesel (Figure 36) had an average cost of
591.97 €/tCO,eq saved. The results have shown lesser variation than the other sources
because of LCOE and carbon footprint. The RO4 region had the highest cost (731.66
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Figure 32. Barley straw bio-FT diesel avoided CO,eq.

€/tCO,eq). Those results are influenced by the highest carbon footprint (38.37
gCO,eq/MJ).

The maritime sector is a long way from its ambitious goal of fifty per cent reduction
compared to 2008 levels, but biofuels will play an important part in decarbonisation.
Figure 37 shows that the use of bio-FT diesel in the shipping sector in Europe would
reduce the CO,eq emissions by 8.40%, by replacing about 40Mt of fossil fuel currently
being used, accounting for 138 MtCO,eq.

The company MSC cruises have presented an interesting action plan which will have
zero negative impacts on its operation. Several measures are already in place in its fleet,
such as energy efficiency through the ships’ design, filters to avoid SOx and NOx
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Figure 34. Cost of the CO,eq using Wheat Straw bio-FT diesel.

emissions, offshore power supply, and velocity reduction during the voyage by 2
knots [43].

Blend versus cost and proportional CO, emissions

The application of the present biofuel has proved to be unfeasible to cover the high
demand, and the problems caused to the equipment in the long term by using this new
source are unknown. A blend variation was assumed as an alternative to inserting the
bio-FT diesel in the maritime sector (89.55 kgCO,/GJ and 24.09 €/GJ).
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Figure 36. Cost of CO,eq using Maize Straw bio-FT diesel.

Figure 38 was produced for a blend percentage variation of the bio-FT diesel from
wheat straw and its costs and CO,eq saved. The cost would vary between 24.41 and 56.70
€/GJ and the carbon saved between 0.64 and 64.38 kgCO,eq/G]J of biofuel.

The variation of the blend percentage (Figure 39) with bio-FT diesel from barley straw
from 1%-100% had a cost variation of 24.49-64.75 €/GJ and 0.59-59.21 kgCO,eq saved/
GJ of bio-FT diesel used.

Figure 40 shows the variation of the percentage blended (1-100%) using bio-FT diesel
from maize straw. The results pointed to an oscillation of 24.36-51.16 €/GJ and 0.59-
59.37 kgCO,eq saved/G]J of bio-FT diesel used.
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Figure 38. Cost variation vs percentage blended wheat straw bio-FT diesel.

Discussion

Bio-FT diesel production as an alternative source has been shown to be viable in terms of
GHG emissions (25.16-30.18 gCO,eq/M]). The French territory would represent 31.22%
of the total installed power in the continent, because of its large crop areas.

Another advantage for the French territory is the low carbon emissions of the well-to-
tank process because of France’s reliance on nuclear energy. Overall, the high emissions
of the entire process come from the fertiliser compensation, corresponding to 70% of the
emissions. Comparing similar studies in the literature (Figure 41) the present research
has presented higher costs, which could be balanced if the product is used in lower
proportions as blended alternatives.
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The drawback of the process is the competition between bio-FT diesel and electricity
from biomass. A study from 2005 found a potential primary energy availability from
barley and wheat straw of 230 PJ with a total capacity of 2.5 GW of installed power in 27
member states of the European Union [46].

Biomass and bioenergy represent 10% of the current total final energy consumption,
and 60% of all renewable sources, with 13.4% (649 PJ) used for electricity and 74.6%
(3,613 PJ) for heat and cooling production respectively [47].

From all biomass sources (forest, crops, agricultural residues, waste) the agricultural
residues correspond to 27% of the total (1500 PJ) [47]. The literature lacks accurate
information on how much wheat, barley, and maize straw are used for the bioenergy
proposed in Europe. Nevertheless, it is known that those sources will make important
contributions to increasing the renewable energy power capacity and contribute to the
net-zero emissions projections by 2050.

The bio-FT diesel production from straw residues from agriculture will certainly play
an important role in biofuel production but may constrain the electricity generation that
already uses those sources as feedstock. Thus, further studies should be done to identify
and reduce the risks caused by hypothetical resource competition.

Conclusion

The maritime sector faces difficulty in implementing cleaner fuel options for several
reasons, such as the lower cost of marine fossil fuels compared to renewable options, the
lack of standards for alternative possibilities, ships from different flag nations, and few
public incentives to promote the decarbonisation of the sector.

The European continent has made advances. The recent monitoring report on CO,
emissions maps the main problems in order to reach practical solutions.

This study has demonstrated its pertinence by:

¢ mapping the potential regions with high agricultural land and biomass availability;

¢ showing that bio-FT diesel is one more alternative in favour of the renewable option
in the shipping sector;

¢ assessing the economic point of view to be addressed with more research and
development and incentives from the public sector;

¢ showing the carbon footprint from each region to point regions where this option
could contribute to reduced emissions;

¢ explaining that, although blend options as the alternative fuel cannot replace all the
fossil fuels currently used, starting with lower quotas could cover more regions in
the European space;

e the creation and commercialisation of by-products to be commercialised and to
reduce risks in the project;

e suggesting that further studies should be done to identify possible constraints
caused by the competition of straw used for electricity versus bio-FT diesel
production.

The low stage of development of the FT route using biomass and the high LCOE are
the most important disadvantages of the present study. Nevertheless, it seeks to highlight
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the contribution of this source to the decarbonisation of the current vessels. There is a
need for experimental work on these fuels in marine engines. It is now time for the
shipping industry to consider advanced biofuel as part of the energy transition.
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Figure A1. Wheat, Barley and Maize crops cultivation in EU NUTS | region [11].
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Figure B1. Carbon emissions from the electricity sector [41,42].

Appendix C

Table C1. Equipment cost references.

Romania

Equipment MUS$ Scale Factor Index Index

(process unit) 2015  (Sbase) unit Scale C CB CA  ValueB Value A Reference
Pre-treatment 10.00 2200.00 t/d 0.70 1417 1535 1417 603.10 556.80 [8,13]
Biomass feeding 0.80  2200.00 t/d 0.70 113 123 113 603.10 556.80 [8,14]
ASU 157.20  2200.00 tO2/d 0.70  140.25 15191 140.25 603.10 556.80 [8,48]
Shell EFG 183.30  2900.00 t/d 0.70 28552 309.27 28552 603.10 556.80 [8,48]
Syngas Cleaning 96.50 14400.00 t/d 070 4896 53.03 4896 603.10 556.80 [8,48]
AGR 7450 55400 tCO2/d 070 21443 23227 21443 603.10  556.80 [20]
Claus/SCOT 30.80 56.00 tS/d 0.70 342 371 342 603.10 556.80 [20]
FTS 22.40 310.00 MWth FT  0.70 31.19 3378 31.19 603.10 556.80 [20]
Upgrading 72.00 19080.00 m3/d 0.70 6.51 705 651 603.10 556.80 [8,49]
Hydrocracking 250.00 4770.00 m3/d 070 5967 6463 5967 603.10 556.80 [8,49]
PSA 12.80 797.57 tH2/d 0.70 1.55 1.68 155 603.10 556.80 [20]
Power Generation  38.70 50.00 Mwe 0.70 0.00 0.00 0.00 603.10 556.80 [8,13,50]
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