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A B S T R A C T

A novel configuration of the hybrid Power-and-Biomass to Liquids (PBtL) pathway for producing sustainable 
aviation fuels (SAF) has been developed and assessed from a techno-economic and environmental perspective. 
The proposed configuration can achieve negative emissions and hence a new bioenergy with carbon capture and 
storage (BECCS) route is proposed.

The amount of CO2 that is captured within the process and that is sent for storage ranges from 0 % to 100 %, 
defining the various PBtL-CCS scenarios that are evaluated. Mass and energy balances have been established 
through process modelling in Aspen Plus and validated using data available in the literature. Further, the System 
Advisor Model (SAM) tool was used to model a dedicated offshore wind farm, based on location specific wind 
data. Results from the technical assessment have set the foundation for economic and environmental evaluations. 
The economic evaluation of the proposed SAF production configurations estimates minimum jet fuel selling 
prices (MJSP) ranging from 0.0651 to 0.0673 £/MJ, mainly driven by electricity consumption and feedstock cost. 
Costs for CO2 compression, transport, and storage have a small contribution to the MJSPs of all the proposed 
scenarios. Global warming potentials range from − 105.33 to 13.93 gCO2eq/MJ, with PBtL-CCS scenarios offering 
negative emissions and aligning with the aviation industry’s net-zero ambition for 2050. Water footprints range 
from 0.52 to 0.40 l/MJ, mainly driven by the water requirements of the alkaline electrolyser and refinery, fol
lowed by the wind electricity water footprint. Based on the outputs of the assessments, the resulting SAF could 
benefit of the support proposed by the UK SAF mandate, which could boost their economic performance by 
awarding certificates with monetary value. Estimates indicate that the cost of certificates that breakeven the 
fossil jet fuel price could reduce if negative emissions are also rewarded under this scheme.

Abbreviations: AACE, Association for the Advancement of Cost Engineering; AC, Alternating Current; AE, Alkaline Electrolyser; ASU, Air Separation Unit; BECCS, 
Bioenergy carbon capture and storage; BtL, Biomass-to-Liquid; C, Compressor; CAPEX, Capital Expenditures; CCS, Carbon Capture and Storage; CDR, Carbon Dioxide 
Removal; CEPCI, Chemical Engineering Plant Cost Index; DAC, Direct Air Capture; DC, Direct Current; DC1, Distillation Column; DCFA, Discounted Cash Flow 
Analysis; DFBG, Dual Fluidised Bed Gasifier; FCI, Fixed Capital Investment; FOM, Fixed operating and maintenance costs; FR, Forest residues; FT, Fischer-Tropsch; 
GHG, Green-House-Gas; GLS, Gas-Liquid Separator; GLLS, Gas-Liquid-Liquid Separator; GWP, Global Warming Potential; HDCR, Hydrocracking Reactor; HP, High 
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Overall, the study introduces for the first time and assesses a novel net-negative SAF configuration, and the 
new information generated provides meaningful insights to a variety of stakeholders such as process developers, 
academics and policy makers.

Introduction

Background

Growing concerns about global warming and the significant contri
bution of the aviation industry to anthropogenic emissions (2 % in 2019) 
[1] have intensified efforts to decarbonize the sector. While electrifi
cation holds long-term promise, the near-term focus is on developing 
and implementing sustainable aviation fuels (SAF). [2]. Achieving sig
nificant greenhouse gas (GHG) emissions reductions requires wide
spread SAF adoption. To meet the ambitious net-zero emissions target of 
the aviation industry by 2050 [3] a diverse range of production tech
nologies is essential. Currently, no SAF production pathway is able to 
deliver 100 % emissions reduction. As a result, net-zero emissions could 
only be achieved by developing or introducing carbon dioxide removal 
(CDR) technologies such as bioenergy with carbon capture and storage 
(BECCS) and/or carbon offsets [3,4]. The former solution is a more 
efficient and transparent solution to offset residual emissions and hence 
combining BECCS to SAF production technologies leads to fuels with 
negative emissions, and this concept could be benefited from higher 
subsidies while supporting the net-zero development goal of the aviation 
industry [5].

Biomass to Liquid (BtL) SAF production technologies require careful 
feedstock selection, since life cycle assessment (LCA) studies have 
demonstrated that, due to land use change, some biofuels could have 
higher GWP compared to fossil jet fuel [6]. Further, the availability of 
significant amounts of sustainable and high-quality biomass may limit 
the production of SAF in regions lacking this resource. The Power-to- 
Liquids (PtL) pathway, on the other hand, is promising in terms of 
scalability, but its deployment is still restricted by the early stage of 
development of some of its constituent technologies. Moreover, 
compared to other SAF production technologies, the PtL configurations 
have large electricity requirements, low energy efficiencies, and high 
production costs [1,5]. Despite all these limitations, meeting the de
mand of the 2050 SAF market will require the use of both BtL and PtL 
technologies [1].

Several TEA and LCA assessments of BtL scenarios are found in the 
literature, while fewer studies have been conducted on PtL scenarios for 
the production of SAF. For instance, BtL scenarios for SAF production 
have demonstrated that significant reductions in greenhouse gas emis
sions can be achieved compared to conventional jet fuels [6–9]. The 

efficiency of these scenarios varies depending on the configuration and 
process optimization, with key challenges such as biomass availability, 
which have a major impact on both economic and environmental per
formance [10–12]. On the other hand, studies related to PtL for SAF 
production have found that PtL has more advantages over BtL, as it is not 
restricted by feedstock availability. Another advantage is the potential 
for near-zero emissions [13,14], depending on the energy source used. 
However, PtL scenarios tend to be more expensive due to the high- 
energy demand [14–18].

The PBtL is a hybrid configuration that combines the original BtL and 
PtL technologies while also producing drop-in SAF. This process is 
performed through various integrated stages, including water electrol
ysis, biomass gasification, and liquid fuel synthesis and separation units. 
The synthesis of hydrocarbons typically occurs in a Fischer-Tropsch (FT) 
reactor; prior to FT, syngas production step is achieved via biomass 
gasification, the reverse water gas shift (RWGS) reactor, or by the direct 
injection of H2 [19,20]. Several studies that evaluated the FT- PBtL 
technology exist in the literature [19–33], and configurations inte
grating nuclear energy [34] or ethanol and electricity to SAF [35] have 
been also proposed. A summary of the technical findings indicates that 
the PBtL process enhances the BtL carbon conversion efficiency, there
fore increasing fuel productivity. Moreover, when compared to the PtL 
configuration, the PBtL scenario requires less energy per unit of fuel, 
therefore achieving higher energy efficiency.

Hillestad et al. [21] found PBtL diesel more profitable than BtL 
diesel. However, Dietrich et al. [19] reported lower NPC for BtL liquid 
fuels compared to PBtL and PtL. While extensive techno-economic as
sessments (TEAs) exist for BtL and PtL SAF, studies on PBtL SAF are 
limited [20,29]. Habermeyer et al. [30] evaluated a PBtL small-scale 
experimental facility for FT fuel production with an integrated TEA 
and LCA approach. The conceptual design of this facility includes a 
water scrubber for the separation of the CO2 from the syngas, which is 
further recycled to the gasifier to substitute the steam as gasification 
medium. This setup eliminated the need for a RWGS reactor, resulting in 
H2 injection occurring prior to the FT reactor, but downstream purifi
cation and separation units were excluded from the assessment. The 
resulting NPC of the PBtL C5+ hydrocarbons was estimated at 0.029 
£2020/MJ [30], while for a large-scale plant, the same authors estimated 
a NPC equal to 0.036 £2020/MJ [20].

Limited LCA studies exist for PBtL configurations [20,29,30,32]
primarily focusing on global warming potential (GWP) impact. These 
studies concluded that the major contributor to the GWP is the 
consumed electricity. When compared to analogous BtL or PtL scenarios, 

Nomenclature

C Carbon
CIfactor Carbon intensity factor (gCO2eq/MJ)
CISAF Carbon intensity of the SAF (gCO2eq/MJ)
CIF Carbon intensity of the fossil jet fuel (gCO2eq/MJ)
CO2 Carbon dioxide
gCO2eq Grams of CO2 equivalent
H Hydrogen
LHVfuel Low heating value of the fuel (MJ/kg)
LHVSAF Low heating value of SAF (MJ/kg)

˙mfuels Mass flow of the fuel (kg/s)
mSAF Mass of the SAF (kg)

ηC Carbon efficiency
ṅC, hydrocarbons Molar flow of carbon content in hydrocarbons (mole 

C/h)
ṅC, feedstock Molar flow of carbon content in biomass (mole C/h)
ηH Hydrogen efficiency
ṅH, hydrocarbons Molar flow of hydrogen content in hydrocarbons 

(mole H/h)
ṅH, feedstock Molar flow of hydrogen content in biomass (mole H/h)
ηPBtL PBtL efficiency
PDAC DAC unit’s power demand (MW)
PEl Electrolyser’s power demand (MW)
Pprocess Process’ power demand (MW)
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the GWP of the PBtL process was lower or higher, [30,32] depending on 
the energy source that was used. Habermeyer et al. [20,30] performed 
the only SAF-oriented LCA; the boundaries of this LCA did not include 
the post-FT separation processes and hence it was a well-to-refinery gate 
assessment. Their results briefly explored several environmental impacts 
in addition to the GWP; the latter resulted in a positive value regardless 
of the source of electricity used. However, due to the missing separation 
section, the estimated environmental impacts would be different to a 
WtWa scenario since the various hydrocarbon fractions that are pro
duced in the process plant imply the presence of a multifunctional 
system.

Previous studies have explored the feasibility of PBtL, but none have 
achieved negative emissions. Recent research, such as that by Haber
meyer et al. [20,30], demonstrates that significant emission reductions 
relative to conventional aviation fuel are possible, though no configu
ration has yet achieved negative emissions. Given the growing interest 
in Carbon Dioxide Removal (CDR) technologies as a strategy to limit 
global warming to 1.5 ◦C [36], particularly within the aviation sector 
aiming for net-zero emissions by 2050, there is a need to explore BtL- 
CCS configurations further. While some studies exist on SAF from BtL- 
CCS [37,38], none has evaluated the PBtL-CCS configuration, which, if 
properly designed, could produce pure CO2 streams for storage, creating 
potential for negative emissions.

Research gaps and novelties

This study makes several novel contributions to the field of SAF 
production. First, it proposes for the first time a new process design that 
can produce SAF and achieve negatives emissions. To holistically assess 
the proposed PBtL-CCS configuration, we have employed exhaustive 
technical process modelling, TEA, WtWa LCA and existing policy 
schemes studies.

The focus of the study is to design new configurations capable of 
achieving negative emissions, and hence to contribute to the aviation 
industry’s efforts to offset residual emissions. Furthermore, the research 
assesses the potential impact of monetary policy schemes, i.e. the UK 
SAF mandate, on the viability of the project. In addition, sensitivity and 
probabilistic assessments are performed to evaluate the level of uncer
tainty in the estimated economic and environmental indicators.

The following research questions guide this study: 

1. Can the PBtL-CCS configuration for SAF production achieve negative 
emissions, and if so, under what conditions?

2. What are the key economic and environmental performance in
dicators for the PBtL-CCS process, and how do they interact under a 
Well-to-Wake (WtWa) scenario?

3. How do uncertainties in economic and environmental assessments 
influence the viability of SAF production via the PBtL-CCS 
configuration?

4. What impact does the UK’s preliminary SAF mandate have on the 
economic feasibility and environmental sustainability of these 
pathways?

Goal and scope of the study

The primary goal of this research is to propose a SAF configurations 
that can achieve negative emissions and hence contribute to the deep 
decarbonisation of the aviation industry and offset residual emissions. 
The results of the current study can provide meaningful information to 
conceptual engineering studies, academics and policy makers. The ob
jectives can be summarised as follows: 

• To design a Power-Bio-to-Liquid with Carbon Capture and Storage 
(PBtL-CCS) process.

• To establish mass and energy balances through process modelling.

• To assess the technical, economic, and environmental performance 
of the investigated routes.

• To carry out a sensitivity analysis and identify the parameters with 
the greatest impact on the economic and environmental indicators.

• To assess the effect of the UK SAF mandate on the viability of the SAF 
routes.

Methods

This section details the methodology for evaluating the proposed 
PBtL-CCS configurations. It covers plant capacity and location selection, 
Aspen Plus modelling (with additional details in the supplementary 
materials), and techno-economic and environmental analysis.

Capacity and location of the plant

The production of SAF from biogenic residues that are not detri
mental to normal food provision and/or constitute a danger of defor
estation are supported by the UK SAF mandate [39]. Given the 
availability in the UK, forest residues (FR) are selected as the source of 
carbon for the proposed system. A processing capacity of 20 dry-tonnes 
per hour of FR is considered, as proposed in a previous study by the 
authors [37]. This capacity is below the estimated UK availability of FR 
for biofuel production [40]. Furthermore, even in the most pessimistic 
regional availability scenario, this plant capacity would ensure sufficient 
FR for other uses beyond SAF production [39].

The operation of PBtL configurations depends on a large supply of 
low carbon electricity [41]. The UK has a great potential for offshore 
wind electricity generation, and the UK government has recently 
declared the goal of achieving an installation capacity of up to 50GW of 
offshore wind by 2030 [42]. A dedicated off-shore wind farm is inte
grated into the proposed PBtL-CCS scenarios. The SAF production plant 
is located in the Humber area (Teeside), due to its optimal wind profile, 
and its proximity to Scotland, which contains most forests of public 
ownership [40] This aligns with the decarbonisation goals of the East 
Coast Cluster, encompassing Teesside and Humber [43]. The Endurance 
Reservoir, a North Sea saline aquifer 145 km offshore, is a potential 
primary CO2 storage site, as proposed by the cluster [44].

System description and modelling

This section outlines the key assumptions and specifications used to 
model the scenarios. It begins with a high-level overview of the system, 
including brief descriptions of its key process units and their mass and 
energy interactions. Subsequent sections thoroughly explain these pro
cesses and how they are represented in Aspen Plus. Additional sections 
describe the methodology for heat integration and wind farm sizing. 
Finally, the key performance indicators are defined.

System description
Fig. 1 depicts the main components of the process configuration: 

1. Pre-treatment: Forest residue chips are ground and dried.
2. Gasification: Syngas is produced from the thermal treatment of the 

pre-treated forest residues.
3. Syngas cleaning: This section includes the ash separator, the tar 

reformer and the zinc oxide bed for the separation of the sulphur.
4. Syngas Upgrading: Cleaned syngas, along with recycled CO2, and 

hydrogen is fed to the RWGS to increase the yield of the syngas.
5. Hydrocarbon synthesis and separation: Syngas is converted to syn

crude in the FT reactor. The syncrude is separated into naphtha, 
kerosene, diesel, and wax. Wax is hydrocracked to produce smaller 
hydrocarbons.

6. CO2 capture and storage: CO2 from the gasifier and unreacted syngas 
is captured. Part of the CO2 is recycled to the RWGS reactor, while 
the rest is sent for compression. This section takes the gaseous CO2 to 
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supercritical conditions, enabling its subsequent transport and stor
age [45,46]. Seven scenarios with varying CO2 storage percentages 
(0–100 %) are analysed, as presented in Table 1. A purge stream is 
included in the 0 % storage scenario to prevent gas build-up [47].

7. Hydrogen and oxygen production: An alkaline electrolyser produces 
hydrogen for various process units. The by-product oxygen is used 
for oxycombustion, providing high-temperature heat to the RWGS 
and tar reformer, and is also used in the combustion chamber of the 
gasifier. In cases where the oxygen generated by the electrolyser is 
below the requirement, an air separation unit (ASU) is added to the 
process to support the oxygen supply.

Process modelling
Aspen Plus V14 is used to model the refinery plant, excluding the 

ASU and the alkaline electrolyser, whose mass and energy balances are 
taken from Holst et al. [48] and Young et al. [49], respectively. The RKS- 
BM method is selected for the representation of the thermodynamic and 
physical–chemical property calculations, suitable for hydrocarbon pro
cessing facilities [50]. Solid streams, such as biomass and ash, are 
treated as non-conventional solids without particle size distribution 
[37]. ]. Table 2 presents ultimate and proximate composition of FR. 
Detailed descriptions of the refinery sections depicted in Fig. 1 can be 
found in Section S.1 of the Supplementary Materials. For more infor
mation on the equipment, readers are invited to refer to previous studies 
by the authors [14,37].

Off-shore wind farm

The system is coupled to a dedicated offshore wind farm, as proposed 
in a previous study [14]. Hourly wind speed data from NASA-MERRA 2 

Fig. 1. Flowsheet of the PBtL scenarios for SAF production (process plant boundaries).

Table 1 
Description of the investigated scenarios.

Scenario 
name

Description Type of process 
configuration

0 %TS 0 % of the total CO2 stream is sent for 
storage. 2 % of the total CO2 stream is 
purged.

PBtL

20 %TS 20 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

40 %TS 40 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

50 %TS 50 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

60 %TS 60 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

80 %TS 80 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

100 %TS 100 % of the total CO2 stream is sent for 
storage.

PBtL-CCS

TS: Transport and Storage.
PBtL: Power-and-Biomass to liquids.
PBtL-CCS: Power-and-Biomass to liquids with Carbon Capture and Storage.

Table 2 
Proximate and ultimate analysis of forest residues [51].

Proximate analysis (%) Forest residues

Moisture (as received) 30
Fixed carbon (dry basis) 17.16
Volatile matter (dry basis) 82.29
Ash (dry basis) 0.55
Ultimate analysis (mass %) ​
Carbon 50.54
Hydrogen 7.08
Nitrogen 0.15
Sulphur 0.57
Oxygen 41.11
Ash 0.55
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[52], for Teeside (Fig. 2) is used to estimate power generation. The wind 
speeds are given at a height of 10 m; however, they are adjusted to 80 m 
as required by the software System Advisor Model (SAM) [53]. Given 
that the hourly wind speed fluctuates, the power production will have 
the same behaviour. Constant power supply to the electrolyser could 
prolonged its lifespan [54]. To ensure consistent power supply to the 
electrolyser, the system interfaces with the grid, storing excess energy 
and drawing power as needed that is used for calculating the power 
generation curve [55,56]. The number of turbines is optimised to bal
ance annual energy input and output [56]. Other alternatives such as the 
annexation of a battery bank [55,57–59] was not analysed, since it has 
been found to have high capital cost and low energy efficiency [55,56]. 
More details on the design of the wind farm can be found in [60].

Technical performance indicators

To compare the technical performance of the studied scenarios with 
each other and with analogous BtL [37], and PtL [60] processes, the 
carbon conversion, hydrogen conversion and PBtL efficiencies are esti
mated based on Equations (1), 2, and 3, respectively. 

ηC =
ṅC, hydrocarbons

ṅC, feedstock
(1) 

ηH =
ṅH, hydrocarbons

ṅH, feedstock
(2) 

ηPBtL =

⃒
⃒ ˙mfuels • LHVfuel

⃒
⃒

PEl + PDAC + Pprocess
(3) 

Where ṅC and ṅH stand for carbon and hydrogen molar flows respec
tively, for either the hydrocarbon commercial fractions (naphtha, SAF, 
and diesel), or the feedstock (biomass, steam, hydrogen). ˙mfuels is 
equivalent to the mass flow of the hydrocarbons, and LHVfuel is equiv
alent to the low heating value of them, being 42.6 MJ/kg [61], 44.9 MJ/ 
kg [61] and 42.8 MJ/kg [62], for naphtha, diesel and kerosene respec
tively. For Forest residues, the calculated LHV based on a 30 % moisture 
content equals 12.95 MJ/kg assuming a dry basis LHV of 19.54 MJ/kg 
[63]. Finally P stands for the electricity consumption for the electro
lyser, process plant and the ASU.

Economic assessment

The economic feasibility of the SAF production scenarios is reflected 
throughout the estimation of relevant KPIs, such as the CAPEX, OPEX 
and MJSP. These are calculated based on several assumptions as pre
sented in Table 3, and by using discounted cash flow analysis (DCFA). 
The MJSP stands for the minimum selling price of the SAF at which the 
income and outcome are equal, and therefore the net present value 
(NPV) is zero [12,64,65]. The nth plant assumption is adopted, 
considering the relatively high maturity of most technologies.

Life cycle assessment

The environmental impact of the SAF production and utilisation was 
evaluated using a Well-to-Wake (WtWa) life cycle assessment (LCA). The 
standardised approach outlined in the standards ISO 14040 and 14,044 
was adopted for consistency and transparency of the LCA [66]. The LCA 
is divided into four main stages: Goal and scope definition, life cycle 
inventory, impact assessment and interpretation [67]. The following 
sections will briefly explain the assumptions adopted for the assessment.

Goal and scope definition
The primary objective of this study is to quantify and compare the 

environmental impacts of SAF production through various PBtL-CCS 

Fig. 2. Hourly wind profile for Teeside as extracted from the NASA MERRA 2 database [60].

Table 3 
Main adopted assumptions for the economic assessment [12,64,65].

Location United Kingdom

Plant life 20 years
Currency £
Base year 2022
Plant capacity (based on feedstock input) 20,000 kg FR/h
Discount rate 10 %
Tax rate 30 %
Construction period 3 years
First 12 months’ expenditures 10 % of FCI
Next 12 months’ expenditure 50 % of FCI
Last 12 months’ expenditures 40 % of FCI
Depreciation method Straight line
Depreciation period 10 years
Working capital 5 % of FCI
Start-up time 6 months

*FCI = Fixed Capital Investment.
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scenarios with conventional jet fuel. The analysed scenarios share a 
common process configuration but vary in the amount of CO2 captured 
and stored (0 %, 20 %, 40 %, 60 %, 80 %, and 100 %). The system 
boundary extends from resource extraction and raw material production 
to SAF utilization (combustion or end-of-life), constituting a WtWa 

assessment, as illustrated in Fig. 3. The functional unit is defined as 1MJ 
of SAF produced, based on its LHV of 42.8 MJ/kg [62]. The geographical 
scope of this assessment is the UK.

Fig. 3. Well-to-Wake boundaries of the life cycle assessment of the PBtL-CCS scenarios.
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Life cycle inventories
This section details the data collection for mass and energy flows 

within the LCA and its interactions with the environment. Data sources 
are categorised as foreground and background. The foreground LCI is 
primarily based on mass and energy balances from Aspen Plus models. 
The Ecoinvent 3.6 database, along with other external sources, is used 
for background LCI and to supplement missing foreground LCI data. The 
comprehensive database of Ecoinvent offers a wide range of LCI data for 
various sectors. The “allocation, cut-off by classification-system” 
approach, recommended by Ecoinvent [68] is used for system model
ling. Given the chosen location for the SAF production plant, preferably, 
UK LCI data are prioritised. If unavailable, European, Global, or Rest of 
the World databases are selected, in descending order of preference. 
More insight on the assumptions and data sources of the LCI for the 
stages inside the system’s boundaries is provided in section S.3 of the 
Supplementary Materials.

Multi-functionality
ISO 14040 guidelines initially advise addressing a multifunctional 

system through system expansion. However, when this approach is not 
applicable, physical allocation or economic allocation are suggested 
[69]. Past LCA studies on sustainable fuel production have shown that 
system expansion often underestimates the overall environmental 
impact of a system, especially when co-products displace high-emission 
goods, such as those originated from fossil fuels [6,37,70]. In this sense, 
energy allocation is preferred for such systems and is adopted in this 
study.

The boundaries of the proposed SAF production process contain two 
multifunctional systems: The alkaline electrolyser (AE) and the refinery 
plant. Allocation in this context refers to the distribution of environ
mental impacts related with the operation and maintenance of the sys
tem, as well as the upstream environmental impacts of all inputs 
(energy, or materials), among the various outputs of the system. Table 4
describes the baseline allocation approach and additional complemen
tary approaches.

The “baseline approach” is a conservative allocation method rec
ommended by a methodological tool by the UNFCC [71], where emis
sions are allocated only to the main products. For the alkaline 
electrolyser AE, this means all emissions from electrolysis and upstream 
activities are attributed solely to hydrogen production [72]. Similarly, in 
the refinery plant, emissions are allocated to the main fuels (SAF, diesel, 
and naphtha) on an energy basis, assuming by-products are produced in 
small quantities or have limited economic or energy significance 
compared to main products [71,73].

In the baseline approach, CO2 storage benefits are allocated solely to 
the primary product, SAF, as it is the focus of the environmental 
assessment. Here, the negative emissions from CO2 storage reduce only 

the Well-to-Wake (WtW) GWP of SAF. Intuitively, this baseline scenario 
should result in a more negative GWP for SAF. In contrast, in Approach 
1b, CO2 storage benefits are divided among SAF, naphtha, and diesel 
based on their energy content. Therefore, the share of the CO2 negative 
emissions for the SAF is deducted from the WtW GWP of SAF to find the 
final GWP. To provide a broader perspective, additional allocation ap
proaches are explored in Table 4, and their results are discussed in the 
sensitivity analysis.

Impact assessment
For the evaluation of the environmental impact as described in the 

LCIs of the different stages of the system, the ReCiPe midpoint (H) 
method was chosen. This method is widely applied by LCA practitioners, 
as it calculates 18 midpoint impact categories, among which the 
GWP100 [74]. The accounting of the carbon requires a differentiation 
between the one of biogenic or fossil origin due to the storage of CO2. 
Biogenic feedstock, such as forest residues requires an uptake of atmo
spheric CO2, which is listed as “Carbon dioxide, in air” in the “Inputs 
from nature” section of the wood chips LCI from Ecoinvent. This carbon 
experiences a series of physical and chemical transformation until it is 
released back to the air during the combustion of the SAF; therefore, null 
GWP characterization factors are assigned to the “Carbon dioxide, in air” 
and “Carbon dioxide, biogenic” as suggested by the IPCC guidelines 
[75]. However, not all captured carbon is released during combustion, 
as some scenarios involve CO2 storage. In such cases, biogenic CO2 
storage is considered a “negative emission” [76], and a characterization 
factor of “-1” is applied.

Sensitivity and uncertainty analysis

Tables 5 and 6 summarize the parameters identified as having the 
greatest uncertainty, which, according to previous studies [37,60], are 
also the primary contributors to the final economic and environmental 
performance indicators.

The uncertainty range of − 30 % to + 50 % for the process plant’s 
CAPEX is based on AACE International recommendations [77]. To 
simplify analysis, the H2 production cost is varied instead of individually 
analysing the uncertain CAPEX and OPEX of the AE. Minimum and 
maximum discount rates and tax rates represent optimistic and pessi
mistic scenarios, respectively [78]. Additionally, an optimistic scenario 
assumes exemption on grid electricity network cost payments for 
renewable projects [79]. A ± 50 % uncertainty range is applied to other 
parameters. A separate scenario, not included in the probabilistic TEA, 
considers the sale of naphtha and diesel at the same price as SAF.

Five key parameters were selected for the sensitivity analysis of 
GWP, as shown in Table 6. Previous studies have highlighted the sig
nificant impact of electricity source on PBtL and PtL configurations. 

Table 4 
Allocation approaches for the multifunctional system of the WtWa PBtL system.

System Product/co-product/ 
by-product

Approach 1 (baseline 
allocation approach)

Approach 1b Approach 2 Approach 3 Approach 4

Alkaline Electrolyser Allocation no* no* Yes, exergy no* no*
Hydrogen yes yes yes yes yes
Oxygen no no yes no no
District heating no no yes no no

Refinery Plant and 
upstream inputs

Allocation Yes, energy Yes, energy Yes, energy Yes, exergy Yes, 
economic

SAF yes yes yes yes yes
Naphtha yes yes yes yes yes
Diesel yes yes yes yes yes
LP,MP,HP Steam no no no yes yes
By-products from ASU no no no yes yes

CO2 storage benefits 
(negative emissions)

Allocation Only to SAF** Divided between SAF, naphtha and 
diesel on an energy basis

Only to 
SAF**

Only to 
SAF**

Only to 
SAF**

*Meaning that no allocation is applied, and all the emissions go to the produced hydrogen.
**Meaning that the total net negative emissions generated in the CO2 storage are deducted from the WtWa GWP of the SAF.
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Therefore, the GWP of wind farm electricity was tested, using a band
width based on a National Renewable Energy Laboratory (NREL) report 
[80] that summarised and harmonised the findings of numerous LCA 
studies. The AE efficiency range was determined from literature values 
[81–84]. For the GWP of FR production and transport, and CO2 
compression, ±30 % or ± 10 % uncertainty ranges were applied, 
depending on their uncertainty level [37]. A maximum + 200 % range 
was set for FR transport to account for potential long-distance feedstock 
sourcing. Additionally, the impact of different allocation methods, as 
outlined in Table 4, was assessed.

Probabilistic TEA and LCA are important for capturing the uncer
tainty inherent in estimating parameters [85]. This study employed a 
Monte Carlo simulation approach to assess the impact of uncertain pa
rameters listed in Tables 5 and 6. A triangular distribution was assumed 
for all parameters, and 10,000 trials were conducted. In each trial, un
certain parameters were randomly sampled within their defined ranges. 
The resulting MJSP and GWP values were used to calculate mean, me
dian, and standard deviation estimates.

Limitations of the study

The new PBtL-CCS process presented herein is indeed a promising 
pathway for the production of SAF, nevertheless limitations still exist. 
Similar to any new technological process, the transition from theoretical 

and numerical results to real-world implementation involves several 
challenges and considerations. The integration of biomass gasification 
and hydrogen from electrolysis (especially when using renewable en
ergy sources) aligns well with current sustainability goals. However, 
scaling this process to an industrial level involves addressing factors 
such as appropriate pilot design and testing, the availability of consis
tent biomass feedstock, the efficiency and cost of hydrogen production, 
the integration of these processes into existing industrial infrastructures, 
and the integration of the plant to a transport system for the captured 
CO2. Further, this study focuses on the techno-economic and environ
mental implications of SAF production, a comprehensive assessment of 
fuel properties and their impact on aviation performance is also 
important. This type of assessment can provide valuable understanding 
of fuel compatibility, engine efficiency, emissions, and fuel handling, 
ensuring the safe and efficient operation of aircraft using new SAFs.

Furthermore, captured CO2 offers a range of potential applications 
beyond storage, expanding the utility of the proposed configurations. 
While this has not been investigated, it could lead to different scenarios 
with different environmental and economic performance, especially 
considering the potential sale of captured CO2 for various commercial 
and industrial uses. For instance, CO2 serves as a feedstock for producing 
chemicals like methanol, urea, and polycarbonates [86]. It also finds 
applications in agriculture [87], food production [88], and the petro
leum industry (for Enhanced Oil Recovery) [89].

Results

This section presents the results of the mass and energy balances, 
economic assessments, environmental impact assessments (including 
GWP and water footprint), and uncertainty analyses for different sce
narios. Additionally, a brief policy assessment is provided to discuss the 
impact of the UK SAF mandate on the economic feasibility of PBtL-CCS 
SAF production.

Technical results

This section presents the results of the process models, including 
mass and energy balances. The material balances focus on carbon and 
hydrogen efficiencies to provide a clearer understanding of the proposed 
PBtL-CCS scenarios. Given the early stage of development of conceptual 
PBtL systems, there is no available data for validating the entire process 
plant. However, some functional units of the process are commonly 
found in oil-related plants, and these have been modelled based on 
recommendations from the literature. The Fischer-Tropsch section uti
lizes a model validated with experimental data by Marchese et al. [90]. 
The gasification composition was validated based on experimental re
sults from a pilot plant using the specific type of gasifier, as detailed in 
the E4tech report [91].

Overall mass and energy balances, and PBtL efficiencies
Table 7 summarizes the key inputs and outputs from Aspen Plus 

simulations for each scenario. Given the energy-intensive nature of PBtL 
configurations, the electricity consumption breakdown for different 
process sections is also provided. While the forest residue input remains 
constant across scenarios, the amount of CO2 sent for storage increases 
from 0 % to 100 % of the total CO2 produced. This increased CO2 storage 
leads to reduced carbon circulation within the refinery, lower SAF 
production, and decreased hydrogen demand (and consequently, lower 
electricity requirements). Notably, from the 50 %TS scenario onwards, 
reduced hydrogen demand requires the installation of an Air Separation 
Unit (ASU) to support the oxygen supply. The PBtL efficiency gradually 
improves with increasing CO2 storage, primarily due to reduced elec
tricity demand, particularly for the electrolyser, where a portion of the 
required electricity can be converted into heat.

Table 5 
Parameters included in the sensitivity and uncertainty analysis of the TEA.

Parameter Nominal value (for all 
the scenarios)

Minimum Maximum

H2 generation cost [£/kg 
H2]

*Different for each 
scenario (to be presented 
in results section)

1 8

CAPEX refinery [MM£] − 30 %a +50 %b

Cost of wind farm 
electricity [£/kWh]

0.06 − 50 %a +50 %b

Network cost [£/kWh] 0.01 0 −

TAX rate [%] 30 0 40
Discount rate [%] 10 8 12
Feedstock cost [£/kg] 0.06 − 50 %a +50 %b

If Naphtha and diesel 
gate prices same as 
MJSP of SAF

N/A − −

a Percentage points lower than the nominal value.
b Percentage points larger than the nominal value.

Table 6 
Parameters included in the sensitivity and uncertainty analysis of the GWP.

Parameter Nominal value (for 
all the scenarios)

Minimum Maximum

Wind electricity carbon 
intensity [gCO2eq/kWh]

15.25 7 22.5

GWP of FR chips production 
[gCO2eq/kg wood chips dry 
basis]

42.35 − 30 %b +30 %c

GWP of Transport of FR chips 
[gCO2eq/kg wood chips dry 
basis]

18.16 − 30 %b +200 %c

GWP of CO2 compression, T & 
S [gCO2eq/kg of CO2 to 
storage]

3.22a − 10 %b +10 %c

Alkaline Stack efficiency (%) 68.81 58.00 73.00
UK grid [gCO2eq/kWh] 193.38 − −

No upstream emissions wind 
electricity [gCO2eq/kWh]

0 − −

Allocation, Approach 2 − − −

Allocation, Approach 3 − − −

Allocation, Approach 4 − − −

a For the scenario 0 %TS, the nominal value of this parameter is 0.
b Percentage points lower than the nominal value.
c Percentage points larger than the nominal value.
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Electricity requirements, wind farm design and heat requirements
Table 7 details the electricity requirements for various process sec

tions in the analysed scenarios. The electrolyser consistently demands 
the highest share of power, ranging from 71 % to 92 % of the total de
mand across all scenarios. The refinery plant follows, consuming be
tween 8 % and 22 % of the total power. The remaining power is utilised 
by the ASU and/or CO2 compression, depending on the specific scenario. 
Overall, the proposed scenarios are highly energy-intensive, primarily 
due to hydrogen production. Notably, the energy penalty associated 
with integrating CCS is minimal, even for scenarios with significant CO2 
storage.

To meet these considerable electricity requirements, a dedicated 
offshore wind farm was connected to the PBtL system, sized according to 
the criteria outlined in Section 2.5. Based on the wind speed profile and 
turbine model, the energy generation profile for each scenario was 
calculated using SAM software. Given the same wind profile and turbine 
model across scenarios, the energy generation profiles differ only in 
terms of total energy output. Consequently, only the 0 %TS scenario’s 
profile is presented in Fig. 4. This profile highlights the variability in 
power supply, requiring a backup power system, particularly during 
spring and summer periods.

Table S.8 of theSupplementary Materials summarizes the number of 
wind turbines calculated for each scenario, the total power from the 
wind farm to the system, the power from the grid to the system, and the 

excess power from the wind farm to the grid. The estimated number of 
wind turbines decreases from 164 to 46 for the 0 %TS scenario to the 
100 %TS scenario, as the electricity requirement gradually decreases. 
Moreover, there is a slight discrepancy between the excess wind elec
tricity sent to the grid and the power received from the grid, but in all 
cases, the former is slightly larger than the latter.

Carbon and hydrogen conversion efficiencies
Figs. 5 and 6 illustrate the carbon and hydrogen flows through the 

refinery for various scenarios. Tables S.10 and S.11 provide quantitative 
details on molar flows. Carbon enters the system solely as forest residue 
and exits as gasoline, diesel, SAF, and CO2. While the forest residue input 
remains constant, varying amounts of CO2 are sent for storage, resulting 
in different carbon conversion efficiencies. The 0 %TS scenario has the 
highest efficiency, and the 100 %TS scenario the lowest (refer to 
Table 7).

Hydrogen enters the system through three sources: pure hydrogen 
from the AE, hydrogen contained in forest residues, and steam for 
gasification. It is either incorporated into fuels or lost as water during 
various reactions in the process. Consequently, the hydrogen conversion 
efficiency is constrained to values below 23 %, which is relatively low 
when compared to the estimated carbon conversion efficiencies. The 
amount of pure hydrogen required is directly linked to the available 
carbon, leading to similar hydrogen conversion efficiencies across 

Table 7 
Main input/output process streams and electricity requirements for the proposed PBtL scenarios.

Scenario
Main inlet/outlet streams [kg/h] 0 %TS 20 %TS 40 %TS 50 %TS 60 %TS 80 %TS 100 %TS

Forest residues 28571.4 28571.4 28571.4 28571.4 28571.4 28571.4 28571.4
Naphtha 3294.35 2820.01 2493.33 2360.31 2221.73 2019.48 1830.23
SAF 6617.46 5770.66 4984.25 4668.55 4399.18 3909.27 3499.67
Diesel 1951.85 1707.36 1475.64 1382.95 1303.54 1158.97 1037.22
CO2 to storage 658.69 5478.44 9514.38 11,185 12,688 15270.9 17494.1
Electricity requirements [MW]
Electrolyser 286.41 219.68 164.73 142.49 122.98 89.13 61.22
Refinery plant 25.57 23.44 21.76 21.14 20.68 19.79 19.15
ASU 0 0 0 0.3 1.3 3.01 4.48
CO2 compression 0 0.6 1.04 1.22 1.38 1.66 1.9
PBtL efficiency (%) 34.05 % 35.44 % 36.85 % 37.55 % 38.09 % 39.31 % 40.41 %
Carbon conversion efficiency (%) 98.56 % 85.56 % 74.37 % 69.86 % 65.80 % 58.84 % 52.84 %
Hydrogen conversion efficiency (%) 21.52 % 21.84 % 22.07 % 22.19 % 22.27 % 22.49 % 22.59 %

Fig. 4. Power curve for the wind farm of the 0 %TS scenario.
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Fig. 5. Flow of carbon throughout the main process units of the refinery plant. (In parentheses, the stream names as labelled in Fig. 1).

Fig. 6. Flow of hydrogen throughout the main process units of the refinery plant. (In parentheses, the stream names as labelled in Fig. 1).

Fig. 7. CAPEX breakdown for the different scenarios.
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scenarios, regardless of CO2 storage levels.
A literature review reveals a variety of PBtL configurations for FT- 

syncrude production, differing in technologies and operating condi
tions, such as gasifier type, gasification agent, electrolyser type, and 
oxygen usage in fired heaters. Consequently, carbon conversion effi
ciencies reported in the literature range widely from 33.8 % to 97.7 %. 
Most studies indicate that PBtL processes offer higher carbon conversion 
efficiencies than BtL [19,21,25,30], and comparable or even lower ef
ficiencies than PtL, depending on the configuration. In this study, the 
carbon conversion efficiencies of the PBtL scenarios, regardless of CO2 
storage levels, exceed those of an analogous BtL scenario [37]. The 0 % 
TS and 20 %TS PBtL scenarios achieve comparable carbon conversion 
efficiencies to a similar PtL system [60]. Further, in the literature, the 
reported PBtL efficiencies (32.1 % to 54.8 %) [19,30] align well with the 
calculated values (34.05 % to 40.41 %). While hydrogen conversion 
efficiency is not extensively discussed in PBtL literature, both PBtL and 
PtL configurations exhibit low efficiencies due to water production in FT 
and RWGS reactors.

Heat integration
The process models also estimate heating and cooling requirements, 

visualized as hot and cold composite curves in Section S.4. The absence 
of a pinch point temperature indicates a “threshold problem,” requiring 
a single thermal utility. All scenarios are self-sufficient in terms of heat, 
requiring only external cold utilities. Post-heat integration, excess heat 
at moderate temperatures is available, leading to the generation of LP, 
MP, and HP steam. Further details on heat integration are provided in 
Section S.4 of the Supplementary Materials.

Economic performance

Fig. 7 summarizes the CAPEX and its breakdown for all scenarios. For 
the 0 %TS and 20 %TS scenarios, the electrolyser is the primary cost 
driver, accounting for 48 % and 44 % of the total CAPEX, respectively. 
As the amount of CO2 sent for storage increases, the overall CAPEX 
decreases due to reduced plant productivity and equipment size. How
ever, this reduction is not linear. At 50 %TS, the addition of an ASU to 
supplement oxygen supply slows down the CAPEX reduction. For sce
narios with 40 % or more CO2 storage, the “RWGS, FT, and upgrading” 
section becomes the dominant CAPEX contributor. Notably, the CAPEX 
for CO2 compression remains relatively low, even for scenarios with 
significant CO2 storage. This suggests that adding CCS does not signifi
cantly increase the overall cost.

Fig. 8 presents the normalized OPEX per MJ of SAF and its break
down for all scenarios. The 0 %TS scenario incurs the highest OPEX, 
while the 100 %TS scenario has the lowest. As more CO2 is stored, the 
OPEX decreases due to reduced hydrogen demand. Across all scenarios, 
wind electricity is the dominant cost driver, contributing between 65 % 
(0 %TS) and 47 % (100 %TS) of the total OPEX. Forest residue chips are 
the second-largest cost component, accounting for 11 % and 21 % for the 
0 %TS and 100 %TS scenarios, respectively. While the 100 %TS scenario 
has the highest cost for CO2 transport and storage, it only accounts for 3 
% of the total OPEX. In conclusion, the OPEX of the proposed SAF 
production scenarios is heavily reliant on electricity costs, and the 
addition of CCS does not significantly affect operational expenditures. 
Therefore, substantial OPEX reductions depend on lowering electricity 
costs.

Despite variations in productivity across scenarios, the MJSP re
mains relatively consistent, as shown in Fig. 9. The addition of an ASU in 
certain scenarios significantly affects the CAPEX. However, the MJSP is 

Fig. 8. OPEX breakdown for the different scenarios, in £/MJ of SAF.
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primarily driven by OPEX (74 % to 88 %), making it electricity- 
dependent. While none of the scenarios are cost-competitive with fos
sil jet fuel (priced at 0.0131 £/MJ [92]), they offer lower MJSPs 
compared to PtL SAF production [60]. Notably, the addition of CCS has a 
minimal impact on the final MJSP, highlighting the potential of PBtL- 
CCS as a negative emissions technology. Previous studies on PBtL con
figurations report a wide range of economic performance indicators due 
to varying technology choices, process configurations, and final prod
ucts. For PBtL-SAF production, the reported selling price ranges from 
0.0290 to 0.0636 £/MJ [19,30]. The MJSPs calculated in this study fall 
within the upper range of these values. These studies also emphasize the 
significant impact of OPEX, particularly electricity and feedstock costs, 
on the overall MJSP.

MJSP sensitivity and uncertainty analyses

Fig. 10 presents the results of the sensitivity analysis on the MJSP. 
The production cost of hydrogen, the electricity cost, and the refinery’s 
CAPEX are the primary drivers of MJSP variation across all scenarios. 
Given that hydrogen production is the largest electricity consumer, the 
MJSP is highly sensitive to electricity prices, especially for the 0 %TS 
scenario with the highest power demand. Additionally, selling naphtha 
and diesel at the same price as SAF significantly reduces the MJSP. This 
strategy could encourage the use of renewable naphtha and diesel while 
lowering SAF production costs. For a more detailed analysis of the 
sensitivity of the MJSP to hydrogen and forest residue costs, please refer 
to Section S.7 of the Supplementary Materials.

A probabilistic estimation of the MJSP is presented in Table 8. Due to 
the wide range assigned to the hydrogen production cost, the standard 
deviations are relatively high, resulting in a wide range of potential 
MJSP values. The mean values are higher than those estimated in the 
deterministic economic assessment, reflecting the impact of hydrogen 
cost uncertainty. Additionally, the lower range of the confidence in
tervals indicates that even under optimistic conditions, the PBtL-CCS 
scenarios may not be economically feasible.

Fig. 9. MJSP for the scenarios in £/MJ of SAF.

Fig. 10. Sensitivity analysis on the MJSP for the various scenarios.

Table 8 
Monte Carlo results for the estimation of the MJSP.

Scenario Mean Median Standard 
Deviation

95 % Confidence 
Interval

Units

0 %TS 0.087 0.084 0.032 0.025 to 0.149 £/MJ of 
SAF20 %TS 0.083 0.080 0.028 0.028 to 0.137

40 %TS 0.079 0.077 0.024 0.031 to 0.126
50 %TS 0.078 0.076 0.023 0.034 to 0.122
60 %TS 0.078 0.077 0.021 0.037 to 0.119
80 %TS 0.075 0.074 0.018 0.040 to 0.109
100 %TS 0.072 0.072 0.015 0.044 to 0.101
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Environmental performance

The Recipe Midpoint (H) method calculated 18 environmental im
pacts, from which two are discussed in the main manuscript, while the 
others are presented in the Supplementary Materials, Section S.8, 
calculated using the allocation Approach 1 (baseline allocation 
approach).

Global warming potential (GWP)
Fig. 11 presents the GWP results for different scenarios, calculated 

using two allocation approaches outlined in Table 4. The baseline allo
cation approach (Approach 1, orange points) attributes net negative CO2 
emissions solely to SAF, leading to a more negative WtWa GWP for each 
scenario. In contrast, Approach 1B (blue points) distributes these 
emissions among SAF, naphtha, and diesel based on their energy con
tent. Given the primary focus on SAF production and the aviation 
industry’s “Net-Zero” target by 2050, the results from Approach 1 are 
considered the main WtWa GWP values and serve as the basis for 
sensitivity analyses and subsequent discussions. Regardless of the allo
cation method, the total amount of net negative CO2 stored remains 
constant: 17,464 tCO2/y for 20 %TS and 126,214 tCO2/y for 100 %TS.

Fig. 12 breaks down the GWP by LCA stage for each scenario, 
differentiating between emissions from wind farm electricity and other 
sources. Excluding CO2 storage, wood chip production and transport, 
and wind electricity for AE operation are the primary GWP contributors 
(orange bars in Fig. 12). Even without CO2 storage, the 0 %TS scenario 
achieves a significantly low GWP (13.93 gCO2eq/MJ) compared to PtL 
SAF [60] and is relatively close to BtL SAF [37]. All scenarios meet 
emissions reduction thresholds set by RED II [93], the Renewable Fuels 
Standard (RFS) [94], and the UK SAF mandate [39]. While previous 
research has addressed GWP estimation for PBtL scenarios, specific LCAs 
for PBtL-CCS configurations are limited. Habermeyer et al. [20,30]
conducted carbon accounting for key WtWa stages, highlighting the 

significant impact of green electricity on final specific fuel emissions, 
aligning with the 0 %TS scenario results.

Sensitivity analysis of the GWP
Fig. 13 presents the results of the sensitivity analysis on the GWP. 

The carbon footprint of wind farm electricity is the primary driver of 
GWP variation. Additionally, the figure compares GWP results for 
different allocation approaches (Table 4) and electricity sources. While 
the choice of allocation method has a minor impact, using grid elec
tricity significantly increases the GWP for all configurations. However, 
even with grid electricity, scenarios like 50 %TS, 60 %TS, 80 %TS, and 
100 %TS still meet the 50 % emissions reduction threshold of the SAF 
mandate. Furthermore, neglecting upstream emissions of wind elec
tricity, as suggested by the SAF mandate, leads to low GWP values for all 
scenarios. Given that electricity consumption is the main contributor to 
GWP, Section S.9 of the Supplementary Materials provides a detailed 
analysis of the sensitivity of WtWa GWP to different electricity sources 
and system power requirements for other scenarios.

Furthermore, a probabilistic estimation of the GWP derive in the 
results of Table 9. Despite the uncertainty of the selected parameters, the 
estimated mean is similar to the estimated values from the deterministic 
assessments for all the scenarios. Moreover, the resulting standard de
viations lead to the conclusion that in a 95 % confidence interval, the 
range of estimated GWPs are always negative, except for the 0 %TS, that 
despite possessing a positive GWP, the resulting probabilistic estima
tions shows that it will always satisfy even the most severe emissions 
reduction limits of the proposed SAF mandate.

Water footprint
Fig. 14 depicts the water footprint, differentiating between contri

butions from wind electricity and other sources for each stage in each 
scenario. Across all scenarios, the refinery and AE account for over 90 % 
of total water consumption. For the AE, both electricity consumption 

Fig. 11. GWP as a result of the main and second approach for the attribution of negative emissions, upon the “baseline scenario” (as defined in Table 4) alloca
tion method.

M.F. Rojas-Michaga et al.                                                                                                                                                                                                                     Energy Conversion and Management: X 25 (2025) 100841 

13 



and water required for electrolysis contribute equally to the total water 
footprint. In the refinery plant, the water footprint of electricity con
sumption is negligible, while makeup water for steam and cooling cycles 
accounts for 97 % and 94 % in the 0 %TS and 100 %TS scenarios, 
respectively. While forest residue production and transport have a 
minimal impact on the final water footprint, other biogenic feedstocks 
like maize or wheat could significantly increase water consumption 

[95]. The 100 %TS scenario, with its lower hydrogen requirement and 
reduced electricity consumption, has the lowest water footprint among 
all the configurations.

The refinery plant is the primary contributor to the water footprint. 
Strategies like air-cooling could reduce this, but their performance is 
sensitive to humidity and temperature [96]. Alternatively, water syn
thesised and recovered from the process could supply the electrolyser, 

Fig. 12. Breakdown of GWP for the various scenarios.

Fig. 13. Sensitivity analysis on the GWP for the proposed scenarios.

M.F. Rojas-Michaga et al.                                                                                                                                                                                                                     Energy Conversion and Management: X 25 (2025) 100841 

14 



reducing freshwater inputs. However, wastewater would require treat
ment to reduce hydrocarbon content. Fig. 15 shows that wind electricity 
minimizes the water footprint compared to solar, nuclear, or hydro
power. Nonetheless, all scenarios have higher water footprints than 
fossil jet fuel (0.0632 l/MJ).

Policy analysis: SAF mandate and negative emissions trading system

This section assesses the impact of the UK SAF mandate on the 
economic performance of the SAF production scenarios. While the final 
mandate is expected to be put on place in 2025, the response of the 
government to the second consultation [34,97] is applied here. The SAF 
mandate aims to support the UK’s Net-Zero Strategy by achieving net- 
zero aviation emissions by 2050 [98]. The Jet Zero Strategy proposes 
replacing 10 % of conventional jet fuel with SAF by 2030 and reaching a 
50 % SAF uptake by 2050 [97]. SAF must be a drop-in fuel with a 70 % 
emissions reduction compared to conventional jet fuel, derived from 
sustainable, non-food feedstocks that avoid deforestation [39,99,100]. 

This aligns with the use of forest residues in the analysed scenarios, 
making them eligible for SAF mandate incentives.

The SAF mandate offers economic support through tradable certifi
cates with a market-determined value to bridge the gap between SAF 
and jet fuel prices [39]. Equation (4) [39] describes the methodology for 
the calculation of the amount of certificates; this is proportional to the 
energy content of the SAF, represented by the term mSAF × LHVSAF 
(where mSAF is the mass of the SAF produced and LHVSAF the SAF low 
heating value, which is fixed at 42.8 MJ/kg [62]). The number of cer
tificates awarded is proportional to a carbon intensity factor,(CIfactor), 
which is itself a function of the carbon intensity of the fuel (CISAF), as 
depicted in Equation (5). The CIb is the carbon intensity of a benchmark 
SAF that achieves 70 % emission reduction, i.e. 26.7 gCO2eq/MJ, and the 
CIF is the carbon intensity of the fossil jet fuel, i.e. 89 gCO2eq/MJ [39]. 

Number of certificates = mSAF × LHVSAF × CIfactor (4) 

CIfactor =
CIF − CISAF

CIF − CIb
(5) 

CIfactor =
CIF − If (CISAF ≥ 0, CISAF, 0)

CIF − CIb
(6) 

Under the current stage of the SAF mandate, there is not yet any pro
vision to account for net negative emissions. It is still under discussion 
whether these negative emissions should be recognized and awarded 
under the same SAF mandate or another additional policy should reward 
these BECCS-SAF scenarios [39]. Therefore, to align with this statement, 
for the six investigated scenarios with negative emissions, the CIfactor 
could be also calculated by assuming that the GWP is zero, as shown in 
Equation (6). In this sense, two sets of results are presented: 1) Recog
nising the negative emissions of the scenarios and using Equation (5), 2) 
Disregarding the negative emissions and using Equation (6) instead.

Fig. 16 presents the results for the 0 %TS scenario, illustrating the 
variability of certificate prices under different electricity costs and car
bon footprints. The figure highlights that higher electricity costs and 
carbon footprints lead to higher certificate prices, emphasizing the 

Table 9 
Monte Carlo results for the estimation of the GWP.

Scenario Mean Median Standard 
Deviation

95 % 
Confidence 
Interval

Units

0 %TS 14.43 14.47 2.02 10.47 to 18.40 gCO2eq/ 
MJ20 %TS − 8.24 − 8.22 1.85 − 11.86 to 

− 4.62
40 %TS − 31.17 − 31.15 1.68 − 34.47 to 

− 27.88
50 %TS − 42.79 − 42.78 1.60 − 45.93 to 

− 39.65
60 %TS − 54.39 − 54.38 1.54 − 57.40 to 

− 51.37
80 %TS − 78.67 − 78.68 1.41 − 81.44 to 

− 75.90
100 %TS − 104.54 − 104.55 1.31 − 107.11 to 

− 101.97

Note: Equation 7,8,9 change to Equation (4),5,6 kindly check.

Fig. 14. Water footprint breakdown for the different scenarios.
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importance of affordable and low-GHG electricity.
Fig. 17 illustrates the certificate costs for the 50 %TS and 100 %TS 

scenarios, which, due to their negative GWP, have significantly lower 
costs. In Fig. 17B and 19D, the certificate cost remains constant for each 
electricity cost, regardless of its GWP, as Equation (6) assigns a value of 
0. Recognizing negative emissions from BECCS configurations can 
enhance the economic viability of these processes by enabling them to 
break even with fossil jet fuel at lower certificate prices. The second 
consultation of the SAF mandate considered whether to include up
stream emissions of electricity sources in SAF carbon accounting. This 
could potentially equate renewable energy emissions at the point of 
delivery to zero. However, this consideration is primarily limited to 
nuclear energy [39]. If implemented, this could lead to a higher number 
of certificates awarded for each scenario, resulting in lower certificate 
prices.

Conclusions

As biomass availability may limit SAF production capacity, hybrid
ising biomass to liquid (BtL) with power to liquid (PtL) can increase fuel 
yields and dampen production costs. While previous research indicates 
that SAF production pathways can reduce emissions, this is not enough 
for the aviation industry to achieve net-zero targets and hence carbon 
dioxide removal (CDR) technologies need to be deployed. To this di
rection, the proposed power and biomass to liquids coupled with carbon 
capture and storage (PBtL-CCS) route is a novel process configuration 
that can both produce SAF and also achieve negative emissions. We have 
developed a new design for SAF production that can exploit the ad
vantages of the PBtL and at the same time to sequestrate biogenic CO2.

Several configurations have been assessed and it was found that even 
for the cases that the design assumes relatively lower CO2 storage flows, 

Fig. 15. Water footprint of the PBtL-CCS scenarios when connected to different electricity sources.

Fig. 16. The price of SAF certificates that would need to be set in order for the MJSP to be profitable at the current gate price of fossil jet fuel (0.56£/kg), for different 
electricity costs and electricity carbon footprint, under the 0 %TS scenario.
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negative global warming potential (GWP) values can be attained based 
on a comprehensive well-to-wake LCA. Key findings of this research 
include: 

1. The PBtL-CCS process achieved high carbon conversion efficiencies 
(55–99 %), exceeding BtL and comparable to PtL. However, as ex
pected CCS negatively impacts the carbon efficiency due to reduced 
SAF production. Hydrogen conversion efficiency is in the range of 
21.5 to 22.6 % due to water formation in reactions.

2. PBtL and PBtL-CCS configurations are energy-intensive, particularly 
the 0 %TS scenario. Increased CO2 storage improves energy effi
ciency, especially in the 100 %TS scenario. This is because more H2 is 
needed for the reverse water gas shift (RWGS) reaction for the cases 
that they store less CO2. It should be noted that CO2 compression 
requires relatively lower electricity, making hydrogen production 
the primary energy consumer.

3. The MJSP ranges from 0.0651 to 0.0673 £/MJ and is primarily 
driven by OPEX, particularly electricity costs. Sensitivity analysis 
indicates that reducing electricity costs significantly lowers the 
MJSP. Monte Carlo analysis reveals high uncertainty in the MJSP, 
with wide 95 % confidence intervals.

4. The 0 %TS scenario has a GWP of 13.93 gCO2eq/MJ, which is 
significantly lower than fossil jet fuel and meets stringent emission 
reduction thresholds. However, to achieve net-zero emissions, CCS 
scenarios are more suitable. These scenarios have GWPs ranging 
from − 8.84 to − 105.33 gCO2eq/MJ of SAF. Monte Carlo simulations 
confirm the robustness of these results.

5. The water footprint is primarily influenced by electricity source, 
electrolysis water requirements, and refinery processes. CO2 storage 
has minimal impact. The 100 %TS scenario has the lowest water 
footprint (0.40 l/MJ), while the 0 %TS scenario has the highest (0.52 

l/MJ). Wind energy is the most water-efficient renewable electricity 
source, but still all scenarios have significantly higher water foot
prints than fossil jet fuel (0.0632 l/MJ).

6. The use of policies such as the SAF mandate certificate trading 
scheme could help on achieving more affordable SAF, especially 
when the negative emissions are also rewarded, demonstrating the 
advantage of the CCS scenarios over the normal PBtL configuration.

The study provides a holistic assessment that includes technical 
modelling, techno economic and LCA assessment as well as consider
ation of policy schemes of a novel SAF route and can provide valuable 
insights to pilot testing, scale-up, and policy making. Adding a CCS 
supply chain minimally affects economics but positively affects the 
environmental footprint by a great deal. The proposed PBtL-CCS system 
provides a new pathway to achieve negative emissions, contributing to 
the aviation sector’s net-zero goals. Future research should focus on 
pilot testing, considering evolving energy markets, and assessing the 
impact of climate change and land use policies on biomass availability. 
Additionally, as proposed herein business models that incentivise 
carbon-negative processes can enhance the economic viability of PBtL- 
CCS.
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