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Abstract

:

Low or zero carbon fuels are crucial for maritime transportation decarbonization goals. This paper assesses potential localities for maritime biofuels (biobunkers) production in Brazil, Europe, South Africa, and United States considering geographical, logistic, and economic aspects. This assessment combines georeferenced and techno-economic analyses to identify suitable fuel production hotspots based on not only plant performance and costs but also on logistic integration and biomass seasonality. Five technology pathways were considered: Straight vegetable Oils (SVO), Hydrotreated Vegetable Oils (HVO), Fischer–Tropsch Biomass-to-liquids (FT-BTL), Alcohol oligomerization to middle distillates (ATD), and Hydrotreated Pyrolysis Oil (HDPO). Findings reveal that biomass concentration in Brazil makes it the region with highest biobunker potential, which are mostly close to coastal areas and surpasses regional demand. Although other regions registered more limited potentials, hotspots proximity to ports would enable fossil fuel replacements in these areas. For all cases, biobunker costs (USD 21–104/GJ) are higher than conventional marine fuels prices (USD 11–17/GJ). Only 15% of the hotspots’ carbon prices that would allow its competitiveness are lower than USD 100/tCO2. Alternatives to incentivize biobunker production would be, first, to establish mandatory fuel blends and second, to join forces with other sectors that would be benefited from the co-production of advanced biofuels.
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1. Introduction


The ocean-going ships consume a large amount of petroleum derived fuels, and the maritime sector is responsible for over 3% of anthropogenic GHG emissions [1]. In 2018, the International Maritime Organization (IMO) pledged to reduce by at least 50% annual GHG emissions from international shipping by 2050 compared to 2008 levels. Together with optimized operations and energy efficiency, alternative low or zero carbon fuels are crucial for maritime transportation [2,3,4].



Biofuels represent an important option to simultaneously reduce fossil fuel dependence and GHG and air pollutants emissions. The less strict specifications and higher flexibility in terms of fuel supply (than road and aviation sector, for example), represent an opportunity to produce maritime biofuels (hereafter biobunker) [5]. In addition, in view of the sector’s well established operational structure and long lifespan of ships, drop-in fuels are the most feasible alternatives, at least in the mid-term [4,5,6].



Different biobunkers can be considered to the maritime transport sector. For diesel engines, biodiesel, straight vegetable oils (SVO), hydrotreated vegetable oils (HVO), dimethyl-ether (DME), and FT-diesel (or BTL) are considered the front-runner options (ETIP, 2017). For Otto or dual fuel engines, the options are liquefied biomethane (Bio-LNG), liquefied biogas (LBG), and biomethanol [7,8,9].



Besides their benefits, major concerns regarding biofuels are associated with costs, supply guarantee, and sustainability [10]. The performance of most biofuels in ship engines is not well understood yet and thus, a significant amount of testing and standardization is needed to develop drop-in biofuels appropriately [5]. Additionally, competition for resources with food production and with other sectors (e.g., aviation) increased water demand, and land use changes may compromise their development [11].



Some regions may emerge as potential biobunker producers given their availability of resources, intense port activities, and/or location along major sea routes. Brazil and the United States (US) are among the world’s major agricultural producers and, therefore, have significant biomass residues potential. Together with the European Union (EU), these countries are the major biofuels producers and consumers in the world (OECD-FAO, 2020). The EU and US host the major world ports outside Asia and are one of the biggest trade centres in the world. South Africa has limited bioenergy production given its low primary productivity, constrained by rainfall, and intensified by inter-annual variability [12,13]. Notwithstanding, South Africa’s strategic location along sea routes that connect Asia to Occident may encourage local biobunker production [14]. Thus, the identification of biobunker potential in such regions is useful to prospect major players and design tailored solutions for shipping decarbonization.



Studies already performed in the literature discuss alternative biofuels to reduce the maritime transport sector emissions. Firstly, [15,16,17] performed a technical overview of different alternatives. References [18,19,20,21,22] focused on emissions mitigation potential and [4,23,24,25] explored the potential and barriers of maritime biofuels. Reference [26] developed an integrated screening model to compare the technological, economic, and environmental performance of drop-in marine biofuel supply chains. Furthermore, [10] performed a techno-economic analysis of zero-carbon fuels while [8] developed a decision support analysis to choose sustainable marine fuels. Finally, [9] provided an Integrated Assessment Model perspective of the production and distribution of alternative marine fuels in Brazilian ports.



While relevant, previous studies have focused on identifying the potentials, benefits, and constraints for alternative marine fuels, overlooking important logistic constrains for their development. To develop novel fuels, it is necessary to assess the logistic integration of their production chains, which links feedstock availability and seasonal variability with fuel consumption sites. To fill this gap, this study performs a georeferenced analysis to identify potential localities for biobunker fuels production, logistic supply, and costs in Brazil, Europe, South Africa, and United States. Five technology pathways were considered: Straight vegetable Oils (SVO), Hydrotreated Vegetable Oils (HVO), Fischer–Tropsch Biomass-to-liquids (FT-BTL), Alcohol oligomerization to middle distillates (ATD), and Hydrotreated Pyrolysis Oil (HDPO). This study is the first attempt to compare marine biofuel production in different regions of the world regarding their potential, techno-economic, and logistic performance. Results obtained are relevant to identify the regional capabilities that could make some regions potential biobunker fuel suppliers.



This paper is structured as follows: Section 2 presents the methodology of the study that details biomass potential, the georeferenced analysis, and feedstock and fuel production costs estimates. Then, Section 3 details the results of each analysis and Section 4 discusses the main findings. Finally, Section 5 summarizes this paper’s conclusions, limitations, and suggestions for future work.




2. Methodology


The methodology applied was divided into two steps (Figure 1). The first one aims to identify bioenergy hotspots for the implementation of biobunker refineries by the quantification of bioenergy technical potential and a georeferenced analysis. The georeferenced analysis enables the spatial identification of biomass hotspots and is useful to evaluate their proximity to ports, fuel handling infrastructure, and transportation networks in these areas. The second step aims to determine the total biobunker fuel costs, composed by feedstock costs, levelized cost of fuel (LCOF), and fuel transport cost. Together, these assessments aim to identify the regional capabilities, economic implications, and barriers to produce biobunker fuels in each region.



2.1. Feedstock Availability


2.1.1. Brazil


The first step of this study evaluates the technical potential of residual biomass and straight vegetable oils (SVO). The technical potential represents the fraction of theoretical potential available given technological possibilities, logistical restrictions, and competition for non-energy uses. The methodology adopted was based on the indirect quantification of the residues and SVO through a bottom-up analysis (Equations (1) and (2)) and followed the methodology described in [27,28]. Data for agricultural area, crop productivity, and production were obtained for each Brazilian municipality [29,30]. Table 1 summarizes the crops and parameters considered to estimate residues and SVO production potential.
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(1)







In which:




	
RPj: Residues technical potential (TJ/year)



	
Ai: Agricultural area (ha)



	
Pi: Crop productivity (kg/ha)



	
RPRj,i: Residue-to-product ratio of residue j produced by crop i (Dimensionless. Mass basis.)



	
ESRj: Environmentally sustainable removal rate of residue j (%)



	
ARj: Availability rate of residue j (%)
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In which:




	
OPj: Vegetable oil potential (TJ/year)



	
Pi: Oil crop i production (t/year)



	
OSRj,i: Oil j content in oil crop i (Dimensionless. Mass basis)



	
EEj: Oil j extraction efficiency (%)



	
LHVj: Low heating value of oil j (MJ/kg)



	
AOj: Oil j availability factor (%)









2.1.2. Europe


Europe region in this study includes EU28, Western Balkans, Moldova, Turkey and Ukraine. Biomass residues potentials estimate was based in the S2Biom project [40]. Biomass residues potentials were calculated for each region according to NUTS-3 classification. The nomenclature of territorial units for statistics (NUTS) is a geographical system that divides European Union into hierarchical levels: NUTS-1, NUTS-2, and NUTS-3. In S2Biom project, 3 classes of potential for biomass were considered (Consult Supplementary Material). For the agricultural residues, the ‘User potential’ was selected, while for forest residues, only the primary residues from forestry activities were considered and ‘User defined potential 5’ chosen. Table 2 presents the parameters considered for biomass residues potential estimate in Europe.




2.1.3. South Africa


Estimates for biomass residues potential in South Africa was based on the South Africa Bioenergy Atlas that brings together information about the factors of biomass production, potentials, and yields for a variety of biomass resources for each country province [13]. The Bioenergy Atlas provides information of a variety of biomass residues production. However, a substantial part of agricultural production results from subsistence farming with typically very low yields (<2 tonnes/ha) and residues from some agricultural and forestry activities are already used for low-efficiency energy generation. Then, feedstocks produced by low yield crops or already used in other applications were not considered. Table 3 summarizes the assumptions made for biomass potential estimates in South Africa.




2.1.4. United States (US)


Biomass residues estimates for the United States were obtained in the U.S. BioAtlas from the National Renewable Energy Laboratory (NREL) (Colorado, U.S.) [47], which is based in the methodology of [48]. Potentials were determined for agricultural and forest residues for each US county. Crop residues availabilities were estimated using crop production, residue to product ratio, moisture content, amount of residue left on the field for soil protection and used for grazing, bedding, and other agricultural activities (Table 4).



Forest residue data by county was derived from the USDA Forest Service’s Timber Product Output database [52]. In this category logging residues and other removals were included. Logging residues represent the unused portions of trees cut or killed by logging and left in the woods. Other removals include trees cut or otherwise obtained by cultural operations or land clearings and forest uses not directly linked with round wood product harvests [48].





2.2. Georeferenced Analysis


The quantified biomass technical potential was allocated to the maps of each region. Thus, it was possible to identify, for each regional division (municipalities, counties, or provinces), the yearly biomass technical potential in energy basis. From these vector datasets containing the biomass potential, kernel density maps (or heat maps) were constructed considering a 100 km distance spread. This value represents an optimistic estimate for the transport of biomass, representing twice the distance recommended by Hoffmann et al. as an economically viable distance to transport biomass for energy purposes [28,53]. These maps show the bioenergy distribution beyond the geographical divisions and enables the identification of hotspots (locations with the greatest potential) for each feedstock.



Hotspots’ identification followed a first- and second-best approach according to areas with the highest biomass potential or areas with considerable potential near coastline or ports. Crops with very low potential were discarded. The potential in each hotspot was defined by the sum of potential of the regional divisions contained within a 100 km radius (Figure 2). The distances between each regional division inside the 100 km area and the hotspot were also determined.



Finally, infrastructure for feedstock and fuel logistics, such as oil and vegetable oil refineries and ports were also identified (Figure 3). Distances among the hotspots and the nearest ports were determined. Maps with biomass potential and hotspots for all regions are detailed in the Supplementary Material (Section 1).




2.3. Feedstock Cost Estimation


Feedstock costs is composed of biomass collection costs and transportation costs (Equation (3)). For the SVO, feedstock cost is composed of current SVO prices plus its transportation costs from the nearest SVO refinery to hotspots. Road transport was considered for feedstock transportation and a tortuosity factor of 1.27 applied [54]. Collection and transport costs considered to estimate feedstock costs for all regions can be consulted in the Supplementary Material.


   C f  =  C  c b   +  C  t b   · d ·  t f    o r    C f  =  P  S V O   +  C  t o   · d ·  t f   



(3)




where:




	
Cf: Feedstock costs (USD/GJ)



	
Ccb: Biomass collection costs (USD/GJ)



	
Ctb: Biomass transport costs (USD/GJ.km)



	
PSVO: Vegetable oil prices (USD/GJ)



	
Cto: Vegetable oil transport costs (USD/GJ.km)



	
d: Distances between each regional division inside the 100 km area and the hotspot (km)



	
tf: tortuosity factor (−)









2.4. Techno-Economic Pathways to Produce Maritime Biofuels


Five technology pathways to produce maritime biofuels were selected: SVO and HVO (only applicable for Brazil), FT-BTL, HDPO, and ATD. SVO are suitable fuel options for diesel engines and are feedstocks for HVO production. These fuels were only considered for Brazil given the country significant production and potential application in maritime sector [9]. Even though the majority of HVO facilities in the world are located in Europe and US, most of them process residual oils. In addition, European REDII banned vegetable oil use for biofuel production [55,56]. South Africa oil crop production reported in South Africa Bioenergy Atlas is directed to subsistence. In this sense, SVO or HVO production were not considered for these regions.



For FT-BTL route, two logistic configurations were considered to evaluate the cost benefits of biomass pre-treatment prior to final conversion to fuel. Process and technologies for each pathway have been extensively discussed in the literature [2,5,39,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75]. It is worth mentioning that HVO, ATD, and FT are in theory full drop-in fuels, while SVO and HDPO (depending on the quality of finished fuel) would compose fuel blends [24,69]. Fuel production yields for each technology can be consulted in the Supplementary Material. Figure 4 summarizes the pathways considered in this study.



Biobunker production from FT-BTL route was evaluated according to two configurations. In the centralized configuration, biomass is converted into biobunker, without being previously pre-treated, while in the decentralized configuration, biomass is torrefied and transported to nearest port areas, where its conversion to biobunker takes place (Figure 5). Two gasifier types were considered. Fluidized bed gasifiers (FBG) and entrained flow gasifiers (EFG) are pointed as the most promising candidates for biofuels production. In this study, FBG were attributed to the hotspots formed by a mix of residues (‘total hotspots’), given their flexibility in terms of feedstock and suitability for larger scales. EFG were chosen for the decentralized configuration (torrefied biomass feed) and for single crop hotspots in view of their cost-effectiveness for small scales and tighter feed specifications [76].



The techno-economic analysis focused on determining the levelized cost of fuel (LCOF), based on costs and revenues related to each production route. For each route, the costs considered were capital costs (CAPEX) and fixed and variable operational and maintenance costs (FOM and VOM, while revenues represent the sales of co-products (Rcop)). LCOF are compared to conventional marine fuels prices.



Equipment costs informed in the literature refer to different production scales than the hotspots potentials. Thus, the number of feasible plants in each hotspot was determined when their potentials were greater than twice the reference scales. Otherwise, an adjustment was made according to Equation (4).


   C  h o t s p o t   =  C  r e f   ·        S  h o t s p o t      S  r e f         F E    



(4)




where:




	
Chotspot: Equipment costs in the hotspot scale (USD)



	
Cref: Equipment costs in the reference plant scale (USD)



	
Shotspot: Scale in the hotspot plant



	
Sref: Scale in the reference plant



	
FE: Escalation factor








Reference costs were also adjusted to 2018 dollars using the Chemical Engineering Plant Cost Index (CEPCI) (Equation (5)).


   C  2018   =  C t  ·   C E P C  I  2018     C E P C  I t     



(5)




where:




	
C2018: Costs adjusted to 2018 values (USD)



	
Ct: Costs in the reference year (USD)



	
CEPCI2018: CEPCI value for 2018



	
CEPCIt: CEPCI value the reference year








For each region different costs with inputs were considered and regional labour cost factors were determined. Regarding co-products, international spot prices were considered. Prices and factors considered to estimate inputs costs and co-products revenues can be consulted in the Supplementary Material.



In addition, biomass seasonality reduces its availability throughout the year and, consequently, the plant utilization factor (FUT). Thus, different FUTs were considered according to crops seasonality and considering a short-time residues storage (biomass residues storage in closed warehouses up to 3 months leads to negligible losses (3%) and increases plant utilization factor [77,78,79,80]). Figure 6 shows the seasonality, storage times, and FUT considered for each crop. Forest residues are not seasonal; therefore, a FUT of 0.85 was considered. Hotspots for total residues have feedstock available all over the year, given the biomass seasonal complementarity, and a FUT of 0.9 was considered.



Finally, LCOF is then given by Equation (6). For all technologies, a horizon of 30 years [10] was considered with a discount rate of 7% [81].


  L C O F =     ∑   i = 0  n    C A P E  X i  + V O  M i  + F O  M i  −  R  c o p     i        ∑   i = 1  n     P  b i o b u n k e r         1 + r    i         



(6)




where:




	
n: Plant lifetime (30 years)



	
Pbiobunker: Biobunker production (GJ)



	
r: Discount rate (%)









2.5. Total Biobunker Costs


The final step of the methodology aimed to estimate the total biobunker costs, composed by the feedstock (Section 2.3), LCOF (Section 2.4), and transportation costs. Transportation costs represent the fuel or biochar transport from the hotspots to the nearest port. On short distances, truck transport is the cheapest and most flexible option, benefitting from low capital costs [82,83]. Thus, for distances smaller than 80 km, road transport is the preferable mode. Otherwise, the choice of transport mode was based on the existing road, rail, inland waterway, or pipeline infrastructure evaluated in the georeferenced analysis (Section 2.2). Tortuosity factors were considered for each mode [54,84,85]. Transport cost considered for each mode can be consulted in the Supplementary Material.





3. Results


The estimated technical potential of biomass residues totalled 45 PJ/year in South Africa, 3050 PJ/year in the US, 3903 PJ/year in Brazil, and 4083 PJ/year in Europe. Results were compared with literature (Figure 7).



In addition, SVO total technical potential in Brazil totalized approximately 1000 PJ/year. Maps with biomass potential in each regional division were constructed (see Supplementary Material) and kernel maps enabled the evaluation of bioenergy dispersion and the identification of hotspots in each region (Figure 8, Figure 9 and Figure 10).



Figure 11 compares the potentials and average feedstock costs for biomass residues hotspots and Figure 12 presents SVO hotspots potentials and costs. In Brazil, sugarcane, soybeans, and eucalyptus registered the highest potential. ‘BR_Total A’ hotspot includes residues from all crops and presents the highest potential among all regions (almost 200 PJ/year), followed by ‘BR_Total B’ (nearly 150 PJ/year) that considers residues from soybeans and maize. In Europe, cereal straw and maize stover residues registered the highest potentials (89.9 PJ/year and 53.2 PJ/year, respectively). In the US, corn residues registered the highest potentials (around 50 PJ/year), while South African hotspots potentials are among the lowest ones (inferior to 20 PJ/year). SVO potentials are well below crop residues, even when considering the total SVO hotspot (13 PJ/year). Soybean oil hotspot registered the highest potential (8.6 PJ/year) and mamon and sunflower oil potentials are almost inexpressive. Regarding feedstock costs, Brazil and US are the regions with lower estimates (from USD 0.8/GJ to USD 1.7/GJ), while values for Europe are far higher (from USD 2.0/GJ to USD 5.0/GJ). Feedstock costs for SVO represent its market prices ranging from USD 20/GJ to USD 45/GJ, much higher than residues costs.



Maps were developed including the hotspots for all regions with associated infrastructure (Figure 13 and Figure 14) (for a better visualization of the maps, consult the Supplementary Material). In Brazil, most hotspots are located near oil refineries and ports. However, for Soybean A, Maize A, and almost all SVO, hotspots are in countryside areas and therefore, far away from ports. The same is observed in Europe and the US, except for hotspots ‘EU_ST_TH_C2’ and ‘US_W2’. Finally, in South Africa, the hotspots are localized very close to ports and oil refineries. The distances between the hotspots and the nearest port were determined and can be consulted in the Supplementary Material.



3.1. Levelized Costs of Fuel


The number of plants in each hotspot was determined according to the reference capacities (see Section 2.4). This number for each hotspot can be consulted in the Supplementary Material. Figure 15 and Figure 16 show the fuel production in the hotspots.



Adding up the fuel production in the ‘single-crop’ hotspots, the regional biobunker supply was identified (Figure 17). Brazil is the major producer, followed by Europe and the United States (up to 240, 93.5 and 84.4 PJ fuel/year, respectively). SVO and HVO production levels are much lower (up to 13.0 and 10 PJ/year, respectively). Fuel production levels were compared to regional marine fuels demand (Figure 17). See the Supplementary Material to consult fuel production potentials and regional demands.



The LCOF vary widely depending on the region and fuel production technology (Figure 18 and Figure 19). For all hotspots, the LCOF was higher than HFO and MGO prices in 2018. In Brazil, a wide cost range is observed for all technologies, especially ATD (up to USD 104/GJ). Highest ATD LCOFs were observed to hotspots with lower potentials (forest extraction—3.4 PJ/year and wheat B—3.1 PJ/year). FT-BTL-centralized, HVO, and HDPO stands as the lowest cost options. In Europe, a wide cost range is also observed, and all pathways are in a range of USD 30–58/GJ, except for FT-BTL-decentralized (above USD 60/GJ). In South Africa, FT-BTL-centralized is the lowest cost technology (USD 23–25/GJ). Finally, in the US, little variation in LCOF is observed for each pathway. FT-BTL-centralized and HDPO are the least cost alternatives (USD 25–31/GJ), while FT-BTL-decentralized is the highest (around USD 60/GJ). Notable difference is observed comparing FT-decentralized and FT-centralized LCOFs. It is explained by the lower base capacity considered for FT-decentralized plants. Thus, down scale is required for gasification and FT processes, which increase fuel costs.



LCOF breakdown for each technology and region is shown in Figure 20. LCOF for residue-based technologies are mostly influenced by CAPEX (from 30% to 40%) and benefit from co-products revenues. For FT-BTL-decentralized, VOM costs are mostly associated with power purchase for torrefaction. In the FT-BTL-centralized with EF gasification, biomass has a significant contribution to LCOF. However, with FB gasification, FOM is more expressive. In ATD, FOM costs are related to expenses with consumables (e.g., catalysts) and maintenance. For HDPO, FOM costs are associated with catalysts and maintenance expenses, while VOM is dominated by natural gas purchase for hydrogen production. For HVO pathway, results totally differ. HVO costs are highly influenced by vegetable oils prices (USD 18.9/GJ to USD 44.6/GJ) which are internationally traded commodities whose prices are higher than MGO’s (USD 21.2/GJ). Biomass contribution to LCOF is more significant in FT-centralized (EF) among all technologies and in Europe and the US.



Besides the different fuel potentials observed for each technology, it is important to consider the technology readiness of each one. Some biofuel production routes considered in this study have already achieved the commercialization stage (SVO and HVO), while others are in the validation stage. Figure 21 compares the fuel production levels with the technology maturity of each pathway.




3.2. Total Biobunker Costs


Total biobunker cost is composed by the LCOF and fuel or biochar transportation costs. Transportation cost depends on transport mode suitable for each hotspot (see Supplementary Material). Figure 22 shows the total biobunker cost ranges for each technology and region, divided into LCOF and transport costs. Results show that the final transport from biofuel production plant to port represents a small fraction of total costs. However, in the US, transport costs may represent a considerable increase to LCOF (up to USD 5/GJ) mainly due to long transportation distances from some hotspots to the nearest port (>350 km).





4. Discussion


The total technical potential of biomass residues varies from 45 to 4085 PJ/year. Europe registered the highest potential, followed by Brazil, U.S., and South Africa and results were compared with the literature (Figure 7). However, in the defined hotspots, Brazil stands out as the region with the highest potentials (see Figure 11). Highest feedstock costs were observed in Europe (up to USD 4.9/GJ), mostly given the high biomass collection costs, while Brazil and U.S registered the lowest values (up to USD 1.4/GJ and USD 1.7/GJ, respectively). Feedstock costs for SVO were far higher (from USD 20.6–45.0/GJ), as they are commodities whose prices are higher than marine fuels (USD 11.0–18.0/GJ).



Considering the regional biobunker supply, Brazil is the major producer, followed by Europe and the United States (up to 240, 93.5 and 84.4 PJ fuel/year, respectively). In Brazil, HDPO production in hotspots surpasses current HFO demand, while FT-BTL and ATD represents 45% and 92%, respectively (Figure 17). In Europe, biofuel production is substantially lower (less than 6%) than European HFO demand (1526 PJ) but represents up to 24% of Rotterdam Port demand (385 PJ/year) (Figure 17). A similar trend is observed for South Africa and the United States (Figure 17). Fuel production in these regions represents less than 4% and 9% of regional marine fuel demands, respectively.



Fuel production levels were compared with the literature. Reference [86] estimated a marine biofuel supply (discounting biomass use for other transport sectors—road and aviation) in Europe of about 300 PJ/year from 2025 to 2030 mainly from Pyrolysis-based fuels and HVO, using agricultural residues and imported used and vegetable oils as feedstocks. Reference [87] estimate a biojet fuel production of 450 PJ/year from sugarcane and eucalyptus residues in Brazil, while [28] estimates totalizes 120 PJ/year. Results obtained are lower than literature findings, but the estimated potentials in this study are constrained to the 100 km collection area from the hotspots and considered seasonality impacts in plant operation.



In all regions, the highest biofuel production volumes were observed for HDPO. Notwithstanding, HDPO has not achieved commercial stage and is less mature than other biofuel technologies (Figure 21) [88,89,90,91,92,93]. Thus, investing in technologies that are closer to the commercialization stage in the near- to mid-term, may accelerate the uptake of maritime biofuels, despite their lower yields.



Techno-economic analysis showed a significant gap between biobunkers LCOFs and marine fuel prices (Figure 19). Among all technologies, HDPO registered the lowest LCOFs. Even though biomass torrefaction improves the feedstock logistics and gasification performance, the additional capital expenses made FT-diesel in decentralized configuration the costliest technology in most regions, except for ATD in Brazilian hotspot with lowest potential. However, technological learning may increase efficiency and drive down production costs, but this would require a large number of FT plants and may take decades [71].



Capital costs represent the major component of fuel total costs, except for HVO. FOM and VOM share varies among technologies and regions, given the differences in feedstock and inputs prices and labour costs. Transport costs were only expressive in regions with lowest LCOFs and higher transportation distances (Figure 22). Thus, in such cases, biofuels would be more competitive for other applications (such as road or air transportation), given that fuel consumption hubs would be closes to hostpots.



Therefore, biofuel competitiveness in the near-term could be achieved by carbon taxes application (Table 5). However, carbon prices required for the biobunkers to reach price parity with MGO were estimated and vary from USD 68/tCO2 (FT-centralized in South Africa) to USD 516/tCO2 (FT-decentralized in Europe). For only 15% of the hotspots, CO2 prices would be lower than USD 100/tCO2. In addition, the lower prices of conventional marine fuels compared to other sectors (such as road and aviation) increases the cost gap between bio and fossil fuel alternatives. Assessing biobunker competitiveness by the application of carbon taxes and having jet fuel prices of 2018 (USD 20/GJ) [94] as base for comparison led to CO2 prices from USD 40/tCO2 to USD 488/tCO2. In this sense, fuel mandates seem more realistic in the near term as they would lead to pioneer plants development and lower fuel costs.



To sum up, biobunker fuel production may play a role in maritime decarbonization in all regions. Nevertheless, this study selected only specific crops to identify and evaluate biobunker hotspots and actual technical potentials might be significantly higher in all regions. On the other hand, no sustainability constraints were considered in this study, which in turn may again lower potentials. Even though potentials were not significant compared to fuel demand in some regions, hotspots proximity to ports would enable fossil fuel replacements in these areas. In addition, SVO or Pyrolysis oil co-processing in oil refineries would benefit from the existing infrastructure and may represent a cost-effective solution to kick off the production of cleaner maritime fuels [106,107,108]. Furthermore, this study presents a sectoral-based analysis and potentials were determined without considering biomass demand for other sectors, such as aviation and power. Yet, as some technologies can co-produce jet- and diesel-range biofuels, coupled strategies for biofuels’ development may favour both sectors. In addition, the stablished decarbonization goals and variabilities regarding oil prices may offer an opportunity to improve biobunkers’ competitiveness.




5. Conclusions


The present study sought to identify potential areas for biobunker fuels production from agricultural and forestry residues in Brazil, Europe, South Africa, and the United States considering geographical, logistic, and economic aspects. The combination of the georeferenced analysis, with logistic integration, seasonality and, techno-economic analysis represents an innovative methodology to assess regional capabilities that could make some regions potential biobunker fuel suppliers.



The feedstock availability analysis revealed that total biomass residues potential was greater in Europe (4083 PJ/year), followed by Brazil, US, and South Africa (3903, 3050, 45 PJ/year, respectively). SVO potentials were only considered for Brazil and estimates are far below that of residues. The georeferenced analysis enabled the identification of suitable localities for biobunker refineries’ development. Considering the available potential in such areas (hotspots), Brazil is the region with the greatest potential among all regions (196.5 PJ/year). In addition, together with the US, Brazil is the region with lowest feedstock costs (ranging from USD 1.4/GJ to USD 0.8/GJ).



The techno-economic analysis results revealed fuel production levels in each region. Specific feedstock and inputs prices, labour costs, biomass seasonality, and fuel transport modes were considered to capture the impact of regional differences on biobunker total costs. However, same discount rates, plant construction time, and yields were assumed, which make the economic results comparable.



In general, HDPO stands out as the technology with higher yields and lowest costs in all regions. It is also the least developed technology, which may compromise its high potential. Thus, investing in readiest biofuel technologies, while pursuing efforts to accelerate the development of more advanced pathways, will be crucial.



Total fuel costs varied from USD 20.4 to 104.2/GJ. For all hotspots, values were higher than fossil marine fuels prices. Costs are mostly driven by capital expenses, except for HVO, and transportation costs’ shares were not substantial for most regions. In the near-term, fuel blending mandates might be the best alternative to guarantee the utilization of biobunker fuels, given that required carbon prices are high and may be not realistic. Nevertheless, uncertainties regarding oil prices and the expected commitment of maritime industry towards decarbonization may offer an opportunity for biofuels’ development.



In the end, biobunker fuel production may play a role in maritime decarbonization in all regions and support IMO mitigation strategies. Even though the estimated supply is lower than current demand in most regions, the proximity between potential fuel production areas and ports would incentivize their production. In addition, maritime decarbonization will require a mix of solutions, and other fuel options and technologies that are being extensively discussed, such as hydrogen and ammonia, will also play a role [4,10,15,109]. Thus, diverse strategies to incentivize biobunker production should be considered.



The application of fuel blending mandates would allow the competitiveness of readiest pathways in the near term, while technology learning would enable advanced technologies development. In addition, speeding up maritime decarbonization could be achieved by joining forces with other sectors that would be also benefited from advanced biofuels’ development.



Finally, this study presents some limitations that should be addressed in future works, such as:




	
Feedstock availability assessment has not considered biomass use in other hard-to-decarbonize sectors, such as aviation and industry;



	
Economic analysis was based in Nth plants. This tends to underestimate capital costs, construction, and commissioning times and overestimate fuel production yields compared to pioneer plants [71,110,111];



	
Fuel transport mode choice was based on proximity to infrastructure and not to main transport stations, which could increase fuel transportation costs;



	
Perform an integrated assessment to capture in greater detail the impacts in energy and land use of replacing conventional maritime fuels for biofuels.
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Figure 1. Methodological framework of this study. Numbers in the figure refer to the text sections below for a more elaborate description. 
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Figure 2. Hotspot’s potential identification (Brazilian map used as an example). 
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Figure 3. Hotspots and infrastructure localities for fuel production. (European map used as an example). 
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Figure 4. Fuel production pathways considered for biobunker production. 
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Figure 5. FT-BTL configurations. 
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Figure 6. Crop’s seasonality, storage times, and FUT in each region. 
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Figure 7. Biomass residues potentials compared to other studies. 
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Figure 8. Biomass residues hotspots in Brazil (left) and Europe (right). Note: Some hotspots in Europe registered very low potentials and were excluded (LR_FF_C1, LR_FF_C2, LR_TH_C, LR_TH_NC, ST_FF_C, ST_FF_NC). 
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Figure 9. Biomass residues hotspots in South Africa (right) and US (left). 






Figure 9. Biomass residues hotspots in South Africa (right) and US (left).



[image: Energies 14 04980 g009]







[image: Energies 14 04980 g010 550] 





Figure 10. SVO hotspots in Brazil. 
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Figure 11. Biomass residues potential and average costs in hotspots. 






Figure 11. Biomass residues potential and average costs in hotspots.



[image: Energies 14 04980 g011]







[image: Energies 14 04980 g012 550] 





Figure 12. SVO potential and average cost in hotspots. 
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Figure 13. Hotspots and infrastructure in Brazil (biomass residues hotspots—left; SVO hotspots—right). 
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Figure 14. Hotspots and infrastructure in Europe (left), South Africa (top right) and US (bottom right). 
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Figure 15. Biofuel production levels in each hotspot for FT-BTL, ATD, and HDPO pathways. 
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Figure 16. Biofuel production levels in each hotspot for SVO and HVO pathways. Note: BR_Mamonoil potential is 0.03. 
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Figure 17. Regional biobunker supply and bunker fuel demand. 
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Figure 18. LCOF ranges. 
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Figure 19. LCOF ranges (minimum and maximum values) for different technologies compared to average bunker fuel prices. 
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Figure 20. LCOF breakdown for each technology and average LCOF values. Note: SVO is not represented given that its LCOF is its prices. 
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Figure 21. Fuel production and technology readiness for each biobunker fuel pathway. Note: As SVO and HVO fuel production levels were far below other technologies, they are not represented. However, both are mature technologies. 
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Figure 22. Total biobunker cost ranges. 
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Table 1. Parameters considered for potential estimates in Brazil. Notes for agricultural residues: a: Wood cuts represent primary forest residues, i.e., obtained until the basic product production (charcoal, wood chips, and sawdust), including cutting and peeling activities. Forestry residues are timber and other forest products that remain with no defined use due to technological or market limitations [31]; b: For agricultural residues an average factor was considered based on [27]. For forest residues, data from [31,32] were considered; c: Based in [27,31,32]; d: Regarding sugarcane, a coefficient that expresses residues availability for energy purposes was adopted. In this study, it was assumed that 65% of sugarcane straw is available for energy production, taking into consideration the rate of agricultural fields that use mechanical harvesting without open-air burning [27,32,33,34]; e: Dry basis. Notes for straight vegetable oils: a: Obtained from average values from Brazilian institutions [35,36]; b: The same efficiency in oil extraction was considered for all crops; c: Oil availability factors were based on OECD/FAO projections for vegetable oils utilization in food industry (49%) and biofuels production (36%) in the period from 2021 to 2018. Thus, vegetable oil availability to produce maritime biofuels discounts its utilization in its current markets. Same availability factor was considered for all oils, although not all are used for biofuels production.
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Crop.

	
Agricultural and Forest Residues a

	
RPR b

	
ESR c

	
AR d

	
LHV (MJ/kg) e

	
Reference






	
Sugarcane

	
Straw

	
0.22

	
34%

	
65%

	
18.6

	
[27]




	
Soybean

	
Straw

	
2.01

	
30%

	
100%

	
20.1




	
Corn

	
Stover

	
1.53

	
25%

	
100%

	
18.7




	
Wheat

	
Straw

	
1.55

	
15%

	
100%

	
19.5




	
Eucalyptus

	
Forestry residues

	
0.10

	
50%

	
100%

	
25.2

	
[31,37]




	
Wood cuts

	
0.45

	
100%

	
100%

	
20.3




	
Pinus

	
Forestry residues

	
0.10

	
50%

	
100%

	
25.2




	
Wood cuts

	
0.45

	
100%

	
100%

	
21.8




	
Forest extraction

	
Forestry residues

	
0.60

	
50%

	
100%

	
25.2




	
Wood cuts

	
0.18

	
100%

	
100%

	
19.4




	
Crop

	
Straight Vegetable Oils

	
OSR a

	
EE b (%)

	
LHV (MJ/kg)

	
AO c (%)

	
Reference




	
Cotton

	
Cotton oil

	
22%

	
95%

	
39.5

	
15%

	
[35,36,38,39]




	
Peanut

	
Peanut oil

	
43%

	
95%

	
39.8

	
15%




	
Sunflower

	
Sunflower oil

	
43%

	
95%

	
39.6

	
15%




	
Mamon

	
Mamon oil

	
46%

	
95%

	
39.5

	
15%




	
Soybean

	
Soybean oil

	
18%

	
95%

	
39.6

	
15%




	
Corn

	
Corn oil

	
4%

	
95%

	
39.5

	
15%
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Table 2. Parameters considered for agricultural and forest residues potential estimates in Europe. Notes: a: Final fellings and thinnings from coniferous/non-coniferous plantations and semi-natural forests are the small trees from management operations or left over after a final harvest for which there may be no demand (or no suitability) for use as pulp wood. For this reason, stemwood was considered in this study for Europe; b: As received [41]; c: Dry basis [41].
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Biomass Residues Potential from S2Biom

	
Moisture Content b (%)

	
LHV c (MJ/kg)






	
Agricultural Residues

	
Cereal Straw

	
15

	
17.0




	
Maize Stover

	
15

	
16.0




	
Sunflower straw

	
20

	
16.7




	
Forest residues

	
Logging residues from final fellings from conifers (LR_FF_C)

	
53.6

	
19.2




	
Logging residues from final fellings from non-conifers trees (LR_FF_NC)

	
53.6

	
19.2




	
Logging residues from thinning from conifers trees (LR_TH_C)

	
53.6

	
18.7




	
Logging residues from thinning from non-conifers trees (LR_TH_NC)

	
53.6

	
18.7




	
Stem wood from final felling from conifers and trees (ST_FF_C) a

	
53.9

	
19.3




	
Stem wood from final felling from non-conifers trees (ST_FF_NC) a

	
53.6

	
19.3




	
Stem wood from thinning from conifers trees (ST_TH_C) a

	
53.6

	
19.2




	
Stem wood from thinning from non-conifers trees (ST_TH_NC) a

	
53.6

	
19.2
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Table 3. Parameters considered for agricultural residues potential estimates in South Africa. Notes: a: Crop and residue production data were included in BioAtlas files [42]; b: Residue-to-product ratio determined by the ratio between lignocellulosic residue yield and primary crop yield obtained in the Atlas metadata files [43,44]; c: 50% of residues should remain on field for soil conditioning [43]; d: Sugarcane bagasse availability data provided already discounted its use for internal energy demand. Sugarcane field residues are currently not available given the burning practice in sugarcane harvesting. However, this study considered that this practice will be extinguished in the near term in view of its environmental and health impacts. For wheat and maize residues, it was assumed that 35% are used for animal feed and bedding [13,43]; e: Moisture content of sugarcane bagasse was informed in the metadata available at SAEON Bioenergy Atlas website [42]. For other crops, moisture content values were obtained in [45]; f: Dry mass basis refer to air-dried biomass. In South Africa, average temperatures are high, and humidity is low. Then, air-dried lignocellulosic residues register a moisture content between 10% and 20%. Energy density is based on the generic values for agricultural residues [13]. For sugarcane bagasse, LHV was determined using the moisture and ash content and brix percentages [46].
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Crop a

	
Residue

	
RPR b

	
ESR (%) c

	
AR (%) d

	
Moisture Content e (%)

	
LHV f (MJ/kg)






	
Sugarcane

	
Bagasse

	
0.9

	
100%

	
-

	
50%

	
10.0




	
Field residues (Straw)

	
0.9

	
50%

	
100%

	
42%

	
7.1




	
Maize

	
Stover

	
2.6

	
50%

	
35%

	
42%

	
11.5




	
Wheat

	
Straw

	
1.3

	
50%

	
35%

	
42%

	
11.5
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Table 4. Parameters considered for corn and wheat residues potential estimates in the US. Notes: a: Crop production obtained in the U.S. National Census of Agriculture [49]; b: [48,50]; c: 30% residue cover is reasonable for soil protection [48]; d: Other uses (OU) are mainly associated to animal feeding. According to [48] animals rarely consume more than 20–25% of the stover in grazing; e: About 10% to 15% of the crop residue is used for other purposes, such as bedding, silage, etc. [48]; f: [51].
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Crop a

	
Residue

	
RPR a (%)

	
ESR b (%)

	
AF c (%)

	
OU d (%)

	
Moisture Content e (%)

	
LHV f (MJ/kg)






	
Corn

	
Stover

	
1.0

	
70%

	
20–25%

	
10–15%

	
15.5

	
17.3




	
Wheat

	
Straw

	
1.3

	
13.5

	
17.8
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Table 5. Carbon prices required for biobunkers competitiveness. Notes: a Average literature values for different world regions, b [28,95,96], c [62,97,98,99], d [100,101,102], e [2,103], f [28,96,104], g [10,25,95,105].
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Carbon Intensity

gCO2/MJ Fuel

	
USD/tCO2




	
BR

	
EU

	
SA

	
USA






	
FT-decentralized

	
27 a

	
195

	
516

	
288

	
390




	
FT-centralized

	
27 b

	
120

	
237

	
68

	
103




	
ATD

	
38 c

	
320

	
336

	
221

	
290




	
HDPO

	
23 d

	
116

	
175

	
210

	
125




	
SVO

	
58 e

	
217

	
-

	
-

	
-




	
HVO

	
58 f

	
175

	
-

	
-

	
-




	
MGO

	
137 g

	




	
Max USD/tCO2

	
516

	
FT-decentralized (EU)




	
Min USD/tCO2

	
68

	
FT-centralized (SA)

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Palye

EEEEE

2000

1000

Bt

s

Thisstudy

Europe

Sounafa

Euope  Amerias  Afica

Von der Koet (2001)

Bl
s
eucahptus

Cenetal,
2020





media/file4.png





media/file39.jpg
Contributionto LCOF (%)

§

Average LCOF (U55/G





media/file18.png
" Wheat Residues 2





media/file21.jpg
.
- .
:
- R
2
o 3
. 2
cagetene
% wetee
. .
. 1l :

' Technica potential @ Feedstock costs





media/file44.png
= = MGO (2018)

- = HFO(2018)

e |COF W Transport cost

8 8 8 S
(9/$sn) 53502 syunoiq esoL.

OdaH

av

pozIfenuaI 11614

1u209p 116 14

0daH

awv

U2 718-14

pazenuadp11g 14

0daH

13U22 11814

paz|enuawp11g 14

0daH

pazijenuad 11814

pazenuawp11g 14

=

South Africa

Europe

Brazil





media/file26.png





media/file7.jpg
5 propulion

D process [ Energyvecor

0 Feedsock





media/file28.png
f
i
§
H






media/file10.png
Hotspot

(“Total” hotspots)

1

I

1 single crop FT-BTL

1 Entrained flow gasifier
1

1

1

1

Il FT-BTL

| crops mix Fluidized bed gasifier
I

1






media/file11.jpg





media/file6.png





media/file36.png
= HFO (2018)

120

== == MGO (2018)

8

-

Average LCOF

Q
@

Q =) o

)
9/$sn

0daH

avy

paz|[enusd 11g-14
pazileaudap 118 14
0daH

aw

paz|[enusd 11g-1d
pazjlenusap 118 14
0daH

aw

paz|[enuad 116 14
pazjlenusap 118 14
OdaH

aw

OAH

[

pazlenusd 11g- 14

pazileausdsp 118 14

South Africa

Europe

Brazil





media/file15.jpg





nav.xhtml


  energies-14-04980


  
    		
      energies-14-04980
    


  




  





media/file2.png
Hotspots technical
potential
Technical potential (22)
estimates
(21
Transport networks
P and infrastructure
edstocks (22)
(22)
Hotspot distances
from ports

(22)

Transport costs(2.5)






media/file23.jpg
1

fo/ssn

28R RARYE2 Lo

. . e

. Jouowen "y

. | voswenuns-un

. X romenin

. W oo

2
10
s
6
4
2
o

]

® Feedstock costs

 Potential





media/file24.png
Jlouowe N yg

(] — |lo1amopuns yg

- jloInueaq yg

Y Il ovonoaue

@ Feedstock costs

W Potential





media/file29.jpg





media/file1.jpg
festtoc cots (29)






media/file12.png
Seasonality season M
Crop storage gyt
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Months

BR_Sugarcane 72 3 038
BR_Soybeans 3 3 07
BR_Corn 7 3 0.8
BR_Wheat 4 3 0.6
Us_Corn 5 3 07
US_Wheat 5 3 0.7
EU_Cereals 4 3 0.6
EU_Maize 6 3 0.8
EU_Sunflower 3 3 05
SA_Sugarcane 9 3 1.0
SA_Wheat 3 3 05






media/file9.jpg





media/file42.png
(14.1) 1973 ssauipeas Aojouyda|
~ o w < m ~ -

0 o
- I
. ]
. ]

=] Q =] =] =] =]

2 8 2 8 3 B

o~ o~ - -

(1A/rd) @8ues uononpoud |n4

HDPO-Diesel

FT-BTL (B)

FT-BTL (A)

W LCOF e TRL






media/file38.png
LCOF (US$/Gl)

FT-diesel FT-diesel HVO ATD HDPO
centralized decentralized

m— | COF price (2018) ==






media/file17.jpg





media/file30.png
B FT-BTL decentralized

m FT-BTL centralized

®ATD

B HDPO-Diesel

60.0

- sanpisay ﬂ._s; sn






media/file35.jpg
120

- =0 2018

- =G0 2018)

Average LCOF

s
av
e
[
oan

av

o U1

Poenep UL

odon
av
poten g 14
porenw0 UL
s

av

om

o

Poreneug 14

[

Southatrica





media/file27.jpg





media/file3.jpg





media/file22.png
250

n

200

<

9/$sn

~

1
0

Z5aNpEaY 19UYM SN

|

|

150

titt;

IIII

=

100

50

0

8 mess Jamouns 3
W MeIS MOPUNS NI
§Jan0ls azle NI

v RA0XS IR NI
MeJxs (02120 NI
1301”49

Ve300 48

UoIPRING 152404 NG

@

vsnuid ¥

asmdAean3 yg
2 snidAjeons yg
gsmdAleon3 yg
vsmdAeang yg

v aue2ieshs g






media/file19.jpg





media/file40.png
WBIOMASS ® Average LCOF

®CO-PRODUCTS

(r9/$sn) 4021 a8esany
] ] E]

El B
%) 4021 03 uonngLU0)

20%

0dOH

aw

(43) poziienwen 11814

PoZI[enLR39p 11814

0daH

aw

(43) poziienue 11814

PoZI[eALRP 181

0daH

aw

U2 11814

(84) paz!
(43 Po2enued 11814

pozenR9p 11814

{84) pazienued 1g-14
(43) paziienuen 1114
POZ1[enLRI9P 11814

g

&





media/file33.jpg
gt

oo
gEBEEREE

-

——rar

——rar )

0 sanr8)

IOTAA

0. A 1)

eu_toraLc

i
i

Us Horspots

0 otrtam 018)





media/file32.png
mSVO mHVO

loje30 748

louI03"Hg

|louoWe N Y

lloiomMOYUNS™Hg

lloanuead yg

[CECRCoptt:]

lloueaghos™yg






media/file14.png
PI/yr

7000

6000

@

000

4000

3000

2000

1000

Brazil

Europe

This study

South Africa

Van der Kroef (2021)






media/file41.jpg
(1) 1283| ssautpeas Adojouyay

® N~ © w e m o~ o O

2 2 2 g g

g 8§ 8§ & °
..S._. afues ._su.__x..._ 4

2500

FI-BTL(B) ATD HOPO-Diesel

FRBTL(A)

5 LCOF @ TRL






media/file37.jpg
LCOF (Us$/6)

8 &8 8 8

0

10

Fdiesel Frdiesel o
centralized  decentraized
—COF 4242+ HFO price (2018)

A

= = MGO pice (2018)

HOPO.






media/file16.png





media/file20.png





media/file5.jpg





media/file31.jpg





media/file25.jpg





media/file0.png





media/file8.png
ehydratiol

() Feedstock () Process () Energy vector ) Propulsion





media/file43.jpg
——COF Tt cost = = FO(2018) = = GO (018)

g 8 8 3 =

19/5s0) 150> oyunong .

aw

e

[era—"

ouan

aw

[eren—

taope

b





media/file34.png
250.0

150.0

Fuel production (PJ)

pots

BR_Hots

— FT-BTL (A)

— HVO

k
=
k
=
L
=
k

l

BR_Total A

BR_Total B

BR_Total C

— FT-BTL (8)

spots

EU_Hot:

EU_TOTAL_A

EU_TOTAL_B

(2018)
(2018)

EU_TOTAL_C

pots

SA_Hots|

mm— HDPO-Diesel

US_Hotspots L

(2018)
(2018)

1(2018)
(2018)





