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Abstract: The present study has as an objective on exploring the 
lignocellulosic residues from European agriculture as an energy source for the 
production of bio Fischer-Tropsch diesel (bio FT-diesel) as a low carbon 
alternative to be used in the European maritime sector, based on a  
techno-economic methodology of residue collection combined with the 
production yield of FT-Diesel available on literature. It permitted us to find a 
potential production of 8.5 million tons (Mton) of biofuel across 11 countries, 
and the reduction of 26 Mton of CO2 annually. The study contributes to the 
understanding that the fuel could be only cost-competitive if the crude oil 
reaches values between 10.45–16.91 €/GJ. In addition, the low technology 
status of bio FT-diesel production and the lack of biofuel standards to the 
maritime sector are limitations that can only be addressed with effective 
regulations added to research and development from collection to production 
and consumption. 

Keywords: maritime transportation; agriculture biomass; Fischer-Tropsch 
diesel; decarbonisation. 
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1 Introduction 

Since the discovery of trade routes in the 15th century, the naval sector has continually 
modernised and has been a major player in the trades that sustain the world economy 
(Bouman et al., 2017). Maritime transport is by far the most cost-effective and, 
consequently, pollutes the least. However, if the maritime sector were considered a 
country, it would be the 6th highest emitter of CO2 in the world (Balcombe et al., 2019). 
Therefore, decarbonisation of this sector has been widely demanded, leading its players 
to research cleaner alternatives to the negative externalities of using fossil-fuel. 

Biofuels emerge as an important alternative to reduce the carbon footprint of the 
maritime sector. First-generation biofuels such as biodiesel and ethanol are commercially 
available today, but their sustainability has been questioned due to their indirect impact 
on the environment (Balcombe et al., 2019). 

Advanced biofuels produced via advanced routes [pyrolysis, hydrothermal 
liquefaction, and Fischer-Tropsch (FT)] and based on lignocelluloses resources have been 
widely discussed. This production is cleaner than the first generation of biofuels, emitting 
fewer greenhouse gases (GHG) (Florentinus et al., 2012; Balcombe et al., 2019). 

The FT, in combination with the gasification process, emerges as an important route 
to convert biomass to hydrocarbons similar to diesel fuel – called biomass to liquid 
(BTL) fuels (Gousi et al., 2017; Douvartzides et al., 2019). The BTL is suitable for 
internal combustion engines (ICE) such as those used in maritime transport 
(Douvartzides et al., 2019). However, BTL and the other advanced transformation routes 
are still in an early stage of development. 

The production of advanced biofuels from lignocellulosic resources, as in the case of 
BTL stresses the relevance of agricultural residues. This material has been widely 
discussed as a vast and important primary energy resource to be transformed into biofuel. 

Europe is one of the largest world 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 
to be used in the maritime transport sector. 

This study is based on a survey from the food and agriculture organisation of the 
United Nations (Food Agriculture Organisation – FAO) and data of the aforementioned 
crops in European countries. The research adopted agricultural residue recovery 
quantification methodologies used by Portugal-Pereira et al. (2015), Silva (2017), and 
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Tagomori et al. (2019), which allows determining the potential of biofuel production 
from each culture. 

This study presents the efficiency calculation by Tagomori et al. (2019), who studied 
the bio FT-diesel production in Brazil using eucalyptus and pine residues. The research 
also explores methodologies to calculate the total investment and levelised cost (LCOE) 
of Bio-FT diesel production in Europe and tests the valuation sensitivity regarding the 
interest rate (IR) variation. 

Finally, this research enables us to determine how substituting fossil fuel for biofuel 
can reduce GHG emissions in the maritime sector. Furthermore, it allows us to predict the 
number of plant units involved in exploring the residual biomass from large harvests of 
crops in Europe to produce this alternative fuel. 

2 Literature review 

2.1 International maritime transport emissions 

Maritime freight contributes to 70% of the world’s transportation of goods (UNCTDA, 
2018). However, it represents a share of 2.5% of the world’s GHG emissions, and this 
figure is projected to reach 17% of those shares in 2050 in a business-as-usual scenario 
(Bannon, 2015). 

The third international maritime organisation green house gas study (IMO, GHG) 
(IMO, 2014) estimated growth in emissions of between 50% and 250% by 2050 
compared to current levels. For this reason, the IMO remains committed to driving 
effective plans to reduce the impacts associated with the anthropogenic missions from 
this sector. Under the 72nd Marine Environment Protection Committee (MEPC) 
resolution, the IMO sector set an emissions target of 50% lower than in 2008 (IMO, 
2018). This represents an ambitious goal that will only be met if the government commits 
to a significant number of actions and a considerable share of low and zero-carbon fuels 
(around 213 MT CO2eq saved) (IEA, 2018). 

2.2 Emission reduction measures 

For the target to become a reality, effective regulations will be necessary to ensure new 
emission reduction measures in the maritime transport sector, and some rules are already 
in place. MARPOL Annex VI has imposed strict regulations regarding SOx (0.1%) and 
NOx (< 0.5 g/kWh) emissions that are in force in the Baltic Sea, North Sea, North 
American Coast, and Caribbean Sea (IMO, 2019). Since 2011, IMO has implemented an 
international regulatory measure of energy efficiency requirements for global ships. In 
this context, Energy Efficiency Design Index Standards (EEDI) and Ship Energy 
Efficiency Management Plan monitoring (SEEMP) were adopted to reduce the GHG 
from the shipping sector (IMO, 2011; Johnson et al., 2013; Acomi and Acomi, 2014; 
Ančić and Šestan, 2015). 

2.3 Biofuel as an option in the European maritime transport sector 

Carbon emission has been a source of concern in the European Union (EU) since their 
ports are responsible for 15% of the world’s activity and almost 30% of the world’s 
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maritime fossil fuel consumption (UNCTDA, 2019). Thus, the investigation into 
alternative fuel sources has been one of the most recent discussions in the region. 

Biofuels emerge as one of the alternatives for the shipping sector. However, concerns 
related to the lack of land in Europe, such as environmental impacts from the first 
generation of biofuel production, have opened up new opportunities for advanced routes 
of biofuels. 

2.4 The FT route 

Advanced renewable sources in the maritime sector still lack development, but some 
experts point out that biofuels can be a short and medium-term transitional alternative in 
the decarbonisation of this sector. The FT route emerges as an important technology to 
produce Bio-FT Diesel similar to fossil fuels obtained from lignocelluloses biomass 
residues (Geerlings et al., 1999). 

FT biofuel is a promising alternative to be disseminated and explored in the maritime 
sector to replace fossil fuels. Some authors argue that the added value in its refining 
process makes it expensive. Therefore, its application in the aviation sector could be 
more competitive than in the maritime sector in terms of costs. The advantage of the FT 
process is that different hydrocarbons can be produced similarly to fossil fuels (Hsieh and 
Felby, 2017). 

The FT products from natural gas (GTL) and coal (CTL) are at an advanced stage of 
development with several plants in operation around the world (Andrews and Logan, 
2008; Johansson et al., 2014). Nevertheless, the conversion of BTL through the FT route 
is still in the early stages of development and commercialisation (Damartzis and 
Zabaniotou, 2011; Johansson et al., 2014). This diminishes the interest in private sector 
investments that require more in-depth research and development (R&D). 

2.5 European agriculture residues as FT feedstock 

Agriculture in Europe comprises 173 million hectares (Mha), which corresponds to 
approximately 40% of the continent. The presented high rate of the planted area ensures 
total independence and food security for the region. Countries such as France, Spain, the 
UK, Germany, Poland, Italy, and Romania represent two-thirds of the occupied 
agricultural area in the region. Appendix A contains data on the production, agricultural 
area, and productivity per hectare of the main cereals consumed (wheat, barley, corn, 
rice, and soybeans) in the European countries (Eurostat, 2018). 

The production of these grains occupies approximately 28% (47Mha) of the European 
agricultural area. In this sense, a huge amount of energy resources are available for 
bioconversion proposed as bio FT-diesel production. Finally, it can be used in ICE 
without engine changes (Lapuerta et al., 2010; Tagomori et al., 2019) or compromising 
the competition for agricultural areas. 

The following section describes the material and method used in this study. 

3 Material and method 

The FAO survey was conducted to quantify the most consumed commodities in EU-27 
plus the UK in 2018. Wheat, barley, maize, rice, and soybeans accounted for 47 Mha of 



   

 

   

   
 

   

   

 

   

   432 V. Andrade dos Santos et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

the European agricultural area. Due to the annual cycles, these crops provide the regions 
with a high annual biomass availability to map the potential FT-Diesel producer countries 
to be used in the maritime sector as a low-carbon fuel alternative. All procedure steps are 
displayed in Figure 1. 

Figure 1 Overview of methodology steps 

1st Step

EU-28 crops cultivated 
in 2018  survey of 
production in Ton and 
ha on FAO 
(wheat, barley, maize, 
rice, soybean)

2nd Step

Calculation of straw 
productivity in an area 
of 0,750 Mha

Scaling an Industry 
according to step 2 
and calorific value of 
each biomass

3rd Step 

Mass balance 
according to Bio FT 
Diesel yield available 
on literature

4th Step
Calculation of 
Economic variables 
(Investment 
cost, O&M, electricity 
consumption and 
products 
commercialized)
LCOE
Sensitivity analysis 
according IR variation

Break-even oil cost

5th Step

Calculation of biofuels 
replacement in the 
potential producers 
countries according to 
their shipping 
containers activity 

 

3.1 Feedstock potential 

The biomass availability from agriculture residues must be recovered in equilibrium 
between environmental and techno-economic factors. The biomass left on the ground 
creates a layer that provides barriers against soil erosion from wind and rain (Pimentel 
and Kounang, 1998; Portugal-Pereira et al., 2015). Furthermore, the organic material 
contributes to the plant unit’s productivity due to its high nutrient content (Altieri, 1999; 
Wight et al., 2012; Portugal-Pereira et al., 2015) and, for this reason; part of the residues 
should be left on the ground for soil conservation. 

The techno-economic factor points out the percentage that can be environmentally 
recovered without constraining the competition of the residues with other non-energy 
uses. 

For the recovered agriculture residues, a bottom-up approach was used, limiting it to 
a scenario of a 50 km radius from a supposed factory. Some authors believe this to be the 
maximum feasible length (Machado, 2014; Schmidt, 2017; Tagomori et al., 2019). In 
Table 1, the factors of residual biomass of the cultures crafted in this work are presented, 
followed by the determination of the energy potential equation as follows: 

Pr .= ∗B Yr RPR RAF SRR  (1) 

where BPr is the biomass residue potential in tons per hectares (ton/ha), Yr is the average 
commodity productivity (tons/ha). RPR (Table 1) is the rate product-residue (%), RAF 
(Table 1) is the residue availability factor (%), and SRR (Table 3) is the sustainable 
removal rate (%). 

Pr PrE B LHVr= ∗  (2) 
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where EPr is the energy potential of the residue (GJ/ha), BPr is biomass residue potential 
(ton/ha). LHVr (Table 1) is the low heat value of the residue (GJ/ton). 

Pr PrTH E 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 
(Tagomori et al., 2019). 
Table 1 Residue characterisation 

Grain RPR RAF SRR LHV (MJ/kg) 
Soybean straw 2.01 100% 30% 20.09 
Maize straw 1.53 100% 25% 18.67 
Barley straw 1.48 100% 50% 19.68 
Wheat straw 1.55 100% 15% 19.54 
Rice straw 1.54 100% 50% 17.22 

Source: Portugal-Pereira et al. (2015) and Silva (2017) 

The plant units’ design will be determined according to the energy each residue can 
provide in the agricultural area explored, following equation (4) in an 8,000-hour annual 
operation. 

661 10Pr 3.
8,000

TH nBiomass in ⋅∗ ∗=  (4)1 

where biomass in represents the biomass entering the system in MW, n is the FT diesel 
efficiency (%). Finally, THPr: is the theoretical energy potential of the residue (GJ). 

Equation (5) calculates the number of plant units that should be operating, per 
country. 

/ 0.785Number of plants harvested lands=  (5) 

where harvested land is the area of each crop in Mha (Appendix A), and 0.785 factor 
represents the conversion of 50 km radius in Mha.2 
Table 2 FT efficiency 

Products Yield (n) HHV (MJ/kg)(Tagomori et al., 2019) 
LPG 0.07 49.35 
Naphtha 0.09 47.54 
Diesel 0.22 45.15 
Gasoil 0.02 45.36 

Source: Tagomori et al. (2019) 

The FT-Diesel was based on research by Tagomori et al. (2019). Their study adopted EF 
Shell Gasifier oxygen-blow, and operating pressure and syngas temperature of 1,427ºC. 
In this research, the FT Diesel process, with three sub-products (naphtha, LPG, and 
gasoil), uses the efficient conversion observed in Tagomori et al. (2019) as a parameter to 
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determine the plants’ dimension necessary to explore the respective capacities, calculate 
the tons of biomass to be processed, products produced and energy consumption. 

Table 2 shows how products and efficiency were calculated, following  
Tagomori et al. (2019). As their study was based on eucalyptus, it was adapted to use the 
overall energy potential for FT-Diesel from other biomass sources. 

3.2 Power demand 

The overall power demand estimation data of 51 MW was collected from the study by 
Tagomori et al. (2019) and uses the following equation. 

( ) ( )= ∗ Project ScalePower Demand MW Reference Demand MW
Reference Demand

 (6) 

3.3 Economic impacts 

The investment costs may appear in different models and variations. The valuation can be 
problematic when comparing thermo chemical routes based on different sources and 
years. The method selected for the cost curve uses the exponential factor of 0.7, and this 
factor is the average used for processes in chemical plants (Wetterlund, 2012). Given the 
variability of published equipment cost estimates in the literature, this research used 
equation (7) (Holmgren, 2015). 

fSC Cbase
Sbase

 =  
 

  (7) 

where C is the investment cost of equipment in millions of Euros (M€), Cbase is the 
known investment equipment cost in M€, S is the equipment capacity in MWth, Sbase is 
the known equipment capacity in MWth, and f is the dimensionless scale factor. Table 3 
shows the values adopted and the respective references. 
Table 3 Investment cost adjustment 

Parameters Value References 
Cbase – known investment cost (M€) 498 Swanson et al. (2010)  
S – equipment capacity wheat/barley/maize straw (MWth)* – – 
Sbase – known equipment capacity (MWth) 389 Swanson et al. (2010)  
f – Scale factor 0.7 Holmgren et al. (2015)  

Note: Depends on the straw productivity of each country and the calorific value 
(Appendix B). 

Since the associated cost references may refer to different dates, we applied the factor 
based on the updated Chemical Engineering Plant Cost Index (CEPCI) correlation rate 
according to the year of the reference, i.e., Swanson et al. (2010). The calculation of this 
factor is expressed in (8) by: 

ValorIndiceBCB CA
ValorIndiceB

= ∗  (8) 
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where CB was the current cost in M€, CA is the older cost in M€, value index B is the 
updated CEPCI (dimensionless), and value index A is the CEPCI considering the year of 
the reference (i.e., 2010) (dimensionless) (Table 4). 
Table 4 Inflation adjustment 

Parameter Value References 
CB* – – 
CA 498 Swanson et al. (2010) 
Value B (CEPCI, 2018) 603.1 CEPCI (2019) 
Value A (CEPCI, 2007) 525.4 CEPCI (2019) 

Note: Depends on the straw productivity of each country and the calorific value 
(Appendix B). 

Table 5 describes the steps to quantify the total capital investment cost, adding the total 
installed costs, being 1,.0 of the total capital investment cost (TCI) (NETL, 
2010;Tagomori et al., 2019). A contingency cost of 20% and a working capital of 10% 
(Tagomori et al., 2019) were applied. The operation and maintenance (O&M) costs were 
established at 4% of the TCI (Tagomori et al., 2019). 
Table 5 Total capital investment cost (TCI) 

Total installed cost (TIC) TIC = 1;50 * TPEC 
Contingency costs (CC) CC = 0.20 * TIC 
Fixed capital costs (FCI) FCI = TIC + CC 
Working capital (WC) WC = 0.10 * FCI 
Total capital investment TCI = FCI + WC 

Table 6 Adjustment costs 

Parameters Value References 
10 years average interest rate (IR) (%) 0.14 CEIC (2020) 
Biomass cost (€/ton)   
Wheat straw 59.00 PigWorld (2020) 
Barley straw 65.00 PigWorld (2020) 
Maize straw 36.40 NDA (2020) 
Electricity ((€/MWh) 76.00–269.00 GlobaPetrolPrices.com (2020) 
Bio – LPG (€/ton) 770.00 GlobaPetrolPrices.com (2020) 
Bio – naphtha (€/ton) 600.00 Trading Economics (2020) 
Bio – gas oil (€/ton) 750.00 Ship and Bunker (2020a) 
Bio FT-diesel (€/ton) 750.00 Ship and Bunker (2020a) 

Table 6 demonstrates the data to quantify the respective cost of biomass, electricity, 
average EU 10-year IR, revenues obtained from bio FT-diesel, and its by-products. It is 
worth emphasising that the electricity cost will be calculated differently according to the 
respective countries’ prices (GlobaPetrolPrices.com, 2020). 

The LCOE of the bio FT-diesel will be determined according to equations 9 and 10 
(Tagomori et al., 2019). 
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( )/ 1 (1 LCRF r r −= − +  (9) 

where CRF is the capital recovery factor based on the 0.14 IR (CEIC, 2020), r is the IR, 
and L is the lifespan of the plant unit (20 years). 

( ) ( & ) /
( )
LCOE CRF TCI O M Biomass Electricity by prduct
FT Diesel

= ∗ + + + − −
(10) 

where LCOE of the bio FT-diesel €/GJ, CRF is the capital recovery factor (%). TCI is the 
total capital investment in M€, O&M is the operation and maintenance in M€, annual 
biomass cost in M€, the electricity in M€, the by-products in M€, and annual Bio  
FT-diesel in GJ/year. All these values are based on 8000 hours of work per year. 
Table 7 Currency rates conversion 

Conversion Reference 
Pounds Euro Exchange Rates (2020) 
1 1.16 
Dollar Euro 
1 0.91 

Table 7 displays the conversion rates used in this study and were based on the rates from 
May 3rd, 2020. 
Table 8 MGO and Barrel of oil cost over the years 

Year EU Brent Spot Price €/GJ (EIA, 2020) MGO €/GJ (Ship and Bunker, 2020a) 
2000 4.26 10.87 
2001 3.64 10.11 
2002 3.72 9.86 
2003 4.29 10.11 
2004 5.69 12.64 
2005 8.11 20.22 
2006 9.69 27.81 
2007 10.77 28.31 
2008 14.42 30.33 
2009 9.18 25.28 
2010 11.84 30.33 
2011 16.54 40.44 
2012 16.60 45.50 
2013 16.14 37.92 
2014 14.72 40.44 
2015 7.78 25.28 
2016 6.49 20.22 
2017 8.05 22.75 
2018 10.61 14.41 
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To determine the break-even oil price, the historic price of the Europe Brent Spot (EIA, 
2020) and the MGO (Ship and Bunker, 2020b) were used and split into two periods 
(average cost of crude oil between 2000–2018 and maximum value of crude oil already 
registered in 2012). Table 8 presents these prices, followed by equations (11) and (12) 
(Tagomori et al., 2019). 

(€ / )_ (€ / )
Oil price GJRatio Oil MGO MGO price GJ=  (11) 

where Ratio Oil_MGO represents the correlation of the Oil price (€/GJ), and MGO price 
(€/GJ). 

-Break even oil price bio FT diesel cost Ratio MGO= ∗  (12) 

where the break-even oil price should be the crude oil cost (€/GJ) to make bio FT-diesel 
LCOE (€/GJ) competitive compared with the MGO. 

4 Results and discussion 

4.1 Preliminary results of the European crops energy potential 

The FAO (2019) research on the main cereal crops produced in Europe demonstrated that 
the continent has a total primary energy potential of 2,000 PJ (Figure 2), which 
corroborates the IRENA (2016) results. 

Figure 2 TPES from agriculture residues in Europe (see online version for colours) 

 

France, Germany, Hungary, Poland, Romania, Spain, and the UK, represented more than 
70% of the total primary energy supply (TPES). However, the assumptions were valid for 
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agricultural areas of 0.750 Mha (50 km radius) from the collection centre, obtaining high 
concentration of biomass for bio-based transformation plants. 

4.2 Limitation of explored areas 

The applied limitation area (0.750 Mha) reduced the TPES significantly to the 
commodities of wheat, barley, and maize to a technical potential of 1,450 PJ (Figure 3). 
The technical potential energy is important to find the total potential number of plants3 
per country. 

Figure 3 Total and technical potential of TPES in EU-28 (see online version for colours) 

 

Table 9 Mass balance from wheat straw bio FT-diesel 

Countries Biomass 
input (ton/h) 

Bio LPG 
(ton/h) 

Bio Naphtha 
(ton/h) 

Bio FT-diesel 
(ton/h) 

Bio-
gasoil 

Number of 
plant units 

Bulgaria 84.71 2.35 3.13 8.07 0.73 2 
Czechia 128.40 3.56 4.75 12.23 1.11 1 
France 148.57 4.12 5.50 14.15 1.28 7 
Germany 147.14 4.08 5.44 14.01 1.27 4 
Hungary 152.59 4.23 5.64 14.53 1.31 1 
Italy 100.86 2.80 3.73 9.60 0.87 2 
Poland 95.07 2.64 3.52 9.05 0.82 3 
Romania 98.22 2.72 3.63 9.35 0.85 3 
Spain 77.37 2.14 2.86 7.37 0.67 3 
UK 176.81 4.90 6.54 16.83 1.52 2 
Total 1,209.75 33.53 44.75 115.18 10.42 28 
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The results from wheat straw (Table 9) limited the exploration of the biomass resource in 
ten countries only, with the input biomass ranging between 77.37–176.81 ton/h and  
bio FT-diesel production of 7.37–16.83 ton/h. The total potential number of plants 
reached 28. France and Germany have the highest potential number as they are the largest 
wheat producers in Europe. 
Table 10 Overall energy balance from wheat straw 

Countries 
Biomass 

input 
(GJ/year) 

Bio LPG 
output 

(GJ/year) 

Bio 
naphtha 

(GJ/year) 

Bio FT 
diesel 

(GJ/year) 

Bio gasoil 
(GJ/year) 

Electricity 
consumption 
MWh/year 

Number 
of plant 

units 
Bulgaria 13.240.000 926.974 1.191.824 2.913.347 264.850 221.883 2 
Czechia 20.070.000 1.405.025 1.806.460 4.415.792 401.436 336.310 1 
France 23.224.286 1.625.696 2.090.181 5.109.331 464.485 389.131 7 
Germany 23.002.500 1.610.112 2.070.144 5.060.352 460.032 385.400 4 
Hungary 23.850.000 1.669.751 2.146.823 5.247.790 477.072 399.676 1 
Italy 15.765.000 1.103.630 1.418.952 3.468.550 315.323 264.167 2 
Poland 14.863.333 1.040.322 1.337.557 3.269.583 297.235 249.014 3 
Romania 15.353.333 1.074.787 1.381.870 3.377.903 307.082 257.264 3 
Spain 12.093.333 846.600 1.088.486 2.660.743 241.886 202.644 3 
UK 30.770.000 1.934.715 2.487.490 1.689.037 552.776 463.098 2 

The overall energy balance from wheat straw from the 28 plant units (Table 10) gives a 
TPES of 544.106 GJ, capable of delivering more than the equivalent of 19 million barrels 
of oil per year (MBOE)4 in bio FT-diesel. France and Germany represented almost 50% 
of the capacity. In total, energy consumption would be 3.168.587 MWh/year. 

The energy consumption and product output were proportional to the input of 
biomass in each plant unit. 

The results for barley straw show that the comparison of the European TPES was 
limited to Denmark, France, Germany, Poland, Spain, and the UK only, who were 
capable of processing a range of biomass between 94.40–602.12 ton/h (11 plant units in 
total). Table 11 illustrates the mass balance from barley straw bio FT-diesel. 
Table 11 Mass balance from barley straw bio FT-diesel 

Countries Biomass 
input (ton/h) 

Bio LPG 
(ton/h) 

Bio naphtha 
(ton/h) 

Bio FT-diesel 
(ton/h) 

Number of 
plant units 

Denmark 322.22 8.99 12.00 30.90 2.80 1 
France 517.46 14.44 19.28 49.62 4.49 2 
Germany 443.35 12.38 16.52 42.51 3.85 2 
Poland 94.40 2.64 3.52 9.05 0.82 1 
Spain 281.25 7.85 10.48 26.97 2.44 3 
UK 602.12 16.81 22.43 57.74 5.22 1 
Total 2,260.80 63.11 84.23 216.80 19.62 11 

The six countries would be capable of processing around 356.106 GJ of TPES and 
delivering around 13 MBOE of bio FT-diesel (Table 12). The main producers would be 
France, Germany, and Spain with 70% off all products. 
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Table 12 Energy balance from barley straw bio FT-diesel 

Countries Biomass 
input (GJ/year) 

Bio LPG 
output 

(GJ/year) 

Bio 
naphtha 

(GJ/year) 

Bio FT 
diesel 

GJ/year 

Bio gasoil 
GJ/year 

Electricity 
consumption 
MWh/year 

Denmark 50.730.101 3.551.107 4.565.709 11.160.622 1.014.602 850.002 1 
France 81.469.373 5.702.856 7.332.244 17.923.262 1.629.387 1.365.050 2 
Germany 69.801.563 4.886.109 6.282.141 15.356.344 1.396.031 1.169.551 2 
Poland 14.861.742 1.040.322 1.337.557 3.269.583 297.235 249.014 1 
Spain 44.279.847 3.099.589 3.985.186 9.741.566 885.597 741.925 3 
UK 94.797.112 6.635.798 8.531.740 20.855.365 1.895.942 1.588.361 1 

The maize straw scenario had the fewest limitations as Europe is not the most 
representative producer (11.2% of the world’s production) (FAO, 2019). However, 
France, Hungary, and Romania presented harvesting areas capable of being explored for 
bio FT-diesel production. Six plants could explore a total of 146.5.106 GJ per year and 
produce 5.3 MBOE of bio FT-diesel (Table 14) a process between 297.41–302.89 ton/h 
of biomass, and produce between 27.06–34.65 ton/h of bio FT-diesel (Table 13). 
Table 13 Mass balance from maize straw bio FT-diesel 

Countries 
Biomass 

input (ton/h) 
Bio LPG 
(ton/h) 

Bio 
naphtha 
(ton/h) 

Bio FT-diesel 
(ton/h) 

Bio 
gasoil 
(ton/h) 

Number 
of plant 

units 
France 302.89 8.02 10.71 27.55 2.49 2 
Hungary 380.93 10.09 13.46 34.65 3.14 1 
Romania 297.41 7.88 10.51 27.06 2.45 3 
Total 981.23 25.99 34.68 89.26 8.08 6 

Table 14 Energy balance from maize straw bio FT-diesel 

Countries 
Biomass 

input 
(GJ/year) 

Bio LPG 
output 

(GJ/year) 

Bio 
naphtha 

(GJ/year) 

Bio FT 
diesel 

(GJ/year) 

Bio 
Gasoil 

(GJ/year) 

Electricity 
consumption 
(MWh/year) 

France 45.238.935 3.166.725 4.071.504 9.952.566 904.779 757.995 
Hungary 56.896.024 3.982.722 5.120.642 12.517.125 1.137.920 953.314 
Romania 44.421.543 3.109.508 3.997.939 9.772.739 888.431 744.299 
Total* 146.556.501 10.258.955 13.190.085 32.242.430 2.931.130 2.455.609 

Note: Regarding six plant units. 

The results for rice and soybean straw did not present effective numbers of areas to 
explore bio FT-diesel production as the continent is not a strong producer of those 
commodities. 

France presented the best results as a potential bio FT-diesel producer among all 
others due to its large agricultural area. France alone would have the potential to produce 
more than 10 MBOE of Bio-FT Diesel (1/3 of the total potential producers). 
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4.3 Economic results 

The LCOE presented high costs in all scenarios of straw exploration (wheat, barley, and 
maize). Figure 4 displays the average percentage of each component that composes the 
total LCOE in each bio FT-diesel production. A high influence of TCI on the wheat and 
maize straw LCOE can be seen, whereas the biomass had the greatest influence on 
barley. 

Figure 4 Average percentage of composition cost (see online version for colours) 

 

Figure 5 LCOE composition costs wheat straw bio FT-diesel (see online version for colours) 
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The maize straw bio FT-diesel had the lowest cost (24.25%, 31.23% less than barley 
straw bio FT-diesel and wheat straw bio FT-diesel respectively), due to the LCOE of the 
biomass. The maize straw cost used in €/ton is 38.98% and 44% cheaper than  
wheat and barley straw respectively and influenced by the low cost of  
electricity commercialised in France (117 €/MWh), Hungary (113 €/MWh), and Poland 
(101 €/MWh). 

Wheat straw bio FT-diesel had the highest cost in comparison to the other biofuels 
(Figure 5). In total, the ten countries had an average LCOE production of 42.11 €/GJ, in a 
range of 38.89–46.30€/GJ. The lowest cost was the Czech Republic, influenced by the 
low cost of electricity (76 €/MWh) (GlobaPetrolPrices.com, 2020), and the highest was 
Spain with 46.30 €/GJ, influenced by the high TCI. 

The high TCI of the LCOE in the wheat straw bio FT-diesel in Spain is due to the 
lowest biomass processing capacity (420 MWth of wheat straw processed) in comparison 
with the other countries. This impacts the final products in energy availability per year. 

Figure 6 LCOE composition costs barley straw bio FT-diesel (see online version for colours) 

 

The barley straw bio FT-diesel presented a slightly lower average LCOE than the wheat 
straw of 38.23 €/GJ, with values between 31.76–43.58 (Figure 6). France once again 
represented the lowest, influenced by the low cost of energy in comparison to the other 
countries. Poland showed the highest average LCOE due to its high TCI as a result of 
having the lowest factory capacity (516 MWth) (Appendix B), which impacts the final 
production and energy availability per year. 
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Figure 7 LCOE compositions costs maize straw bio FT-diesel (see online version for colours) 

 

The LCOE of bio FT-diesel from maize straw, as mentioned before, presented the lowest 
value in comparison with the other crops. The results reached a range of 28.07–29.91 and 
an average of 28.96 €/GJ (Figure 7). All three countries (France, Hungary, and Romania) 
presented approximately similar values for all composition costs. 

All the results were 1.45–2 times more expensive than the marine gasoil currently 
utilised in the maritime sector. It shows that the renewable option is not economically 
competitive. 

The LCOE of different residues approached in this work were calculated for each 
country to present the share of costs. The capital cost corresponded to around one-third of 
the total LCOE of all crops used in this bio FT-diesel simulation. 

The results showed some LCOE similarities with Tagomori et al. (2019) whose 
results reached 36.33 €/GJ for eucalyptus-based diesel while for Pinus-based diesel 34.89 
€/GJ. In the NETL (2010) study that explored corn stover, the results were 36.40 €/GJ. 
For Meerman et al. (2013, 2012) the results were 20 €/GJ and 22.75 €/GJ, respectively. It 
is important to mention that all the results presented in this paragraph were simulated in a 
cross flow gasifier operating between 1,300ºC–1,500ºC. 

4.4 Valuation sensitivity regarding the IR variation 

One of the main factors that influence the LCOE is the IR. In Europe, the rate has worked 
at a low value as part of the economic policies (0.14% ten-year average) (CEIC, 2020). 

This section presented data on how the average LCOE would behave with the IR 
variation between –2% and 8%. Figure 8 displays the sensitive analysis regarding Bio  
FT-Diesel wheat straw, while Figures 9 and 10 show the same assessment for barley and 
maize straw bio FT-diesel, respectively. 
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Figure 8 Sensitivity analyses bio FT-diesel from wheat straw (see online version for colours) 

 

Figure 9 Sensitivity analyses bio FT-diesel from barley straw (see online version for colours) 

 

In all scenarios, the same curve of LCOE price was observed. The lowest IR value was –
2% and the highest 8%, as expected. 
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Figure 10 Sensitivity analyses bio FT-diesel from maize straw (see online version for colours) 

 

4.5 Break-even oil price 

To assess the competitiveness of bio FT-diesel from wheat, barley, and maize straw in 
comparison with marine fossil fuel, a correlation cost was used as a benchmark between 
the average price of crude oil and MGO between 2000 and 2018 (break-even oil 
average), and the correlation cost between the crude oil price and the MGO price in 2012 
alone (break-even oil maximum 2012, when the price of crude oil reached the highest 
value ever commercialised). 

Figure 11 shows the competitiveness of wheat straw bio FT-diesel for the ten 
potential producer countries. The results indicate the feasibility of the biofuel only if the 
crude oil is commercialised in a range of 13.58–16.66 €/GJ (break-even oil maximum 
(2012) and the range of 15.19–18.63 €/GJ (break-even oil average). 

Following the same trend of the results in section 3.3, the lowest values were from the 
Czech Republic, influenced by the low electricity price, and the highest from Spain due 
to the lower production capacity. 

Regarding the barley straw bio FT-diesel (Figure 12), the results show the 
competitiveness of six potential producers, only if the price of crude oil reaches the value 
between 11.42–16.18 €/GJ (break-even oil maximum (2012) and 12.78–18.09 €/GJ 
(break-even oil average). 

France has the lowest value influenced by electricity cost, and Poland has the highest 
influence by the highest TCI, also mentioned in Section 3.3. 

The results of the maize straw bio FT-diesel (Figure 13) presented the most 
competitive price in a range of 10.10–10.76 €/GJ, for Break-even oil maximum in 2012, 
and 11.29–12.03 €/GJ for the break-even oil average. 
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Figure 11 Break-even oil price to wheat straw FT biodiesel (see online version for colours) 

 

Figure 12 Break-even oil price to barley straw FT biodiesel (see online version for colours) 

 

As in Section 3.3, maize demonstrated the lowest value due to the significantly lower 
biomass cost. 

It is important to mention that, in all cases, the break-even oil average presented 
higher values than the break-even oil maximum (2012), due to the higher ratio value of 
the break-even oil average (the price of crude oil and MGO available in Table 10). 
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Figure 13 Break-even oil price to maize straw FT biodiesel (see online version for colours) 

 

4.6 Potential ports and carbon accounts according to region 

According to the United Nations Conference on Trade and Development (UNCTDA, 
2019), the container port throughput accounted for 111 million of the twenty-foot 
equivalent (MTEU), corresponding to 15% of the world port activities (Figure 14). The 
data from the International Council on Clean Transportation (ICCT, 2013) presented the 
average carbon intensity of the cargo ships of 150 gCOeq/TEU-NM. This data showed 
that European shipping activity was responsible for around 27 Mton of consumed HFO 
and 84 Mton of CO2respectively emitted by the container cargo ships. 
Table 15 HFO replacement in European ports 

Countries Mton of HFO Mton bio FT-diesel Replacement factor 
Germany* 4.59 1.36 0.30 
Spain 4.03 0.96 0.24 
Italy 2.52 0.17 0.07 
UK 2.48 0.80 0.32 
France 1.58 2.27 1.44 
Poland 0.58 0.74 1.28 
Denmark 0.19 0.27 1.39 
Romania** 0.18 1.75 9.89 
Bulgaria 0.05 0.14 5.58 
Total 16.20 8.47 0.52 

Notes: The Czech Republic production was allocated to Germany as there is no seaport in 
the country. The Hungary production was allocated to Romania as there is no 
seaport in the country. 
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Table 15 displays the HFO oil consumed per country according to their TEU activity, the 
bio FT-diesel potential of all crops, and the biofuels replacement factor of each country 
(correlation bio FT-diesel production and consumed HFO). 

The Bio FT-biodiesel potential could replace around 52% of the HFO consumed by 
the container ships in Europe (Table 15). 
Figure 14 European port activity (see online version for colours) 
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Source: UNCATSTAT (2019) 

Romania and Bulgaria had the highest replacement factor (Table 15) as their ports have a 
low TEU activity and, consequently, low fuel consumption in comparison with other 
ports such as Germany, Italy, and Spain. 

Countries such as France, Poland, Denmark, Romania and Bulgaria could sell their 
surplus production as an alternative, which could increase the final cost of the Bio  
FT-Diesel at the ports. 

5 Conclusions 

The EU, more than any other region, has sought alternatives to make the maritime 
transport sector less carbon-intensive. Europe has one of the busiest maritime activities in 
the world (UNCTAD, 2019), which makes it the second-highest GHG emitter in the 
global maritime transport sector. 

Numerous studies worldwide have suggested clean fuel alternatives, such as 
hydrogen, solar, and wind resources but liquid fuel still represents a greater impact on the 
maritime sector decarbonisation. 
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This study was important to show how the lignocellulosic resources from crops 
combined with the FT route can represent a vast potential for exploration toward the 
European maritime sector’s energy independence. 

Wheat was found to be the most important crop in EU countries (138 Mha), followed 
by barley (56.5 Mha) and maize (69.5 Mha). Nevertheless, only 15%, 15.7%, and 6.9% 
of planted wheat, barley, and maize areas, respectively, could be explored feasibly. 

Around 28 plant units of the crops studied corresponded to approximately 36 GW of 
installed capacity, capable of producing 8.47 Mton of bio FT-diesel annually and 
reducing 10% of the consumption of HFO on the European continent. The study pointed 
out 11 countries with a high potential for biofuel production due to their large crop areas. 

Countries such as France, Poland, Denmark, Romania, and Bulgaria would have 
surplus production of bio FT-diesel, which could then potentially be commercialised with 
other European countries. 

France was found to have the greatest area of crops in this study (23.9% of the 11 
countries) and is, consequently, the most important producer of bio FT-diesel  
(2.27 Mton annually) in Europe. 

When the economic factors were applied using an average IR of the last ten years 
(0.14%) the LCOE of bio FT-diesel had a cost of 42.11 €/GJ for wheat straw, 38.23 €/GJ 
for barley straw, and 28.96 €/GJ for maize straw. The maize straw had the lowest cost 
due to the lower cost of biomass and electricity. The sensitive valuation regarding the IR 
variation showed the same trend of LCOE. 

Countries with lower-capacity industries such as Spain, Poland, and Denmark, had 
high LCOE influenced by the low biofuel production capacity. 

The competitiveness (break-even oil cost) of the routes would vary according to each 
feedstock used. The bio FT-diesel would become a viable option only if the crude oil 
reaches high prices of commercialisation. 

The high investment cost of the biomass to the bio FT-diesel route remains an 
obstacle. The low technological development of production needs more investments and 
R&D to bring effective yields, yet there are still no maritime engine biofuel standards in 
place as there are for bio ethanol and biodiesel for road vehicles in Europe, the USA, and 
Brazil. Furthermore, the low value of fossil fuel makes the competition unfair for 
advanced biofuel routes. Measures such as carbon pricing and split incentives for 
producers and consumers could make this route more accessible toward maritime 
decarbonisation in the future. 

The study proved to be pertinent as it successfully identified potential regions with a 
large harvesting area that could become great precursors for a transition to a maritime 
transport sector based on renewable fuel sources. 
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Notes 
1 3.6‧106 represents the conversion GJ/h = 3.6/MW. 
2 1 square kilometre (km2) = 0.785 millions of hectares (Mha). 
3 The potential number of plant units found was limited by the total biomass energy available 

within a 50 km radius from the crops (area where a plant would be installed). Thus, the 
number of plants was obtained by dividing the total area available of the most producers per 
50 km radius (0.750) (equation 5). 

4 1 GJ corresponds to 0.16 BOE. 

Acronyms and abbreviations 
CEPCI Chemical engineering plant cost index 
EEDI Energy efficiency design index 
EU Europe Union 
FAO Food and Agriculture Organisation 
FT Fischer Tropsch 
gCO2eq Grams of carbon dioxide equivalent 
GHG Greenhouse gases 
GJ Gigajoule 
HFO Heavy fuel oil 
ICE Internal combustion engine 
IMO International Maritime Organisation 
IR Interest rate 
MARPOL International convention for the prevention of pollution from ships 
MBOE Million barrel of oil equivalent 
MEPC Marine environment protection committee 
Mha Million hectares 
MTEU Million twenty-foot equivalent unit 
NM Nautical mile 
PJ Petajoule 
SEEMP Ship efficiency energy management plan 
TPES Total primary energy supply 
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Appendix A 

Figure 15 Wheat, barley, maize, rice, and soybean production in eu-28/2018 (see online version 
for colours) 
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Appendix B 

Table 16 Equipment capacities according to straw productivity of each country 

Country 

Wheat straw 
equipment 

capacity (S) 
(MWth) 

Country 

Barley straw 
equipment 

capacity (S) 
(MWth) 

Country 

Maize straw 
equipment 

capacity (S) 
(MWth) 

Bulgaria 460 France 2,829 France 1,571 
Czech 
Republic 

697 Germany 2,424 Hungary 1,976 

France 806 Poland 516 Romania 1,542 
Germany 799 Spain 1,537   
Hungary 828 UK 3,292   
Italy 547 Denmark 1,761   
Poland 516     
Romania 533     
Spain 420     
UK 960     

 


