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A R T I C L E  I N F O

Dataset link:  Agrarian Biohubs for drop-in 
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ronmental assessment for Spain, Colombia, and 
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A B S T R A C T

This study presents a novel bottom-up approach to co-design inclusive biohubs based on field residues, namely 
olive tree pruning, coffee pulp, and acacia bush in Spain, Colombia, and Namibia, respectively, to produce “drop- 
in” marine biofuels (MBF) via hydrothermal liquefaction (HTL). The economic feasibility and environmental 
footprint of the designed biohubs are investigated through a detailed techno-economic and attributional- 
environmental life cycle assessment. This study introduces an early-stage, context-specific, capability-sensitive, 
and stakeholder-inclusive approach to conceptual design by integrating process simulations, process eco
nomics, and life-cycle environmental assessment. The outcomes indicate that an MBF yield of 5–10 wt% is 
achievable at a production cost of 1.2–3.9 EUR/kgbiocrude. The upgrading costs were estimated between 0.12 and 
0.90 EUR/kgbio-oil, resulting in a minimum fuel selling price (MFSP) of 0.94–4.45 EUR/kgMBF, after fractionation, 
which is 1.05 to 5.50 times (without carbon credits) that of the current fossil marine fuel (0.8–0.9 EUR/kgMGO). 
After mass allocation, the greenhouse gas (GHG) emissions of the derived MBF were estimated in the range of 
− 43.4 to 10.9 g-CO2 eq./MJmarine biofuel, thereby indicating an immense potential to reduce global warming 
impacts. A sensitivity analysis showed that i) At smaller scales, the MFSP is found to be more sensitive to the HTL 
equipment costs than to feedstock prices; ii) The process economics could be improved through technological 
advancement and scale-up, and iii) Contextual factors plays crucial role in process design and sustainability of 
the biofuels. This study concludes that the proposed approach will aid in improving acceptability and in 
achieving global commercial-scale deployment of the bioeconomy.

Glossary

1,4-DCB 1,4-dichlorobenzene
BBVC Biobased value chain
CAPEX Capital Expenses
CFC chlorofluorocarbons
CHP Combined Heat and Power
CO Colombia
CO2 eq Carbon dioxide equivalent
Cu Copper
DM Dry metric ton
dt Dry ton
DTPD Dry tons per day
e-LCA Environmental Life Cycle Analysis

(continued on next column)

(continued )

eq equivalents
ES Spain
EUR Euros
GHG Greenhouse gas
GIS Geographical Information System
GWP100 Global warming potential (100 years)
HFO Heavy Fuel Oil
HHV Higher heating value
HTL Hydrothermal Liquefaction
IEA International Energy Agency
kg kilogram
kWh Kilo watt-hour
L Litre
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(continued )

LHV Lower heating value
m2a crop eq Annual cropland
m3 Cubic meter
MBF Marine biofuel
MFSP Minimum fuel selling price
MGO Marine Gas oil
MJ Megajoule
MW Megawatt
NA Namibia
NOx Nitrogen oxides
OPEX Operating Expenses
PM2.5 Fine Particulate Matter with a diameter of less than 2.5 μm
SO2 Sulphur dioxide
SSD Slow-stroke diesel engine
USD United States Dollars

1. Introduction

Currently, biomass is the primary source of global renewable energy 
[1]. The wide range of global availability of biomass and local accessi
bility to affordable bioenergy will increase the above-mentioned share 
by a factor of 2 by 2030 [1]. The “hard-to-abate” shipping sector is one 
of the end-users that will be contributing to the increase in consumption 
of large-scale biofuels to meet the regulations [2]. Due to bunkering 
abilities and benefitting from existing infrastructure, “drop-in” biofuels 
are seen as short to mid-term solutions ahead of zero‑carbon fuels. 
However, this growth and widespread global adoption of the biobased 
economy can only be achieved if the challenges in the commercial-scale 
deployment of (traditional) biobased value chains (BBVCs) are 
addressed. More specifically, the secure and sustainable mobilisation of 
field and processing residues must be ensured to de-risk commercialising 
lignocellulosic residue-based second-generation biorefineries.

Recently, according to the International Energy Agency (IEA), Bio
hubs have been identified as a potential way to successfully integrate 
biomass supply chains (especially for bioenergy), overcome the draw
backs of conventional BBVCs, and enable the commercial deployment of 
the bioeconomy globally [3]. Biohubs [or (community) hubs in general] 
act as an intermediary point where various activities such as collection, 

storage, pretreatment, and processing of biomass into intermediate 
products (such as pellets, briquettes, wood chips, bales, etc.) can be 
performed. By acting as processing points, biohubs will reduce the 
physical distance between the suppliers (biomass producers and 
growers) and end-users (biorefineries) and also enable them to robustly 
handle and process diverse biomass feedstocks in the region. However, 
predominantly, the literature focuses on valorising forestry residues in 
the global North from an economic feasibility perspective [4]. So far, the 
validation of this concept in global South countries with biomass feed
stocks predominantly available as field residues, and where local social 
livelihood is interconnected, is yet to be investigated. This requires 
attention as the promise of biohubs can provide crucial input for global 
bioeconomy strategies.

Different researchers have studied the biohub concept in terms of 
economic performance. For example, Pradhan et al. (2022) investigated 
the economic feasibility of a “first of its kind” biohub in Canada with a 
1500 DTPD plant to produce several bioproducts (firewood, bark, 
woodchips, regular pellets, torrefied pellets, biochar, and bio-oil) using 
various production pathways [5]. The cost of production of firewood, 
bark, wood chips, regular pellets, torrefied pellets, biochar, and bio-oil 
was reported to be 46 USD/dt, 13 USD/dt, 38 USD/dt, 118 USD/dt, 
157 USD/dt, 87 USD/dt, and 0.49 USD/L, respectively [5]. However, the 
commercial perspective was not taken into consideration. In another 
study, Berry (2022) concludes that local biohubs had a preference while 
producing biochar, and (larger) regional biohubs in the case of pellets as 
products. This preference is mainly attributed to transportation costs for 
the former and operational efficiencies at a greater scale for the latter 
[6]. Lan et al. (2021) highlight that the minimum fuel selling price 
(MFSP) of the product is inversely related to the scale of the biorefinery 
and not necessarily to the capacity of the depots. The decentralised 
systems, although with higher MFSP based on their analysis, indicated 
other potential benefits such as supply chain risk mitigation and 
improved quality of processing feedstocks, which were not quantifiable 
in the study [7]. Thereby, emphasising the need for a much broader 
analysis of biohubs, with a focus on more than just economic and 
operational feasibility.

Very few works of literature have been reported to investigate the 
environmental or societal dimensions of sustainability for these biohubs. 

Fig. 1. Design Approach for Inclusive, context specific design of sustainable biohubs for marine biofuels using biobased residues.
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Rai et al. (2024) investigated and reported the potential of three (two 
forestry and one non-forestry residue-based) biohubs to reduce GHG 
emissions by up to 90% based on the system configuration of biofuel 
value chains to defossilize hard-to-abate sectors [8]. Lan et al. (2020) 
performed a cradle-to-gate attributional LCA to investigate the effect of 
a multi-feedstock depot-based biobased supply chain. The environ
mental hotspots were identified as occurring during the biorefinery 
processing and depot feedstock preprocessing stages. The environmental 
impacts were insensitive to the depot size, biorefinery scale, and trans
portation [9]. For the social dimension, although BBVCs are supposed to 
be socio-technical systems, only a handful of literature has been found 
addressing the social impacts. These are incorporated in assessing the 
macro-socioeconomic impact of the value chains through various multi- 
criteria decision-making analyses [10]. There is still a large gap in 
addressing the social capabilities of these systems in terms of qualitative 
social perspectives such as inclusion, benefit sharing, and access to 
participation. These gaps become crucial when feedstocks such as 
agricultural residues are valorised but are more difficult to quantify and 
generalise as they merely relate to specific local and regional contexts. 
Moreover, the conceptual process designs of biohub lacks perspectives 
for potential environmental (such as mitigating soil, water, and air 
pollution) and social (such as inclusion and participation) benefits of 
valorising mismanaged or underutilised field residues beyond reduction 
in GHG emissions of bioproducts, especially in the upstream of the value 
chain, are currently lacking.

This investigation aims to address the above-mentioned knowledge 
gaps by integrating the technical (process and value chain design) as
pects with non-technical (social values) elements. This study showcases 
an early-stage, context-specific, capability-sensitive, and stakeholder- 
inclusive approach to conceptual design of biohubs to answer the 
question “How to design context-specific, and sustainable biohubs based on 
field residues with early-stage stakeholder inclusion?” and assess their 
possible technical, economic, and environmental performance of an 
inclusive HTL-based biohub-implemented marine biofuel value chain in 
Spain, Colombia, and Namibia by addressing the problem statement 
“What are the economic performance and environmental impacts of the co- 
designed inclusive field residue-based biohubs for marine biofuel production 
in Spain, Colombia, and Namibia?”

The inclusive design approach presented here and the biohubs sys
tems investigated are designed through the Capability Sensitive Design 
(CSD) approach by setting a design space (DS) and by deriving design 
prepositions (DPs) from participatory techniques [11–13]. The novel 
bottom-up approach developed in this paper for co-designing biohubs 
makes the system design inherently inclusive. Fig. 1 illustrates the 
designed approach incorporating concepts from engineering and social 
sciences for designing biobased value chains.

The non-forestry biohubs in this study for marine biofuel production 
via HTL focus on valorising underutilised or mismanaged lignocellulosic 
non-edible field biomass residues. Firstly, the Spain case study imple
ments the olive tree pruning biomass, which is currently burned as a 
quick method of disposal, causing significant emissions of particulate 
matter to the air [14]. Secondly, in Colombia, the aim is to utilise the 
coffee pulp residues from the coffee sector, where no value chain for 
residue valorisation exists [15]. Finally, in Namibia, the focus is on 
encroacher bush (mainly Acacia Mellifera), which is currently posing an 
ecological threat by causing rapid groundwater depletion, destruction of 
natural savannah habitat, and drastically reducing the grazing capacity 
of the land. There has been no prior reported investigation on using 
these geospatial residue streams for the production of alternative “drop- 
in” biofuels for the marine segment of transportation. The problem 
statement is addressed by the following objectives: a) development of 
inclusive design approach; b) identifying design propositions for the 
context-specific biohubs through multiactor approach and participatory 
techniques; c) codesigning inclusive biohubs; d) develop process models 
in Aspen Plus for mass and energy balances; e) estimation of capital 
(CAPEX) and operating (OPEX) expenses of biohubs in Spain, Colombia, 

and Namibia for producing HTL marine biofuels; f) estimation of the 
minimum fuel selling price (MFSP) of the HTL biofuels; g) comparison of 
the calculated MFSP with general values reported in the literature; h) 
determination of environmental impacts of HTL biofuels; and i) key 
parametric sensitivity analysis that influence the MFSP of HTL biofuels.

2. Methodology

2.1. Case study scenarios for biohub development

2.1.1. Olive tree pruning in Spain
Spain is the leading producer of olive oil in the world, accounting for 

40% of the global annual production [16]. The autonomous region of 
Andalusia, in the south of Spain, accounts for 80% of the national pro
duction with almost 1.5 million hectares of olive cultivation farm area 
[17]. The province of Jaen is the leading region for olive production in 
Andalusia and practices the traditional method of cultivation, which is 
both labour and resource-intensive [18]. Every year, in EU-28, the olive 
oil production value chain generates 21.4 million tons of field and 
processing residues, which are predominantly either underutilised or 
mismanaged [19]. Between 2004 and 2016, the average annual pro
duction of olive tree pruning biomass in Spain was estimated to be 
approximately 3.9 million tons, owing to 1.5–3 tons of pruning biomass 
per hectare per year [20]. Furthermore, the burning of pruning residues 
leads to economic costs and associated environmental risks due to po
tential wildfires and GHG emissions, thereby making the current 
disposal method unsustainable. Therefore, valorising this renewable 
source of energy will benefit associated small-scale farmers both 
economically and environmentally [21]. In recent years, the number of 
scientific investigations for valorising olive tree pruning biomass for 
bioenergy and bioproducts in the Mediterranean regions has increased 
[22–24]. However, there are no commercial-scale value chains estab
lished for olive pruning residues. Predominantly, the above-mentioned 
investigations focused on either biochemical conversion techniques to 
produce biochemicals and bioproducts or heat via thermochemical 
pathways.

This case study focuses on the province of Jaen. The large availability 
(approx. 1 million tons per year on a wet basis) of pruning residues [22], 
the geographical proximity to the end market segment at Port of Alge
ciras or Port of Gibraltar, stimulating bioenergy policies, and opportu
nities for strengthening rural economies, make the spatial choice of Jaen 
a promising region. This case study aims to valorise underutilised olive 
pruning biomass to produce marine “drop-in” biofuels using hydro
thermal liquefaction technology, while improving the socio-economic 
status of the small-scale farmers.

2.1.2. Coffee sector in Colombia
With an average annual production of 800 kt of coffee between 2019 

and 2023, Colombia is the third largest coffee producer in the world 
[25]. The sector spans over 800,000 ha (ha), involving about 550,000 
families, with most (95%) of them cultivating less than 5 ha each [26]. 
More than 85% of the national coffee production happens in 10 de
partments with Huila leading the race with 18.37%, followed by Anti
oquia (15.81%), Tolima (13.29%), Cauca (10.46%), Caldas (7.78%), 
Risaralda (5.44%), Valle del Cauca (5.33%), Santander (5.21%), Nariño 
(4.32%), and Cundinamarca (2.77%) respectively [27]. With the suit
able climate and soil conditions for coffee production, the coffee axis 
(locally known as the “Eje Cafetero”) region in Colombia produces coffee 
in an agroforestry system along with other crops such as cacao, avocado, 
and banana. Unlike other coffee-producing countries, the Colombian 
coffee sector is very vertical, with only a few registered exporters 
authorised to export coffee beans [28]. Similarly, most Colombian coffee 
producers sell their coffee in a pre-processed state in comparison to 
unprocessed coffee cherries, such as in Costa Rica. This predominantly 
leads to wide variations in the quality, thereby affecting the uniformity 
of the final export product. The Colombian coffee sector also lacks the 
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implementation of (cooperative-owned) mills with exporter access, 
thereby making the value chain longer and increasing the distance be
tween the producers and the end consumer [28]. Therefore, new residue 
value chains with design strategies to enable centralised processing of 
coffee beans can address the above-mentioned drawbacks.

The wet processing method, which is commonly followed in the 
Colombian coffee sector, often generates large amounts of residues, 
posing health, environmental, and economic issues [29]. The supply 
chain accumulates about 900 g of residues per kg of harvested coffee 
cherries [30]. The main residues are pulp, mucilage, stems, husks, and 
coffee grinds. In Colombia, approximately 1.7 million tons of pulp, 0.6 
million tons of mucilage, and 3.1 million tons of coffee cut stems are 
generated on an annual basis [15]. Currently, there are no commercial 
value chains for handling these residues except for occasional traditional 
uses such as firewood or compost, making them a promising source of 
renewable feedstock [31]. In this case study, we perform a first-of-a-kind 
investigation for developing a value chain to valorise coffee pulp resi
dues for producing “drop-in” marine biofuels, with an additional focus 
on strengthening the existing coffee sector in the department of Risar
alda in the Eje Cafetero region.

2.1.3. Encroacher bush in Namibia
In Namibia, the encroacher bush is causing a severe ecological threat 

[32]. The threats include depletion of groundwater, reducing biodiver
sity, limiting the grazing capacity of the land, and transforming 
savannah ecosystems into bushland, impacting human and wildlife. 
Around 45 million hectares (about one-third of the country) is bush 
encroached, at the loss of grass vegetation in the Savannah ecosystem 
[32]. Compared to the natural perennial grasses, these indigenous 
bushes deplete the groundwater at a much faster rate, reduce the grazing 
capacity of the land, restrict the movement of wildlife, and reduce the 
biodiversity of the region [32]. Due to various anthropological activities 
such as excessive animal browsing, increased atmospheric CO2 con
centration, and suppression of veld fires, the current estimate of the bush 
is approximately 400 million tons with an estimated annual growth rate 

of 3–4%, or 14 million tons per year [33]. Geographically, these 
encroached lands are present in nine of the fourteen regions of the 
country, with the most densely affected areas in the regions of Otjo
zondjupa, Oshikoto, Kavango West, and Omaheke [34]. Most of the 
Namibian population depends on agriculture, directly or indirectly, for 
their livelihood, with the majority being cattle farmers [35]. Therefore, 
valorising these abundant lignocellulosic renewable feedstocks can 
bring more than just economic benefits to the region. Currently, in 
addition to traditional uses such as firewood, fences, animal feed, etc., 
these bushes are used for charcoal production [34]. Namibia is one of 
the leading exporters of high-quality charcoal, obtained from 
encroacher bush, with a market size of 250 kt per year [36]. However, 
this value chain hardly consumes 2% of the total biomass available [37]. 
Therefore, there is a need for new value chains that can offtake the huge 
quantity of sustainably harvested biomass from bush-thinning activities 
to restore the savannah ecosystem.

With the increasing investments for infrastructural development in 
the country due to the discovery of fossil sources and new renewable 
energy projects, access to the port for exports in Walvis Bay, and the 
need for energy security and independence, encroacher bush is expected 
to play a significant role in Namibia's sustainable energy transition and 
development [38]. Commercially, Namibia Power Corporation (NAM
POWER) is currently constructing a 40 MW biomass power plant, which 
uses approximately 250,000 tons per year, using encroacher bush as the 
feedstock [39]. Furthermore, the potential for bush-based biochar pro
duction for soil amendment, protein-rich animal fodder, sustainable 
construction materials, and food production is a new area being 
explored. [40]. To complement these efforts, this case study focuses on 
the potential to implement value chains for using these bush lignocel
lulosic materials for marine biofuel production.

2.1.4. Design space (DS) and design propositions (DP)
This investigation was performed complementary to the work of 

Veen et al. (2024) within the project for developing sustainable and 
inclusive value chains for marine biofuels (CLEANSHIPPING) [13]. The 

Fig. 2. Marine biofuel value chain with process model boundaries (with unit numbers indicating unit process or unit operation) and stakeholder groups across the 
value chain. The green highlight indicates the HTL biorefinery facility, and the grey highlight indicates the petrochemical facility. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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interdisciplinary team visited the case study location for 5 weeks, during 
which diverse potential stakeholders were involved in the sectors of 
interest (such as producers, processors, farmer associations, unions, 
cooperatives, transport companies, technology developers, policy
makers, etc.) via participatory techniques such as semi-structured in
terviews and multi-stakeholder design workshops.

The semi-structured open interviews and the multi-stakeholder 
workshops resulted in the identification and validation of stakeholder 
capabilities and perspectives through a multiactor approach. The ca
pabilities and values were further used to derive the design propositions 
for biohubs using field residues in the regions, considering the existing 
local contextual preferences, such as traditional biomass uses, values, 
capabilities, and capacities. The format of the interviews and the multi- 
stakeholder workshops organised for the three case studies is summar
ised in Appendix A1. The outcomes of the multi-actor approach for co- 
creation of biohubs led to the framing of both the Design Space (DS) 
(i.e., design aspects such as biomass feedstock choice, harvesting and 
collecting techniques, biorefinery technology, scale, and location, pref
erence of intermediate or end products, logistical arrangements, co- 
processing with petrochemical industries, etc.) and the Design Propo
sitions (DPs) (i.e., choice of design variables for each design aspect) for 
the potential biohubs systems valorising the residues in the chosen re
gion of interest.

2.2. System boundaries and process modelling

2.2.1. Biohub system boundaries
The Biohub system boundaries encompass a wide range of activities: 

a) collection of crop/residue at the farm level, b) transportation of crop 
to the regional mill for processing or residues to the preprocessing fa
cility for biomass preparation, c) transportation of pretreated residues to 
the biorefinery facility, d) conversion of biomass to biocrude using HTL 
at the biorefinery, e) transportation of HTL biocrude to the nearby 
petrochemical refinery for coprocessing, f) co-processing of HTL bio
crudes in hydrotreaters present in existing petrochemical refinery, g) 
transfer of end product (marine biofuel) to the port bunker facilities 

using existing infrastructure, h) supply of utility systems (for electricity 
and water), and i) processing of waste streams at a waste processing 
facility. The preferred choices of the above-mentioned design variables 
were elucidated during the early-stage co-design process via DS and DPs 
identified in the section 2.1.4. The key features of the biohub systems are 
expected to be similar irrespective of the region of interest, such as the 
HTL process, the off-gas and biochar streams being sent to the onsite 
combined heat and power (CHP) plant, the (solid/liquid/gas) waste 
streams sent to a waste processing facility before disposal into the 
environment.

2.2.2. Process model battery limits and description
In this subsection, the process model battery limits for the biohub 

systems in the region of interests are being described. In process systems 
engineering, the process model battery limit defines the physical, 
operational, and commercial scope of activities within a facility. The 
Fig. 2 indicates the biorefinery process model boundaries in Spain, 
Colombia, and Namibia. The unit processes and operations performed as 
a part of liquefaction processes are highlighted in green, while the 
upgrading of biocrude, which is to be performed as co-processing in a 
petrochemical refinery is highlighted in grey. The unit processes and 
operations are numbered, which are subsequently used in process and 
system description. The biomass-to-biofuel conversion pathway includes 
two stages: the HTL conversion (units 1,2,3,4,5) and the Hydrotreatment 
upgrading stage (units 6,7,8,9,10). Various stakeholder groups who 
could potentially be involved directly in the new value chain is also 
depicted in Fig. 2.

2.2.2.1. Feedstock preparation. The biomass feedstocks are cleaned, 
sorted, and chipped in regional mills or preprocessing facilities before 
the HTL conversion process. The electricity consumption for the feed
stock pre-processing, if performed, is obtained from the literature [41].

2.2.2.2. HTL biorefinery and hydrotreatment upgrading. In the HTL con
version process, the (pre-processed) prepared biomass is added to water 
(unit 1), and a slurry is formed. The slurry is pressurised (unit 2), up to 
100 bars, through a series of pumps and further heated to around 300 ◦C, 
thereby making the slurry react under subcritical conditions. Upon 
completion of the residence time (5–60 min), the biomass is decon
structed into bio-crude, an aqueous phase with dissolved organics, an 
off-gas stream, and biochar. Table 1 shows the operating conditions, 
including the reactor temperature and pressure, along with the respec
tive product yields. The experimental lab-scale data for the feedstock- 
conversion pathway are obtained from the literature [42–44]. The 
process performance of the experimental scale and the lab scale was 
assumed to be the same. Due to the lack of availability of HTL experi
mental data on olive pruning biomass, an assumption is made that olive 
pruning residues behave similarly to those of birchwood residues, owing 
to similar chemical composition in the feedstock [42]. This assumption 
is based on the preliminary results obtained from the work performed on 
the olive tree pruning biomass [45]. As the product yields of biocrude 
and biochar are comparable, and the similarity in feedstock (hardwood), 
the assumption is valid and will not have significant impact in the 
analysis. The reactor output (unit 2➔3) is fractionated using two solid- 
liquid-gas separating unit operations (units 3 and 4). Initially, the char is 
recovered using an ultrafilter. Due to a lack of evidence in the physi
ochemical properties of biochar and its unverified ability to act as a soil 
amendment, the biochar is sent to the cogeneration plant (unit 11) for 
producing process heat and electricity. Subsequently, upon depressu
rising, the off-gas stream containing some non-condensable gases is also 
sent to the cogeneration plant for valorisation. The liquid stream is 
subjected to a liquid-liquid separation (unit 5) where the aqueous phase 
with some dissolved organics is recovered. 75 wt% of the recovered 
aqueous stream is recycled back into the slurry preparation phase, 
thereby reducing the necessity of fresh water. The remaining 25% is 

Table 1 
Process parameters for the HTL conversion stage and the hydrotreatment 
upgrading stage.

Biorefinery

Plant running time 8000 h
Plant lifetime 15 years

HTL
Spain [42] Colombia 

[44]
Namibia 
[43]

Mass and Energy input
Temperature 300 ◦C 320 ◦C 300 ◦C
Pressure 90 bars 120 bars 100 bars
Residence time 30 min 60 min 30 min
Catalyst KOH – Na2CO3

Catalyst loading rate 5 wt% of 
biomass

– 5 wt% of 
biomass

Biomass/liquid ratio 0.1 0.05 0.1
Outlet yields
Yields of biocrude, off-gas, 

aqueous stream, and biochar 
(in kg/100 kg DM feedstock)

39.5, 0.3, 
48.2, and 
12.0

24.8, 8.6, 
52.8, and 14.0

31.7, 16.1, 
44.4, and 7.9

Energy content of biocrude and 
biochar (in MJ/kg)

26.3 and 
25.5

30.2 and 27.0 29.8 and 26.3

Hydrotreatment [50]
Stage Single stage
Liquid hourly space velocity 

(LHSV), h− 1
0.22

Catalyst (kg/ton bio-crude) 0.41
Temperature 400 ◦C
Pressure 106 bars
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purged to wastewater treatment facilities for proper treatment before 
being disposed of into the environment. Based on Albrecht et al. (2018), 
the dissolved organics in the aqueous phase is assumed to be 5 wt% of 
the total organic content in the reactor outlet [46]. The oil phase, 
commonly referred to as biocrude, is sent to upgrading (unit 6) for 
further treatment via hydrotreatment, where it is reacted with hydrogen 
to reduce the concentration of heteroatoms (such as N, S, and O). The 
HTL bio-crudes are reported to have superior quality compared to bio- 
oils obtained with other thermochemical conversion techniques [47]. 
Therefore, in this study, we consider the scenario where the HTL bio 
crudes are co-processed with fossil crudes in an existing oil refinery. Due 
to developments to establish green hydrogen production systems in the 
regions of investigation, it is assumed that green hydrogen will be pro
cured for the hydrotreatment process [48]. Hydrotreating is one of the 

conventional processes used in the chemical industry to improve the 
quality of hydrocarbon streams, where hydrogen reacts with hetero
atoms like nitrogen, sulphur, and oxygen over a bed of nickel-based 
catalysts [49]. In this analysis, a single-stage hydrotreatment process 
(unit 6) is implemented, which is operated at 400 ◦C and about 106 bar 
pressure [50]. The hydrogen is provided in twice more than the stoi
chiometric requirement (on a mass basis) to ensure complete hydroge
nation of heteroatoms present in the biocrude [51]. The hydrotreater 
outlet is depressurised and cooled to ambient conditions and subjected 
to a gas-liquid separation (unit 7) to remove the gas stream. The sepa
rated gas stream still contains residual hydrogen, which is recovered in a 
pressure swing adsorption unit (unit 8) and further recycled back to the 
hydrotreater (unit 6). The liquid stream is subjected to an aqueous phase 
separation (unit 9) for the removal of residual water from the upgraded 

Fig. 3. Aspen Plus v12 process flow diagram of (a) HTL, (b) Hydrotreatment and (c) fractionation process.
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organic phase. The upgraded bio-oil is further fractionated (unit 10) in a 
series of distillation units to obtain naphtha, bio-jet, and diesel fractions 
based on the difference in boiling point.

2.2.2.3. Process simulation. The biofuel production pathway, including 
the HTL and the hydrotreating processes, is simulated using Aspen Plus 
v12.0, based on the experimental lab-scale data, as mentioned in the 
section 2.2.2.2, at steady state conditions, on the chosen feedstocks 
(olive tree pruning [42], coffee pulp [44], and Acacia Mellifera [43]). 
The modelling approach implemented in this study is robust for both 
processes, as the method can be used for the different feedstocks in the 
selected countries, and therefore, the accuracy of the models is not 
affected by the choice of location. The hydrotreatment was performed 
by co-processing HTL biocrude in existing petroleum refineries along 
with fossil crude. The HTL reactor and hydrotreater were modelled as a 
yield and stoichiometric reactor, respectively. The experimental condi
tions such as process temperature, residence time, pressure, biomass- 
water ratio were incorporated in the yield reactor. The Soave-Redlich- 
Kwong property estimation method is used for all unit operations, 
with the exception of the gas-liquid separators, in which the Non- 
Random Two-Liquid (NRTL) property method is used, accounting for 
vapour-liquid equilibrium description. For the HTL process, a yield 
reactor is used, operating at steady-state conditions. The HTL off-gas 
composition is assumed to be similar to that reported by Tews et al. 
(2014) [50]. The composition of the HTL organic bio-crude is modelled 
using model compounds reported in the literature [42–44]. In the 
hydrotreatment process, a single-stage stoichiometric reactor is used to 
simulate the reactions used to remove the heteroatoms (N, S, and O) 
from the HTL biocrude, under the experimental processing conditions 
from the literature, as indicated in Appendix A5. The hydrotreatment 
output stream (unit 6 ➔7) is further processed through gas-liquid (unit 
7) and liquid-liquid separators (unit 9) to obtain the upgraded bio-oil. 
The bio-oil is further sent through a series of distillation columns (unit 
10) to obtain fractions of Naphtha, bio-jet kerosene, and (marine) diesel 
based on their boiling points. The overall process flow diagram and the 
process conditions of the HTL and hydrotreatment can be found in.

Fig. 3 and Table 1, respectively.

2.2.3. Utilities
This subsection addresses the strategy implemented to meet the heat, 

energy, and water demands of the processes. The electricity demand was 
calculated for all the primary unit operations based on the Aspen Plus 
simulation (see Appendix A9) and literature data [41]. The heat demand 
was estimated using the energy balances (see Appendix A9 and A11) 
obtained from the process simulation based on the specific heat of 
substances and stream flow conditions. Heat exchangers have been 
implemented in the simulation to address heat recovery, such as using a 
hot HTL reactor outlet stream to heat the inlet biomass slurry in a heat 
exchanger. The excess energy demand, not satisfied by the process 
integration for heat recovery, was met by an onsite combined heat and 
power (CHP) plant, also known as a cogeneration plant, which uses off- 
gases and biochar from biofuel production. This reduces the grid de
pendency of the process and maximises the energy recovery of the 
biomass products. In the CHP stage, the co-products (biochar and off- 
gas) were burned in excess of air, and the flue gas is passed through a 
turbine and a condensing boiler for heat and electricity production. An 
80% efficiency is assumed for both the turbine and the condensing boiler 
[41]. Stoichiometric reactions were used to determine the combustion 
products and the amount of heat contained in the flue gas. The excess 
energy is sold as electricity to the national grid. The total water demand 
includes the water used in the process and for steam production in the 
heating system. The methodology used to calculate the total water de
mand is same as reported in Tanzer et al. (2019) [41]. The total water 
demand was calculated based on the assumption that demand for 
freshwater make-up and boiler blowdown was 22% and 3% of the steam 

demand, respectively [41].

2.3. Techno-economic assessment

In this section, the methodology for estimating the technical per
formance indicators, capital, and operating expenses of the value chain 
design in the three case study scenarios is described. The key technical 
indicators are the overall yield of the final liquid fuel (YMBF), the quality 
of the final liquid product (higher heating value and moisture content), 
and the energy efficiency (EEProcess) of the process. Similarly, the key 
economic indicator that is used in this study is the minimum fuel selling 
price (MFSP) to compare the economic performance of the alternative 
biofuels in the three case studies and also against their respective fossil 
counterparts in the regions of interest. The detailed capital and oper
ating expenses estimation procedure can be found in Appendix A6.

2.3.1. Technical performance analysis
The technical performance of the overall process can be defined 

using performance indicators. The process performance indicators esti
mated in this investigation are:

The overall yield (YMBF) of the marine “drop-in” biofuel is defined 
as the mass fraction of the amount of liquid marine biofuel produced per 
kilogram of dry biomass processed (kgMBF/kgdrybiomass).

The carbon yield (Yc) of the marine “drop-in: biofuel is defined as 
the mass fraction of the amount of Carbon captured in liquid marine 
biofuel in comparison to the total carbon input from the biomass

The quality of the marine “drop-in” biofuel is estimated by the 
higher heating value (HHV) obtained from aspen simulation, which is 
associated with the energy content of the fuel and the moisture content 
of the biofuel. These are obtained through Aspen simulations.

Energy efficiency (EEprocess), which is defined as the percentage of 
sum of useful energy output (HTL biocrude, biochar, off gas, aqueous 
phase) obtained divided by the total energy supplied through biomass 
and natural gas. The energy content of aqueous phase is calculated by 
the total HHV of the biocrude content present in the water phase. 

Energy efficiency =

(
Total EnergyHTL biocrude+electricity+offgas+aqueous phase

Total Energybiomass+natural gas

)

⋅100

(1) 

2.3.2. Capital expenses (CAPEX)
The economic estimation starts with calculating the capital expenses. 

The procedure, commonly known as the factor method, is used to 
determine the total purchased equipment costs (TPEC) of major equip
ment and process units based on the literature [41,50]. The required 
equipment sizes were calculated using the stream flows from the process 
mass balances and are scaled to the respective needed capacities using 
the capacity–costs relation shown in Eq. (2). 

Cnew =

(
Snew

Sref

)z

. Cref (2) 

with Cref as the cost of equipment at the reference capacity (Sref), and 
Cnew as the new equipment costs for the new needed capacity (Snew), with 
‘z’ as the scaling cost factor for the respective equipment (ranging from 
0.65 to 0.75) [41].

The project lifetime considered is 15 years with an average instal
lation factor of 2.5 [41]. Due to the relatively novel application of the 
technology in the locations, a contingency factor of 0.5 is included, 
against the conventional factor of 0.2 for a commercial-scale facility 
[41]. The working capital (which includes the operational expenses 
before revenue generation) is calculated with sales revenue estimation 
using retail market prices of fossil fuels and electricity, as mentioned in 
Appendix A6.3.1. The “drop-in” marine biofuels were compared against 
marine gas oil (MGO for both economic and environmental perfor
mance. The regional production cost differences between the literature 
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data and the specific case study regions are eliminated by using location 
factors [41,52] (also in Table 3). The sales revenue is calculated on an 
annual basis, by multiplying the annual production of biofuels with the 
selling price of MGO at respective locations. The calculation scheme of 
capital expenses is shown in Table 2:

In this study, the HTL biocrude is assumed to be co-processed in 
petroleum refineries in the respective locations. Therefore, we do not 
consider the capital expenses associated with the upgrading and frac
tionation stage of the value chain based on the perspective of the tran
sition of petrochemical refineries to renewable biofuels in the future.

2.3.3. Operating expenses (OPEX)
Table 3 indicates the calculation assumptions made for estimating 

the operational costs of the process and the biohubs. The operational 
costs consist of a fixed fraction and a variable fraction. The latter part 
includes country-specific expenses associated with feedstock procure
ment, catalysts and chemicals, utilities, waste processing, and transport. 
The feedstock procurement costs relate to the price of raw materials at 
the end gate of the pre-processing facility in the biohubs. The transport 
costs were calculated based on the fixed and variable transport costs 
incurred for transporting the raw materials and intermediates between 
processing facilities. The distance between these facilities is calculated 
using driving distances from online GIS tools such as Google Maps. The 
fixed variable expenses fractions consist of labour costs, taxes, insur
ance, maintenance, and plant overheads [41]. A contingency factor of 
0.2 was used against the direct production costs to account for the un
foreseen costs of a conversion technology at the lower Technology 
Readiness Level [41].

Labour costs are estimated based on a scenario with three 8-h shifts, 
employing 6 workers per shift for the HTL conversion process [54]. The 
costs for chemicals, catalysts, and landfilling activities are obtained from 
the literature. The waste processing costs, which include wastewater 
treatment and off-gas cleaning treatment, were estimated based on 
methods reported in the literature. However, certain costs related to 
operating expenses, such as catalyst and electricity consumption costs, 
for the upgrading stage have been taken into consideration, as can be 
seen in Appendix A6.3. The variable expenses due to fractionation are 
not considered in this study, as it is assumed to be cofractionated with 
the fossils.

2.3.4. Minimum fuel selling Price (MFSP)
Based on the capital and operational expenses, the minimum fuel 

selling price (MFSP) was estimated. Eq. 3 presents the formula for 
calculating the MFSP, where it is the unit price of the final product is 
when the total annual sales revenue equals the total annual operating 
expenses. 

MFSP =
OPEX − Annual sales revenue from byproducts

Annual biofuel production capacity
(3) 

Similar to Tanzer et al. (2019), the annualized CAPEX is not included 
in the MFSP calculation, however the CAPEX is considered in terms of 
manufacturing expenses (such as maintenance, depreciation, and taxes) 

Table 2 
Composition of Capital expenses (CAPEX) estimation based on Seider (2017) 
[53] and Tews et al. (2014) [50].

Abbreviation Definition Factor/Formula

FCI Fixed capital investments 
include

FCI ¼ dc þ ic þ cf þ cc

dc Direct capital costs include dc = TPEC + inst
TPEC Total production equipment 

costs
The sum of all scaled equipment 
costs

inst Installation costs (labour and 
materials)

2.5 ⋅ TPEC

ic Indirect costs 0.34 ⋅ dc
cf Contractor's fee 0.23 ⋅ TPEC
cc Capital contingency 0.5 ⋅ TPEC
WC Working capital 0.2 ⋅ sales revenue
SC Startup costs 0.07 ⋅ FCI
LF Location factor 0.9 (Spain), 0.8 (Colombia), 1.2 

(Namibia)
CAPEX TOTAL CAPITAL 

INVESTMENT
CAPEX ¼ LF ⋅ (FCI þWC þ SC)

Table 3 
Composition of Operating expenses (OPEX) estimation methodology [53].

Symbol Description Factor or formula References

DPC Direct Production 
Costs, including

DPC ¼ VC þ LC þ M

VC Variable costs, 
including

VC = F + T + U + Wt

F feedstocka Olive pruning residue: 100 
EUR/ton

This study

Coffee pulp residue: 48 EUR/ 
ton
Acacia Wood chips: 68 EUR/ 
ton [33]
Green Hydrogen, ES: 3.1 EUR/ 
kg [55], CO: 3.1 EUR/kg [55], 
NA: 2.0 EUR/kg [56]

U Utilities Natural Gas, ES: 1389 EUR/ 
ton [54], CO: 641 EUR/ton 
[57], NA: 1389 EUR/ton [54]
Water, ES: 0.08 EUR/ton [58], 
CO: 0.08 EUR/ton [58], NA: 
0.28 EUR/ton [59]
Electricity, ES: 28.6 EUR/GJ 
[60], CO: 36.1 EUR/GJ [61], 
NA: 29.7 EUR/GJ [62]

T Transport Truck Transport, fixed = 12 
EUR/ton (ES), 6 EUR/ton 
(CO), 12 EUR/ton (NA)

This study

Truck transport, variable =
0.27 EUR/ton-km (ES), 0.16 
EUR/ton-km (CO), 0.27 EUR/ 
ton-km (NA)

Wt Waste treatment Waste processing: gas: 6.00 
EUR/ton (ES), 6.00 EUR/ton 
(CO), 6.00 EUR/ton (NA)

Based on 
[63]

Waste processing: water, 
black: 0.60 EUR/ton (ES), 
0.60 EUR/ton (CO), 0.60 
EUR/ton (NA)
Waste processing: solids: 135 
EUR/ton (ES), 135 EUR/ton 
(CO), 135 EUR/ton (NA)

LC Labour costs, including LC = Dw + Sv
Dw Direct wage and 

benefits
12 EUR/h (ES, NA), 6 EUR/h 
(CO)

This study

Sv Supervision and 
supplies

50% Dw

M Maintenance of 
equipment

10% of FCI

OC Operating 
Contingency

20% of DPC

PO Plant Overhead 70% of LC
FC Fixed charges, 

including
FC ¼ lt þ i þ d

lt Local taxes 1.5% (ES), 1.5% (CO), 1.5% 
(NA) of fixed capital costs

This study

i Insurance 1.0% (ES), 1.0% (CO), 1.0% 
(NA) of annual total sales 
revenue

This study

d Linear depreciation 14.0% (ES) [64], 28.0% (CO) 
[65], 25.0% (NA) [66] of fixed 
capital costs

GE General 
administrative 
overhead expenses

10% of annual total sales 
revenue

OPEX Total Operating 
Expenses

OPEX ¼ DPC þ OC þ PO þ
FC þ GE

a feedstock price includes the transportation costs from the farm to the pre- 
processing or the HTL facility.
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[41]. This assumption could possibly lead to underestimation of real 
time MFSP but allows the study to compare with literature values. Due 
to unknown properties of biochar to be implemented for purposes such 
as soil amendment, in this study, the biochar produced is assumed to be 
burned in a cogeneration plant to produce electricity for the facilities. 
Excess electricity, if produced, is sold to the national grid at its wholesale 
retail market price. The MFSP of HTL marine drop-in biofuels was 
compared against the MGO prices from 2023 at the Port of Gibraltar (for 
the Spain case study), Port of Buenaventura (Colombia), and Port of 
Walvis Bay (Namibia). The MGO prices in Gibraltar, Colombia, and 
Namibia are shown in Appendix A6.3.3.

2.3.5. Sensitivity analysis
A sensitivity analysis was performed to understand the impact of four 

commonly reported factors due to their large variability and low reso
lution on the available data: a) feedstock price, b) HTL equipment costs, 
c) biocrude yield, and d) installation factor. These parameters were 
varied by ±50% to evaluate their impact on the overall process eco
nomics through the sensitivity on MFSP of marine “drop-in” biofuel.

2.4. Environmental life cycle assessment (e-LCA)

2.4.1. Goal and scope
To evaluate the environmental performance of the “drop-in” biofuels 

produced in the designed biohubs, an attributional life cycle assessment 
(a-LCA) is conducted to quantify the environmental footprint. The 
analysis is performed from a “Cradle-to-grave” approach following the 
international standard for e-LCA, ISO 14040, with the Functional Unit of 
1 megajoule (MJ) of the drop-in marine biofuel [67,68]. The environ
mental performance of the HTL “drop-in” biofuel is compared against 
the emissions from the life cycle of fossil-based marine gas oil (MGO) as 
a benchmark to contextualise the impact of the biofuels' environmental 
emissions.

The LCA inventory consists of and accounts for all stream emissions 
from each process and their respective upstream supply chain [67,68]. 
Fig. 4 illustrates the system boundaries for the marine biofuel produc
tion. This includes sourcing of feedstocks, production of biooil and 
fractionation, and consumption of biofuel fractions (incl. Marine bio
fuel), from feedstock extraction up until final waste processing. How
ever, the inventory does not include any emissions related to 

infrastructure development, construction, and equipment 
manufacturing, as these activities are proven to have minor contribu
tions [41]. The foreground systems include biomass pre-treatment, 
biofuel production, upgrading, combustion, and transportation be
tween these elements of the value chain. The background systems 
include biomass production and its upstream activities, such as 
cultivation.

As all of the feedstocks are either agricultural residues or have a 
short-term biomass cultivation period (≤ 5 years), the biogenic CO2 
during the biofuel combustion is considered to have a net-zero GWP. The 
emissions from each process stage are obtained using the characterisa
tion factors. The mass flows and energy consumptions are obtained from 
the Aspen simulations (see Appendices A8, A9, and A11), which are then 
multiplied by their corresponding emission characterisation factors 
obtained from the ecoinvent database from SimaPro software, as 
mentioned in Appendix A7.

2.4.2. Inventory
The life cycle stages of biohubs are biomass production, biomass 

transport, biomass pretreatment, pretreated residue transportation, HTL 
conversion, biocrude transport, hydrotreatment, upgraded biofuel 
transport, and biofuel combustion. The life cycle stages are described 
below, and the inventory results are available in Appendix A7.

Residue production, as can be seen in Fig. 4, includes the crop 
cultivation phase, harvest, and residue generation activities. The data 
for the activities were obtained from the ecoinvent database and liter
ature reports. The environmental burdens associated with the genera
tion of agricultural residues are assumed to be zero in all the scenarios 
due to their low (<10%) economic value in comparison with the main 
(cash) crop [69]. However, emissions related to biomass extraction 
(such as harvesting of the Acacia bush) and biomass pretreatment (such 
as chipping) are considered in this study. We also assume no soil carbon 
change due to the sustainable harvest of Acacia and Olive tree pruning 
residues [38,70]. Avoided emissions due to the current utilisation of 
olive pruning burning, coffee pulp disposal in open fields, and regrowth 
of savannah grasses after acacia harvest have been taken into consid
eration via system expansion (refer to Appendix A7).

Transport emissions are estimated using the emissions factors data, 
as mentioned in Appendix A7, obtained from the literature reports and 
the ecoinvent data. In case of non-availability of country-specific data 

Fig. 4. System boundaries of marine biofuel environmental life cycle assessment. Weighted red line: Main process stream flow, Dashed blue line: Co-product/avoided 
emissions [allocation method], and purple weighted line: inputs from background system. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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(such as in Namibia), alternative data from neighbouring countries or 
the continent was used, as can be seen in Appendix A7. The emissions 
are associated with residue transport from the farm to the pretreatment 
facility and subsequently to the HTL facility in trucks (except for 
Namibia, where they would be transported by Rail). The HTL biocrudes 
are considered to be transported either through liquid tanker trucks 
(Spain) or pipelines (Namibia and Colombia). The transport of the final 
“drop-in” biofuel is performed using the existing infrastructures of the 
petrochemical refineries via pipelines.

The biofuel production stage includes pretreated biomass conver
sion via HTL and biocrude upgrading via hydrotreatment in an existing 
petrochemical refinery. The emissions related to foreground processes 
are estimated from the simulated process models (i.e., the mass and 
energy balances in Appendices A8, A9, and A11), and the background 
data includes upstream emissions of utilities, water, and waste disposal 
(see Appendix A7). According to the ISO methodology, system expan
sion, also known as allocation by displacement, is implemented to 
allocate emissions among the biocrude and electricity sold to the grid 
from the CHP plant. The electricity from the biorefinery is assumed to 
replace the electricity produced from existing conventional sources, and 
therefore, the allocated impacts of biofuel are determined by deducting 
the impacts of displaced electricity, as shown in Appendix A7. Due to 
similarity in mass and energy distribution among the fractionated 
products, the multifunctionality while allocating environmental emis
sions has been addressed by mass allocation.

The emissions related to fuel combustion in an internal combustion 
engine are very limited for lignocellulosic-based HTL drop-in biofuels, 
and therefore, it is assumed to be the same across all the case studies, 
based on experimental measurements, as mentioned in Appendix A7. 
For the reference material, as a conventional shipping fuel, MGO is 
chosen in this investigation. Due to a lack of data for MGO, the data is 
obtained from the ecoinvent database for heavy fuel oil (HFO) and 
modified based on higher heating values for the two fuels according to 
Comer and Osipova (2021) [71].

2.4.3. Impact categories
Given that the scope of the study is to evaluate the environmental 

footprint of marine biofuel from the perspective of the IMO 2020 
regulation [72], the life cycle impacts are evaluated through the ReCiPe 
2016 Midpoint (Hierarchist) method, with its 18 impact categories, 
listed as follows: Climate change (in kg CO2 eq to air), Ozone depletion 
(in kg CFC-11 to air), Ionizing radiation (in kBq Co-60 to air), Fine 
particulate matter formation (in kg PM2.5 to air), Photochemical 
oxidant formation: ecosystem quality (in kg NOx to air), Photochemical 
oxidant formation: human health (in kg NOx to air), Terrestrial acidifi
cation (in kg SO2 to air), Freshwater eutrophication (in kg P to fresh
water), Human toxicity: cancer (in kg 1,4- DCB to urban air), Human 

toxicity: non-cancer (in kg 1,4- DCB to urban air), Terrestrial ecotoxicity 
(in kg 1,4- DCB to industrial soil), Freshwater ecotoxicity (in kg 1,4- DCB 
to fresh), Marine ecotoxicity (in kg 1,4- DCB to marine water), Land use 
(in m2*yr annual crop land), Water use (in m3 water consumed), Mineral 
resource scarcity (in kg Cu), Fossil resource scarcity (in kg oil), and 
Marine eutrophication (in kg N eq).

3. Results and discussions

In this section, the approach to context-specific, inclusive, capability- 
sensitive conceptual design of biohubs in the case study locations is 
discussed in section 3.1 using design propositions. The techno-economic 
and environmental performance of the developed biohub designs has 
been evaluated in section 3.2 and section 3.3, respectively. Finally, a 
sensitivity analysis of the MFSP of the biofuels on some of the key per
formance indicators has been discussed in the section 3.4.

3.1. Design space and design propositions

During the stakeholder interviews and multistakeholder workshop, 
the preferences for biohub design have been identified. The Design 
Space was classified and discussed through various design elements. For 
instance, the design aspect of feedstock included elements such as the 
choice of feedstocks, processing, and logistics. The design characteristics 
were elucidated based on stakeholders' perspectives and common 
agreement about the current needs that are to be addressed, as well as 
motivating features for biohub implementation in the future. Finally, 
design propositions were elucidated based on the norms of the capability 
approach [13] and design choices made by stakeholders. More detailed 
aspects of the translation of design propositions to technical design 
choices are reported in our previous work [73].

3.1.1. Spain
In this subsection, the design propositions for olive residue based 

biohubs is mentioned in Table 4 and the biohub design is illustrated in 
Fig. 5. Based on the elucidated design proposition, Fig. 5 shows the 
configuration of biohub based on olive tree pruning residues in Anda
lusian region of Spain. The top image shows the location of biohubs in 
the regions of Cazorla, Jaen, Villacarillo, and Linares producing the 
woodchips of olive tree pruning. The latter is processing a HTL facility in 
the region of Ubeda, where HTL biocrude is produced. The HTL biocrude 
is transported to the CEPSA San Roque refinery via trucks, where it is 
upgraded and then consumed in the port of Gibraltar. The bottom image 
indicates the structure of biohub, Jaen as an example, including the olive 
plantations and the primary mills for processing the pruning residues. 
The detailed elucidation of design propositions from the design char
acteristics for respective design elements under specific design space is 

Table 4 
Design Space and Design Propositions for biohubs in Spain.

Design Space Design Propositions

Spain [73]
Feedstock - Use Crude olive pomace as the primary feedstock

- Olive tree pruning biomass, Olive leaves, and Exhausted olive pomace can be utilised as feedstocks if they can bring more economic revenue than existing uses.
- Central wood chipping facility at cooperative-owned primary mills
- Farmers can bring either pruned or chipped biomass
- Potential to use third parties for pruning, chipping, and transportation for farms with ageing owners.

Biorefinery - Centralised HTL facility
- Upgrading at San Roque refinery
- Off gas and biochar valorisation for energy requirements through a cogeneration plant.
- Ubeda is preferred over Jaen due to the proximity to farms.
- Transportation fuels
- Oleochemicals

Benefits - At least 75% of the pruning biomass is available
- 100% of the pruning biomass is available when farmers are enabled to grow other cover crops (such as grasses)
- Valorisation of Crude olive pomace in large quantities can reduce soil and air pollution due to surface run-offs and open-pond storage
- Minimum selling price of olive tree pruning residues should be 70 EUR/ton
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mentioned in the Appendix A13.

3.1.2. Colombia
In this subsection, the design propositions for coffee pulp residue 

based biohubs is mentioned in Table 5 and the biohub design is illus
trated in Fig. 6. Based on the elucidated design proposition, Fig. 6 shows 
the configuration of biohub based on coffee pulp residues in the Eje 
Cafetero region of Colombia. The top image shows the location of bio
hubs in the different regions of Risaralda and Caldas such as Marsella, 

Belalcazar, Filadelfia, Mistrato etc. producing the coffee pulp from 
centralised coffee bean processing. The residues are processed in a 
centralised HTL facility located in a major city of the department such as 
Pereira or Manizales where HTL biocrude is produced. The HTL bio
crude is transported to the Sebastopol refinery via trucks, where it is 
upgraded and then consumed in the port of Buenaventura by pipeline. 
The bottom image indicates the structure of biohub, Santa Rosa Cabal as 
an example, including the coffee agroforestry plantations and the central 
processing facility for processing coffee beans using wet processing 

Fig. 5. Biohub configuration in Andalusian region of Spain.
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method. The detailed elucidation of design propositions from the design 
characteristics for respective design elements under specific design 
space is mentioned in the Appendix A13.

3.1.3. Namibia
In this subsection, the design propositions for acacia bush based 

biohubs is mentioned in Table 6 and the biohub design is illustrated in 
Fig. 7. Based on the elucidated design proposition, Fig. 7 shows the 
configuration of biohub based on acacia bush in the Otjozondjupa region 
of Namibia. The top image shows the location of biohubs in the different 
regions of Otjozondjupa such as Okhakarara, Grootfontein, Okahandja 
etc. producing the acacia wood chips from centralised wood chips pro
cessing facility. The wood chips are processed in a centralised HTL fa
cility located in Walvis Bay where HTL biocrude is produced. The HTL 
biocrude is transported to the petroleum refinery via pipeline, where it is 
upgraded and then consumed in the port of Walvis Bay. The bottom 
image indicates the structure of biohub, Otjiwaraango as an example, 
including the communal and commercial farms, and the central pro
cessing facility or the biomass industry park for processing acacia wood 
chips. The detailed elucidation of design propositions from the design 
characteristics for respective design elements under specific design 
space is mentioned in the Appendix A13.

More details regarding the biohub configurations are summarised in 
the Table 7. For Spain, the feedstock availability is conservatively 
assumed to be 50% (or 450,000 tons per annum) of the produced 
pruning biomass in the province of Jaen, accounting for cover crop 
application. In the department of Risaralda in Colombia, 100% (or 
83,000 tons per annum) feedstock availability is assumed due to the 
absence of any utilisation practices. Finally, in Namibia, a mobilisation 
of 250,000 tons per annum (2.5% of the total availability) of acacia 
wood is considered as a feedstock supply capacity. Additionally, for the 
“first-of-its-kind” biohub concepts considered in this investigation, the 
scales of the HTL facilities resulting from the biomass availability stated 
above for the three locations are therefore 1265 DTPD, 211 DTPD, and 
692 DTPD of biomass feedstock in Spain, Colombia, and Namibia, 
respectively.

3.2. Techno-economic performance of “drop-in” marine biofuel 
production from biomass

Table 8 summarises the key technical performance indicators (like 
capacity, conversion yields, and product distribution) resulting from the 
process model as described in sections 2.2.2 and 2.2.3 in combination 
with the Biohubs' characteristics identified and described in section 3.1.

Initially, technical performance is investigated based on the mass 
and energy balances obtained from the process simulations. In the HTL 
conversion stage, the final biocrude yield obtained ranges from 0.27 to 
0.38 kg/kg DM. The Colombian HTL biocrude showed lower yields and 
higher calorific content owing to prolonged exposure of biomass to 
elevated temperature (320 ◦C) over higher residence time (60 min) 
favouring deoxygenation, formation of volatiles and soluble components 
[74]. The processes implementing catalysts (i.e., KOH for olive pruning 
in Spain and Na2CO3 for acacia bush in Namibia) produce a higher yield 
of biocrude in comparison to the non-catalytic process (such as 
Colombian HTL process). The homogenous alkaline catalysts improved 
the deoxygenation reaction during liquefaction by promoting cracking 
and condensation, resulting in a decreased oxygen content in bio-oil, 
which is beneficial for subsequent bio-oil hydrogenation and deoxy
genation processes [74]. The biomass to biocrude yield obtained from 
Aspen modelling is found to be slightly higher than that of experimental 
values, owing to the recovery of organics present in the aqueous recy
clate. The quality of biocrude, especially the energy content of biocrude 
(HHV), obtained via modelling (39–43 MJ/kg), was found to be higher 
than that reported in the literature based on experimental studies 
(30–36 MJ/kg) [42–44], owing to the higher efficiency of aqueous phase 
separation from HTL biocrude in the aspen simulation. It is crucial to 
note that due to assumptions made (such as biocrude composition and 
separation efficiencies of liquid-liquid unit operations), the HHV ob
tained from the modelled might be overestimated. The average elec
tricity consumption (kW/kgfeed) for the HTL processes is found to be at 
least 45% lower than that reported in the literature, owing primarily to 
the reduced working volumes due to recycling of the output HTL- 
aqueous streams [41,75,76]. In terms of energy efficiency, all the HTL 
processes are self-sufficient (not fossil-dependent, no natural gas con
sumption as can be seen in Table 8), when the off-gas and biochar 
produced are fully used in the cogeneration plant. The heat from the 
cogeneration plant was utilised to satisfy the process's internal heat 
demand. Excess electricity from the cogeneration plant is sold to the 
national grid to displace fossil-based electricity. The major sinks for heat 
loss are found to be the flue gas and wastewater streams. This could be 
inferred from the reduced overall process energy efficiency for the 
coffee-residue-based case study, with only 68% compared to the other 
two case studies, as seen in Appendix A11. The large differences in waste 
streams (in Table 8) generated and excess electricity produced are owed 
to the differences in quantity (Appendix A9) and energy content of the 
by-products (see Table 1).

In the hydrotreatment stage, based on the stoichiometric, complete 
hydrogenation of identified HTL biocrude components is assumed. To 

Table 5 
Design Space and Design Propositions for biohubs in Colombia.

Design Space Design Propositions

Colombia
Feedstock - Valorisation of residues from the coffee sector is an example for other sectors, such as cacao.

- The coffee sector is well structured and organised for collective sectoral impact in the country
- Centralised facility to process cash crops (such as coffee, cacao) for uniformity in the processing of beans and can act as a logistical point for residue collection
- Located one per region in the department and owned by an association/cooperative/federation
- Farmers are willing to bring residues to the processing facility free of cost.

Biorefinery - Biofuels
- Food and pharmaceutical products
- Bio-degradable plastics
- A technology with existing “proof of concept”
- Water recycling and off-gas valorisation techniques to be implemented.
- Biochemical transformation is preferred due to existing knowledge and expertise
- Promising Thermochemical technologies can be considered.
- Technologies can be integrated with the Sebastopol refinery
- HTL facility in Pereira
- Upgrading at the Sebastopol refinery

Benefits - Any resource recovery strategy from residues is beneficial
- By-product valorisation to make the system “fossil-free” and enhance primary agriculture is encouraged.
- Implement replicable and scalable solutions.
- Associations/cooperatives owned common processing facilities for better control of processing
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Fig. 6. Biohub configuration in the Eje Cafetero region of Colombia.
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ensure complete hydrogenation, hydrogen is supplied in excess (200 wt 
%) of the stoichiometric quantity. The hydrogen consumption in this 
study was found to be at least 50% less than that of the assumed values 
in the literature [41,77]. The reduced hydrogen consumption could be 
attributed to the presence of lower heteroatoms (such as N, S, and O) 
content in modelled biocrude from the HTL conversion stage. The 
upgraded oil yield obtained from the respective HTL biocrude is found to 
be dependent on the percentage of impurities (hetero atoms) present in 
the biocrude, indicated with the lowest biocrude to bio-oil yield for 
coffee residues (81%) and highest for olive tree pruning biomass (94%). 
In the process simulation, due to the stream composition and thermo
dynamic behaviour of stream components, upon distillation, the 
upgraded oil from olive pruning and coffee pulp yields a larger fraction 
of diesel in comparison to that of acacia-based bio-oil, as represented by 
the yield of naphtha, biojet, and “drop-in” marine biofuel in Table 8. The 
difference in fractionation yield is attributed to the presence of a high 
number of lower-boiling-point components in the bio-oil, which end up 
in the naphtha fraction. With respect to energy distribution, the majority 
of the input energy is contained in HTL biocrude (40–59%), followed by 
combustion losses (15–32%), aqueous recyclate (15–19%), process en
ergy (3–8%) and salable electricity (1–5%). Detailed distribution of 
energy balance and utilities demand can be found in Appendices A11 

and A12 respectively.
The economic performance of the biohubs is specified in Table 9. The 

total production costs of biocrude are found to be largely influenced by 
the scale, biocrude yield, and capital costs. Due to the large scale, the 
MFSP of biofuel in the Spanish case study is significantly lower due to 
economies of scale. Due to lower yields of bio-oil from coffee pulp, more 
feedstock is needed, thereby increasing the capital costs and negatively 
influencing the MFSP of biofuel obtained.

The HTL reactor is the major contributor to the total equipment 
costs, followed by the pre-treatment facility (if present) and cogenera
tion plant. The biocrude production costs are estimated in the range of 
1260.2–3911.3 EUR/tonbiocrude in comparison to 0.6 EUR/kgBrent crude 
[78]. Overall, for the three case studies, the capital depreciation 
(24–58%), maintenance costs (12–19%), feedstock price (5–20%), and 
catalysts (4–10%) contribute majorly to the production costs, as can be 
seen in Appendix A10. With co-processing, the upgrading production 
costs are in the range of 125–921 EUR/tonbio-oil, with biocrude trans
portation contributing a significant proportion in Spain (65%) and 
Colombia (68%), as can be inferred from the table in Appendix A10. The 
upgrading costs compare well with the reported values of 0.5–0.97 EUR/ 
Lbio-oil in the literature [75,76]. Moreover, the production costs of final 
“drop-in” marine biofuel, on an energy content (HHV) basis, are found to 
be (32.19–112.24 EUR/GJ) and are higher than marine gas oil (19.38 
EUR/GJ, in 2024 at Port of Gibraltar). However, except for coffee pulp 
owing to its small scale, these values are lower or within the range 
(17–50 EUR/GJ) of drop-in marine biofuels obtained from other ther
mochemical conversion pathways [41,79–83]. Finally, the ratio of the 
minimum fuel selling price of “drop-in” marine biofuel to that of its fossil 
equivalent (marine gas oil, MGO) is found to be in the range of 
1.05–5.54. This value is highly sensitive to the changes in the (regional) 
market price of MGO. The cost incurred due to the avoided emission of 
fossil CO2 is not considered in this investigation, which, in addition, 
might lead to more cost-competitive cases for alternative biofuels. 
Moreover, the economic performance of the Spanish and Namibian HTL 
biofuels can significantly benefit from the scaling opportunities, through 
economies of scale, as only 50% and 2.5% respectively of the feedstock 
is assumed for the processing capacity [73]. Similarly, apart from 
technical improvements in terms of better biocrude yield by using cat
alysts, the economic performance of the Colombian HTL biofuels can be 
improved by processing multiple feedstocks from the agro-forestry sys
tem or implementing the value chain in other departments (such as 
Huila or Antioquia), where the coffee production is significantly higher 
than the considered department of Risaralda.

3.3. Environmental performance of “drop-in” marine biofuel production 
from biomass

The allocated environmental impacts of the “drop-in” marine biofuel 
production (in a well-wake approach) are shown in Table 10. The GWP 
for the investigated scenario is estimated to be 10.9, − 43.37, and − 7.24 
g-CO2 eq/MJ “drop-in” marine biofuel for Spanish, Colombian, and Namibian 
scenarios, respectively. This translates to a reduction of 89.6%, 141.3%, 
and 106.9% in GHG emissions in comparison with fossil MGO. These 
values are within the range reported in the literature [51,69,84]. In 
other impact categories, all three alternative renewable fuels performed 
lesser than their fossil counterparts for Ozone formation (terrestrial 
ecosystem), Marine eutrophication, Land use, and water consumption. 
This could be attributed to the emissions due to biomass handling phase 
and the system definition that includes waste streams handling, which 
are absent in fossil production. For biomass phase, the emissions pre
dominantly arise from activities such as biomass transportation and 
preprocessing. The consumption of water for HTL process, which is 

Table 6 
Design Space and Design Propositions for biohubs in Namibia.

Design 
Space

Design Propositions

Namibia
Feedstock - Acacia Mellifera, as it is one of the most abundant

- Commercial farmers providing 70–80% feedstock demand with 
20–30% ad-hoc supply from communal farmers

- Choice to be made based on the region of interest and farmers' 
capabilities.

- Forest Stewardship Council (FSC) -certified feedstocks as proof of 
sustainable feedstock extraction

- The harvest should be done after obtaining a harvest permit and 
performing an impact assessment.

- Communal farmers should have community forest management 
practices in place

- Wood chips will be the nature of the feedstock
- Biomass Park concept for wood processing facility
- Common wood-chipping facilities will be placed near the biomass 

site, and with high population density
- Road or Rail transport for feedstock transportation from the 

Biomass Park to the HTL facility
Biorefinery - Biofuels

- Green hydrogen
- Wood chips as the chosen nature of feedstock, as they can also be 

used for wood pellets and animal fodder
- Wood chipping at regional, decentralised locations
- HTL with water recycling methods.
- Ability to integrate with existing value chains and future projects.
- Biomass parks in the regions of Otjiwarongo, Tsumeb, Okhakarara, 

Grootfontein
- HTL facility at Walvis Bay

Benefits - Additional income, especially during drought seasons
- Almost all families can benefit from the sustainable bush 

valorisation
- Reclamation of Savannah lands, especially for game movement and 

livestock farming
- Improved soil inorganic and organic health
- Increased groundwater availability
- Inclusive and equal participation of different biomass providers in 

a commercial value chain
- By-products to be valorised as per the needs of local contexts, such 

as soil amendment, energy production, or water purification
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Fig. 7. Biohub configuration in the Otjozondjupa region of Namibia.
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absent in fossil counterpart, leads to increase in water consumption. The 
Spanish and Namibian biofuels also performed relatively poorly in the 
impact category of mineral resource scarcity and ecotoxicity (freshwater 
and marine) due to the consumption of inorganic catalysts during the 
HTL phase. Finally, the Spanish scenario also causes freshwater eco- 
toxicity that can be attributed to the additional fertiliser consumption 
due to the utilisation of pruning biomass, which would otherwise 
generate ash on burning, which acts as organic fertiliser.

The stagewise GWP or GHG emissions contribution toward the final 

product is shown in Fig. 8. For the Spanish scenario, HTL catalysts 
(KOH) consumption contributes majorly to GHG emissions, accounting 
for 50%. In the Colombian context, with − 130 g-CO2 eq/ MJdrop-in biofuel, 
the avoided emissions from decomposition and soil pollution, in form of 
methane, due to open-field conventional disposal of coffee pulp signif
icantly reduced the overall GWP of the coffee-pulp-based HTL biofuel. 
Finally, in Namibia, based on system expansion, the increased CO2 up
take due to the restoration of savannah grasses and the excess electricity 
from biochar valorisation, sold to the grid, reduced the GHG 

Table 7 
Biohub design configuration details at different stages of biohub in Spain, Colombia, and Namibia.

Case-study locations

Biohub stages Spain Colombia Namibia

Feedstock Olive tree pruning Coffee Pulp Acacia Mellifera
Harvesting and transport from 

the farm to the pre-processing 
facility

Farmers bring pruned biomass to their 
associated primary mills using their existing 
infrastructure and get paid at the gate.

Farmers bring coffee cherries to a centralised 
processing facility (possibly owned by a 
cooperative or association)

Farmers use suitable and dedicated 
harvesting techniques. Trailers and Trucks 
are used to transport the raw feedstock.

Pre-processing facility location Primary mills will act as a processing facility, 
within a 10 km distance from olive farms

Coffee pulp will be generated in a new 
centralised coffee processing facility. One 
per region in the Department.

One new pre-processing facility in major 
cities with considerable population density, 
within a 100 km radius.

Transportation selection from 
pre-processing facility to the 
HTL Facility

Wood chips are transported in 16–32-ton 
trucks with an average distance of 45 km.

Coffee pulp is transported in 7.5–16-ton 
trucks with a refrigeration system, with an 
average distance of about 75 km.

Wood chips are transported in a freight train 
over a distance of 450 km.

HTL Location Ubeda Pereira At the refinery site in Walvis Bay
HTL biocrude transportation to 

an upgrading facility
Biocrude is transported via Liquid tanker trucks 
over a distance of about 320 km.

Biocrude is transported via Liquid tanker 
trucks over a distance of 380 km.

HTL and Upgrading at the same site

Upgrading Location Compañía Española de Petróleos, Sociedad 
Anónima (CEPSA) San Roque refinery

Sebastopol refinery Joedilla Refinery

Marine biofuel (MBF) transport MBF is transported via an existing pipeline over 
a distance of 15 km.

MBF is transported via a yet-to-be- 
constructed pipeline over a distance of 100 
km.

MBF is transported via a yet-to-be- 
constructed pipeline over a distance of 20 
km.

End-use Location Port of Gibraltar Puerto Berrío Port of Walvis Bay

Table 8 
Technical performance indicators for the “drop-in” marine biofuel production.

Case-study location

Technical Parameters (unit) Spain Colombia Namibia

Overall biofuel production Process
Feedstock processing capacity (in DTPD) 1265 211 692
% of total regional feedstock processed in a year 50% 100% 2.5%
Drop-in marine biofuel output (in ktpa) 58.11 5.58 17.06
HTL conversion
Liquefaction catalyst KOH – Na2CO3

Biomass to biocrude yield (kg/kg DM) 0.38 0.27 0.33
Biocrude quality

HHV (in MJ/kg) 43.05 41.32 39.45
LHV (in MJ/kg) 39.81 38.08 36.43
Water content (in wt%) 2.5 3.4 2.6

Natural gas consumption (kg/kg DM) 0 0 0
Water consumption (kg/kg DM) 3.09 8.29 3.09
Electricity utilisation (kWh/kg DM) 0.06 (HTL)/ 0.09 (Upgrading) 0.14 (HTL)/ 0.11 (Upgrading) 0.06 (HTL)/ 0.09 (Upgrading)
Excess Electricity (kWh/kg DM) 0.04 0.23 0.20
Waste streams

Off-gas (kg/kg DM) 1.52 2.87 1.31
Liquids (wastewater) (kg/kg DM) 2.66 6.11 2.62
Solids (ash) (kg/kg DM) 0.00 0.1 0.04

Internal Heat Use (MJ/MJ biofuel) 0.02 0.99 0.26
Carbon yield (in %) 68.04 50.38 67.52
Process energy efficiency (in %) 77 68 77
Hydrotreatment
Green Hydrogen demand (kg/kg DM) 0.02 0.01 0.01
Biocrude to upgraded bio-oil yield 0.94 0.81 0.91
Fractionation
upgraded bio-oil to “Drop-in” marine biofuel yield 0.36 0.37 0.25
“Drop-in” marine biofuel to biomass yield (kg/kg DM) 0.14 0.08 0.07
Light Naphtha to biomass yield (kg/kg DM) 0.06 0.03 0.11
Biojet to biomass yield (kg/kg DM) 0.14 0.10 0.10
Drop-in marine biofuel quality

HHV (in MJ/kg) 43.03 43.05 37.68
LHV (in MJ/kg) 39.66 39.9 34.96
Water content (in wt%) 1.9% 0 0
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environmental footprint of acacia-based HTL marine biofuel with an 
impact of − 69.55 g-CO2 eq/ MJdrop-in biofuel.

3.4. Sensitivity analysis

Fig. 9 shows the sensitivity analysis of the MFSP of HTL biofuels. A 
sensitivity analysis is performed to understand the effect of some key 
parametric indicators on the MFSP of marine biofuel, as mentioned in 
section 2.3.5. Process yield is chosen as parameter for analysing 

uncertainties for the assumptions made while using experimental data 
for process simulations. As illustrated in, the MFSP is more sensitive to 
the HTL process yield. Process yield can be either improved by changing 
or optimizing the choice of (non-expensive) HTL catalyst (such as NaOH, 
Ca (OH)2), catalyst loading, processing conditions, and reactor design 
(such as continuous mode etc.) or reduced due to losses during scale up 
and specific feedstock type. With other parameters as a constant, a 
reduction of process yields by 50% leads to almost 100% increase in the 
MFSP of HTL biofuels across all the scenarios. Similarly, the MFSP is 

Table 9 
Economic performance of the marine biofuel production in the case study locations.

Case-study locations

Economic Parameter Spain Colombia Namibia

Capital costs
Total Purchased equipment costs (TPEC) (in million Euros), includes (contribution%) 93.0 42.5 59.5

Feedstock pretreatment 5.9 (6.3%) 0 3.5 (5.9%)
HTL reactor system 82.1 (88.3%) 39.3 (92.5%) 52.1 (87.6%)
Cogeneration plant 5.0 (5.4%) 3.2 (7.5%) 3.9 (6.6%)

Total Installed costs (TIC) (in million Euros) 139.5 63.8 89.3
Indirect costs (in million Euros) 79.1 36.1 50.6
Fixed capital investment (FCI) (in million Euros) 379.6 173.5 243.0
Total capital investment (TCI) (in million Euros) 442.2 192.9 275.8
Location-adjusted TCI (in million Euros) 398.0 154.3 331.0
Operating costs (in million Euros per year) includes
Variable operating costs (in million Euros per year) 71.2 7.2 26.3

Of which, Feedstock 45.1 3.6 16.3
Of which, Water 0.1 0.05 0.2
Of which, Hydrogen 0.03 0.003 0.005
Of which, Liquefaction Catalyst 14.9 – 3.61
Of which, Hydrotreatment Catalyst 6.4 0.7 2.85
Of which, Wastewater treatment 0.7 0.3 0.2
Of which, Gas cleaning 3.8 1.2 1.8
Of which, Ash disposal 0.13 0.98 1.35
Of which, Biocrude Transportation 16.87 0.34 0

Capital depreciation 55.0 42.6 82.1
Total Annual Operating Costs (in million Euros per year) 224.1 73.5 162.7
Biocrude Production costs, EUR/tonbiocrude 1260.2 3911.3 2136.4
Upgrading costs of biocrude to biooil, EUR/tonbiooil 125.0 920.8 225
Total production costs of upgraded biooil, expressed as EUR/tonproduct mix 1385.2 4832.1 2361.4
Annual Sales Revenue (in million Euros per year) 123.7 10.3 43.0

Of which, marine biofuel 51.7 4.5 13.6
Of which, biochar 0 0 0
Of which, electricity 0 0.01 0.01
Of which, naphtha 15.8 1.06 14.68
Of which, biojet 56.1 4.79 14.6

MFSP of MBF (in EUR/ton) 940.4 4447.1 1935.9
MBF MFSP: MGO ratio 1.05 5.54 2.4

Table 10 
Environmental impacts of “drop-in” marine biofuels.

Spain Colombia Namibia Fossil MGO

Impact category Unit per MJ per MJ per MJ Per MJ

Global warming kg CO2 eq 1.09E-02 − 4.34E-02 − 7.24E-03 1.05E-01
Stratospheric ozone depletion kg CFC11 eq 7.37E-09 1.12E-08 5.57E-09 4.38E-08
Ionizing radiation kBq Co-60 eq 1.35E-03 3.49E-05 − 3.36E-05 1.59E-03
Ozone formation, Human health kg NOx eq − 3.01E-04 3.52E-05 5.14E-05 2.47E-04
Fine particulate matter formation kg PM2.5 eq − 1.06E-05 2.99E-05 1.04E-05 3.82E-04
Ozone formation, Terrestrial ecosystems kg NOx eq 1.44E-03 6.10E-04 1.81E-03 2.54E-04
Terrestrial acidification kg SO2 eq − 3.78E-05 3.04E-05 − 1.53E-05 1.15E-03
Freshwater eutrophication kg P eq 4.70E-06 2.97E-07 − 7.05E-06 1.78E-06
Marine eutrophication kg N eq 2.57E-06 2.07E-06 2.05E-06 1.43E-07
Terrestrial ecotoxicity kg 1,4-DCB 6.47E-02 4.71E-02 1.21E-01 4.52E-01
Freshwater ecotoxicity kg 1,4-DCB 7.83E-04 1.66E-04 9.00E-04 2.72E-04
Marine ecotoxicity kg 1,4-DCB 1.00E-03 2.35E-04 1.16E-03 7.01E-04
Human carcinogenic toxicity kg 1,4-DCB 3.32E-04 1.05E-04 − 4.35E-04 6.82E-04
Human non-carcinogenic toxicity kg 1,4-DCB − 5.25E-01 8.95E-03 1.39E-02 1.51E-02
Land use m2a crop eq 3.39E-03 4.43E-04 2.42E-02 2.35E-04
Mineral resource scarcity kg Cu eq 9.42E-05 2.71E-05 1.94E-04 4.14E-05
Fossil resource scarcity kg oil eq 2.37E-03 9.63E-05 − 2.40E-03 5.86E-02
Water consumption m3 1.36E-03 6.59E-04 1.26E-03 1.07E-05
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sensitive to changes in equipment costs than feedstock price. Thus, a 
50% change in HTL equipment costs has a proportionate effect of 29%, 
43%, and 40% in the Spain, Colombia, and Namibia scenarios, respec
tively, due to operations and maintenance. Similar changes in feedstock 
price led to a direct change of only 18%, 3%, and 5% for olive pruning- 
based, coffee pulp-based, and acacia-based biohubs. To address the 
higher HHV of biocrudes obtained via modelling, compared to experi
mental values, a sensitivity analysis was performed (for scenario with 
lower HHV that requires more hydrogen for upgrading) by increasing 
the amount of hydrogen required to upgrade the HTL biocrudes to 10 
times the base scenario. However, the MFSP of Spanish, Colombian, and 
Namibian MBF changed only by 0.2%, 0.03%, and 0.04% respectively. 
With an increase in scale, the sensitivity of MFSP toward equipment and 
feedstock costs is found to narrow down, but the former predominantly 
dominates at smaller scales. This could be attributed to the need for a 
high-pressure reactor system and a low TRL level of HTL, impacting the 
capital costs at smaller scales. This trend also indicates the potential for 
the reduction in MFSP when the facilities are scaled up to a commercial 
scale (with a processing capacity of 2000 DTPD). At the designed ca
pacities, except for the Spanish scenario, with a 50% reduction in HTL 
equipment costs, the MFSP of marine biofuel is still significantly higher 
than that of its fossil counterpart. In terms of biocrude yield, if it can be 
increased by +50% due to process improvements such as catalysts or 

process optimisation, the MFSP of biofuels in all the case studies can be 
reduced by 33%. Likewise, the reduction in the installation factor by 
+50%, to account for uncertainty, led to a reduction of MFSP of the 
marine biofuels by 16%, 22%, and 22% in Spain, Colombia, and 
Namibia, respectively.

4. Conclusion and recommendations

This “first-of-a-kind” study conceptually co-designed agrarian bio
hubs for HTL-based “drop-in” marine biofuel production utilising field 
biomass residues in the form of olive pruning, coffee pulp, and 
encroacher bush in Spain, Colombia, and Namibia, respectively, using 
capability-sensitive design. The early-stage inclusion of potential 
stakeholders and a novel bottom-up co-design approach identified op
portunities and showstoppers for implementing bio-based value chains 
during the conceptual phase. However, stakeholders' perspective on the 
final results for validation has not been carried out and is highly rec
ommended in the future. The detailed process simulation indicated that 
the choice of biomass feedstock directly impacts the final biofuel dis
tribution (Naphtha/bio-jet/biodiesel) of the product mix obtained 
through the HTL process. For the designed scenarios, without consid
eration of carbon credits, the alternative marine biofuels were expensive 
(1.05–5.5×) than their fossil counterparts. Therefore, a more detailed 

Fig. 8. Stagewise GWP contributions in g-CO2 eq/MJ of drop-in marine biofuel.

Fig. 9. Sensitivity analysis of the MFSP of HTL “drop-in” biofuels. Grey (increase of parametric value from the base case by 50%), Blue (decrease of parametric value 
from the base case by 50%). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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investigation on the impact of carbon credits on the economic perfor
mance of the biohubs is recommended in the future. The biofuels had 
significant positive environmental GWP impacts, with a potential 
reduction of at least 89% GHG emissions in comparison to fossils. The 
MFSP of the biofuels was found to be more sensitive to the HTL process 
yields, equipment costs, thereby indicating the potential for improve
ment in economic performance upon scale-up and technological ad
vances due to process optimisation or mass/heat integration.

Future research should focus on the technical viability of the HTL 
process to valorise multiple diverse feedstocks simultaneously to benefit 
from economies of scale in the region with high biomass availability, 
with varied nature of feedstocks, such as in an agroforestry system. The 
proposed biohubs should also be investigated using other biochemical 
conversion techniques for producing fine or speciality chemicals, which 
could improve the feasibility in regions like Colombia. The current 
investigation should further be supported with a macro-socioeconomic 
assessment and a multi-criteria decision analysis based on the context- 
specific selection and weightage of performance indicators to evaluate 
the trade-offs of the decision-making process during the design phase. 
Based on environmental performance, the impact of carbon credits, the 
incorporation of renewable energy systems such as solar or wind-based 
electricity, and the technical viability of biochar as a soil amendment 
need to be further explored to improve the sustainability of the biohubs. 
If proven, the use of biochar for soil amendment can bring local social 
benefits and improve soil health, thereby more detailed analysis on the 
best use of HTL byproducts is recommended for improving the socio- 
economic footprint of biohubs. Overall, sustainably and inclusively 
designed biohubs have the potential to offer opportunities beyond 
climate change mitigation by improving the existing agro-systems and 
strengthening the rural economies.
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