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A B S T R A C T   

The current research critically evaluates the technical, economic, and environmental performance of a Power-to- 
Liquid (PtL) system for the production of sustainable aviation fuel (SAF). This SAF production system comprises a 
direct air capture (DAC) unit, an off-shore wind farm, an alkaline electrolyser and a refinery plant (reverse water 
gas shift coupled with a Fischer-Tropsch reactor). The calculated carbon conversion efficiency, hydrogen con-
version efficiency, and Power-to-liquids efficiency are 88 %, 39.16 % and 25.6 %, respectively. The heat inte-
gration between the refinery and the DAC unit enhances the system’s energy performance, while water 
integration between the DAC and refinery units and the electrolyser reduces the demand for fresh water. The 
economic assessment estimates a minimum jet fuel selling price (MJSP) of 5.16 £/kg. The process is OPEX 
intensive due to the electricity requirements, while the CAPEX is dominated by the DAC unit. A Well-to-Wake 
(WtWa) life cycle assessment (LCA) shows that the global warming potential (GWP) equals 21.43 gCO2eq/ 
MJSAF, and is highly dependent on the upstream emissions of the off-shore wind electricity. Within a 95 % 
confidence interval, a stochastic Monte Carlo LCA reveals that the GWP of the SAF falls below the UK aviation 
mandate treshold of 50 % emissions reduction compared to fossil jet fuel. Moreover, the resulting WtWa water 
footprint is 0.480 l/MJSAF, with the refinery’s cooling water requirements and the electricity’s water footprint to 
pose as the main contributors. The study concludes with estimating the required monetary value of SAF cer-
tificates for different scenarios under the UK SAF mandate guidelines.   

1. Introduction 

Growing concerns over global warming have led to increased 

awareness among different sectors, including the aviation industry. The 
Air Transport Action Group (ATAG) has set an ambitious target for 2050 
of reducing the net annual emissions to half of what they were in 2005. 
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Achieving this target requires various action plans, including the use of 
sustainable aviation fuels (SAF) [1]. Bio-based fuels have been proposed 
as a short to medium-term alternative to fossil jet fuel. Environmental 
assessments have shown that for different feedstock and bio jet-fuel 
production technologies, the resulting greenhouse gas (GHG) emis-
sions are significantly lower compared to fossil-derived fuels. To support 
and increase the share of SAF utilization in the total kerosene con-
sumption, some countries such as Germany and the United Kingdom are 
formulating and implementing supporting policies. However, producing 
SAF on a large scale requires strategies to meet the proposed production 
targets. The main challenge associated with this is the availability of 
large quantities of high-quality feedstock, as land-use changes may have 
greater environmental consequences than petroleum-based fuels. 
Therefore, the feedstock selection for SAF production is limited to waste 
biomass [2]. While some countries have large amounts of residual 
biomass, others are unable to meet their own needs and must import it 
from other regions. Given that LCAs have shown that biomass-derived 
fuels are transport-intensive [3], focusing on the availability is not a 
sustainable strategy. As a result, having a diverse SAF supply chain is 
critical in order to meet the aviation market’s sustainability criteria. 

PtL production has been proposed in this context as a promising and 
scalable alternative SAF production pathway. This process combines 
CO2, water, and renewable energy to produce SAF with properties that 
are similar to those of fossil jet fuel. The three major steps that comprise 
this pathway are the CO2 capture, hydrogen production (generally from 
water electrolysis), and hydrocarbons synthesis and conditioning pro-
cess [4]. Hydrocarbons synthesis can be performed through two 
different pathways: Fischer-Tropsch (FT) synthesis, or methanol to jet 
fuel; however, the FT process outperforms the methanol pathway since 
the use of blends containing 50 % of FT-derived SAF and 50 % of con-
ventional jet fuel is ASTM-certified as drop-in. In terms of CO2 sources, 
direct air capture (DAC) is gaining popularity due to its potential for 
mitigating anthropogenic GHG emissions from dispersed sources while 
ensuring flexibility in plant location selection [5]. Furthermore, when 
coupled to low carbon footprint energy, the use of DAC for fuel synthesis 
may be able to close the carbon cycle and lower CO2 emissions [6]. More 
studies that evaluate a suitable integrated Power-to-jet fuel system from 
a techno-economic and environmental standpoint are thus required to 
justify this carbon footprint reduction and other economic and envi-
ronmental claims while providing quantified feasibility data for poli-
cymakers or other aviation-related organisations. 

The PtL concept for the production of FT-derived fuels is a relatively 
new alternative pathway. As for now, only a few demonstration plants 
have been constructed [7,8], and more studies are required to fully 
understand the performance of the scenario for a larger commercial 
scale plant. Some studies have focused on the technical aspect of the 
scenario through process modelling [9–12], while others further pro-
ceeded to economic assessments [12–15] to find the levelised cost at 
which these fuels could be feasible. Similarly, there are other studies 
focusing on the environmental performance of this production pathway, 
from which most of them focused on the estimation of the global 
warming potential (GWP) [15–18]. 

There has been only a little research that specifically analyses the 
production of SAF from a PtL process that is available. Economic as-
sessments are typically conducted to evaluate the cost and economic 
feasibility of such a process, taking into account the cost of the feed-
stock, energy, and capital investments needed. Three different reports 
produced by Batteiger et al. [19], Schmidt et al. [20], and Fasihi et al. 
[21] assessed the economic and environmental performance of PtL- 
derived SAF. By analysing short- and long-term scenarios, these re-
ports determined whether this method was economically viable. Similar 
to this, their environmental assessments focused on the emissions of 
greenhouse gases and other pollutants associated with the life cycle of 
the PtL-SAF. Generally, these assessments conclude that PtL is a more 
sustainable option than other SAF production technologies, with 
significantly lower GWP, and a much higher minimum jet fuel selling 

price when compared to the gate price of conventional jet fuel. Addi-
tionally, a comprehensive LCA was performed by Micheli et al. [22], 
who studied the environmental assessment of various PtL SAF process 
configurations and calculated the GWP, alongside other environmental 
factors, such as the water footprint and land use. The foreground data 
used in the LCA of this study, which is solely an environmental assess-
ment, derives from previous available studies related to the production 
of PtL fuels. 

The research mentioned above is valuable for understanding the 
economic and environmental performance of PtL-SAF, but they lack a 
comprehensive process modelling and integration. Without such 
models, it is difficult to analyse the effect of various parameters, 
including system design, operation, and energy generation, on the mass 
and energy performance, as well as the economic and environmental 
indicators. In particular, these models could improve our understanding 
of low TRL units, such as the Reverse Water Gas Shift (RWGS) reactor. 
Moreover, there are few studies that examine SAF production from an 
integrated techno-economic and environmental perspective, and early 
studies did not consider the possibility of process integration. By 
developing detailed models of different sections of the system, it may be 
possible to achieve synergistic integration that improves technical, 
economic, and environmental performances [23]. In this regard, given 
the growing interest in PtL processes, and as for the aforementioned 
knowledge gaps, to the best of our knowledge, this is the first study of its 
kind that jointly analyses the technical, economic and environmental 
performance of the PtL for SAF production, based on comprehensive 
process models for an integrated DAC-electrolyser-process plant, based 
in the UK. Furthermore, most studies in the literature concentrate on FT 
configurations that generate diesel, naphtha, or simply syncrude. 
Further, the current study focuses on maximising the jet fuel yield that 
requires the use of additional units, such as hydrocracking and isomer-
ization, as well as higher syngas recycling ratios [3]. 

2. Methodology 

2.1. Capacity of the plant and potential plant location 

The growing interest in producing SAF via the PtL route is reflected 
in the growing number of studies and projects being developed [24]. For 
example, a roadmap to support the development of the PtL-derived SAF 
has been proposed by the German government and industrial leaders 
targeting an annual production of 200,000 tonnes of SAF for regional 
utilization by 2030 [25,26]. In the same context, a public consultation 
has been released in the UK in order to lay the groundwork for a future 
SAF mandate [27,28]. Various SAF uptake scenarios were proposed to 
replace the UK aviation fuel demand in the short and long term (starting 
in 2025 until 2050). The UK government has set a target of replacing 
10 % of fossil jet fuel by 2030. Given the PtL’s low GHG emissions and 
future cost reductions, the government has stated its intention to pro-
mote PtL’s technological and commercial development. Since the UK 
consumption of jet fuel estimated by 2030 equals 12.7 Mtonnes [29], 
and considering that the efuel’s production potential has been estimated 
as 2.7 % of the 2030 jet fuel demand, an estimated 0.34 Mtonnes/year of 
PtL-derived SAF could be produced. Considering a coverage of 6 % of 
this SAF target, the production capacity of the plant of the present study 
is set as 2,500 kg/h of jet fuel [27]. 

The electricity requirements of PtL systems are significant [4,30], 
and this can have a major impact on the GWP of the resulting fuel. 
Therefore, in this study, the energy for the process is assumed to be 
supplied by a dedicated offshore wind farm. By 2019, capacities of on- 
shore and off-shore wind farms in the UK, were 10 GW and 8.5 GW, 
respectively [31]; furthermore, there is a plan to increase off-shore wind 
capacity to 40 GW by 2030 [32]. Among the current UK operational off- 
shore wind farms, the Teesside facility operated by EDF is responsible 
for producing 62 MW of electricity. BP has also announced plans to build 
a 60 MW facility for electrolysis-based hydrogen production in the same 
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region by 2025, with plans to increase the size to 500 MW by 2030 [33]. 
Due to the region’s high wind potential, the integrated wind farm- 
electrolyser-DAC-process system of this study has been located in the 
Teeside region. 

2.2. System description and modelling 

The system is divided into three major sections, as depicted in Fig. 1: 
the DAC unit, water electrolysis, and the refinery plant (syngas and fuel 
synthesis, as well as conditioning). The process configuration has been 
set up to favour the production of middle distillates, especially jet fuel 
range hydrocarbons. The various sections are represented by models at 
operating conditions that have been determined as optimal 
[11,12,34,35]. More details on the sections of the system are given in the 
following sections. 

2.2.1. Direct air capture 
Various DAC technologies have been developed, with alkali hy-

droxide solutions in liquid scrubbing and VTSA (vacuum temperature 
swing adsorption) on supported sorbents achieving the most advance-
ment [36,37]. The VTSA technology, also referred to as the low tem-
perature DAC, was chosen for this study because of its modularity that 
facilitates scaling-up efforts. Another advantage is its ease of operation, 
as all steps of CO2 capture occur in the same unit, and bed regeneration 
occurs at low temperature, allowing low-quality heat generated at 
different stages of the proposed process to be integrated with the DAC 
unit [37–39]. The sorbent used in low-temperature DAC technology is 
critical, but the lack of experimental and mathematical models that 
accurately describe their operation increases the uncertainty of their 
mass and energy performance [36]. In this study, an amine- 
functionalized adsorbent, i.e. APDES-NFC, is considered because it has 
been indicated to be similar to the sorbent used by Climeworks DAC 
technology [36]. 

The Toth model is used to represent CO2 adsorption. The APDES-NFC 
sorbent is thought to behave by the physisorption mechanism, with 
chemisorption being ignored [36]. The temperature and partial pressure 
of CO2 are the main driving forces in this model: the higher the tem-
perature, the less CO2 is adsorbed in the bed [40]. Moreover, it has been 
observed that relative humidity improves CO2 adsorption; however, few 
experimental or modelling papers have attempted to investigate its ef-
fect on CO2 adsorption [36,41]. The methodology proposed by Sabatino 
et al. [36] is used for this study because it is based on the empirical 
calculation of the dependence of temperature on relative humidity. 
Water co-adsorption, on the other hand, is unaffected by factors other 
than temperature and water content. The temperature-dependent “GAB 
model” is used to represent water adsorption [36]. The use of the 

aforementioned models, as well as some ideal gas equations, allows the 
estimation of the amount of CO2 and H2O that are captured after a DAC 
bed operating cycle. Finally, a carbon capture fraction of 90 % (an 
average value determined at the Hellisheiði and Hinwil Climeworks 
plants) is assumed [6]. More information on these models can be found 
in Section S.1.1 of the Supplementary Materials. Finally, the energy 
consumption encompasses both, heat and electricity requirements. 
Particularly, energy demands for the APDES-NFC sorbent are assumed to 
be equal to the data provided by Deutz et al. [6], and therefore, the 
process created by Climeworks needs between 1.8 and 2.6 MJel/kg 
(electricity requirement) and between 5.4 and 11.9 MJth/kg (heat 
requirement) in which the lowest value indicates the future target, and 
the highest the current consumption. 

2.2.2. Off-shore wind farm and electricity supply 
A dedicated offshore wind farm will be providing electricity to the 

integrated system. The wind speed profile is not constant and conse-
quently the power generation fluctuates. Hence, to estimate the power 
generation curve, the hourly wind profile of the selected location, Tee-
side, is obtained from the NASA/MERRA-2 website [42]. The chosen 
data is for the year 2021, and the geographic coordinates correspond to 
the Teeside wind farm operated by EDF. The software SAM is used for 
the estimation of the hourly energy generation, which is calculated from 
the adjusted wind speed profile, as well as with the selection of the 
nominal power generation (by defining the number of wind turbines). 
The selected wind turbine model is the Senvion 6.2 M126 offshore, due 
to its suitable operation between the speed ranges registered in the 
chosen location. The wind speed profile (see Fig. 2) is provided at 10 m 

Fig. 1. Process flow diagram of the investigated PtL process for SAF production.  

Fig. 2. The wind speed profile for Teeside.  
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above the ground and therefore is adjusted with Equations (1) and (2) to 
a height of 80 m. Equation (1) estimates α, which is the power law 
exponent, and is calculated by using the mean wind speed (Uref ) and the 
height at which wind speeds have been collected. Equation (2) is the 
power law profile and finds the new speed values U(z), at a specific 
height z. 

α = 0.37 − 0.088ln(Uref )
1 − 0.088ln

( zref
10

) (1)  

U(z)
U(zref )

=

(
z
zref

)α

(2) 

For an enhanced operating performance, it is important that the 
electrolyser receives uninterrupted nominal power, which will also 
maximise its service life [43]. Annexing a battery bank to the wind farm 
could allow the storage of the excess power, and the supply of energy, 
when the power generated is lower than the required nominal. 
Although, few studies have assessed the techno-economic potential of 
this integrated wind farm-battery bank-electrolyser system for H2 pro-
duction [44–47]. Moreover, the design of such a system is time 
consuming since it is a multi-objective optimisation problem, with 
multiple solutions that have trade-offs between several technical, eco-
nomic and environmental performance indicators, and due to this 
reason, this design is out of the scope of this study. Additionally, such 
hybrid wind farm-battery systems have shown lower energy efficiency 
and higher capital costs [44,45]. Therefore, to tackle the energy pro-
duction fluctuation, the use of the grid network as a “virtual” storage 
system is proposed: when excess electricity is produced, electricity is 
injected into the grid, while in the case of lower power generation, the 
system takes electricity from the grid [44,48]. The wind farm is sized so 
that the average annual electricity generation equals the overall elec-
ticity demand of the whole PtL system. Further, the grid annual elec-
tricity consumption (and its inherent emissions) is offset by the injection 
of the wind farm excess electricity [48]. 

2.2.3. Electrolyser 
Three main water electrolysis technologies can be mentioned: alka-

line electrolyser (AE), proton exchange membrane (PEM) and solid 
oxide electrolysis cell (SOEC). Despite its lower performance, the AE was 
chosen for this evaluation due to its high TRL and potential for industrial 
scalability. Equation (3) depicts the electrolysis reaction and indicates a 
requirement of 9 kg of deionised water for the production of 1 kg of H2. 
On considering, losses at several sections of the AE operation plant, such 
as water treatment (ion exchange), condensate, and others, the amount 
of water required to produce 1 kg of H2 increases to 9.26 [49]. The ion 
exchange method of water treatment involves the adsorption of water 
contaminants into the ion exchange media (resin), which is disposed of 
or regenerated on a regular basis [50]. 

H2O→H2(g) +
1
2
O2(g) (3) 

Larger electrolysis capabilities might be accomplished by connecting 
multiple AE stacks, while also modifying the balance of the plant’s el-
ements to the desired size, as commercially available AE stacks have a 
maximum capacity of 2.5 MW [49]. The electrolyser’s efficiency is 
constrained because some of the electricity it receives is converted to 
heat. This heat must be continuously evacuated in order to maintain the 
electrolyser’s isothermal operation. Typically, cooling water is utilised 
for this, and for the sake of increasing the energy efficiency, we assumed 
that it is also used for district heating at low temperatures. Another 
additional element of the balance of the plant of the AE electrolyser 
includes the AC-DC converter, where around 6 % of the energy is lost 
[49]. All the operational parameters and energy and mass balances 
considered for this study are taken from a 100 MW electrolyser as pre-
sented in the work of Holst et al. [49], and adjusted to the required 
electrolyser capacity. With regards to the operating pressure, it has been 

found to have low influence in the efficiency of the stack, and it could be 
set according to the downstream application requirements [51,52]. Even 
so, the pressurised AE is described as a system with several operating 
issues with a larger cost due to the need of resistant to high pressure 
materials; therefore, it is regarded as rather undesirable, and an atmo-
spheric system with downstream compression is preferred [49]. 

2.2.4. Process plant 
The refinery process model has been developed in Aspen Plus with 

the aim of estimating the mass and energy balances of the proposed 
process configuration. Due to its suitability for gas processing, refinery, 
and petrochemical plants, the Peng-Robinson-Boston-Mathias was cho-
sen as the thermodynamic property package [53]. In the following 
sections, the main functional units are explained. 

a) Reverse Water Gas Shift 
In the refinery, the reverse water gas shift reactor is a crucial 

component since it primarily enables the catalytic conversion of the 
CO2/H2 mixture into syngas. Generally, RWGS reactors operate at a 
temperature ranging from 700 ◦C to 1000 ◦C, and H2 to CO2 ratios of 1:1 
to 3:1 [54]. Chemically, the RWGS process is represented by a main 
reaction (Equation (4) that is thermodynamically favoured at high 
temperatures. In addition, side reactions (Equation (5), Equation (6), 
Equation (7) and Equation (8) occur and are responsible for the pro-
duction of methane and soot deposition. In order to eliminate the energy 
penalty of the pre-FT compression unit, it is generally recommended 
that the RWGS reactor be operated at the same high operating pressure 
as the downstream FT reactor [55]. However, it has been observed that 
high pressure increases the rate of the methanation reaction [13,55], 
which has a negative impact on the energy efficiency of the process and 
outweighs the advantages of a high pressure RWGS reactor. The studies 
by Adelung et al. [10,13] used process modelling method to analyse this 
effect. The ideal operating pressure and temperature ranges that in-
crease de PtL efficiency and the CO2/H2 conversion efficiencies have 
been determined by the authors through a parametric analysis. 

CO2+H2 ↔CO+H2OΔH = 41.2kJ/mol (4)  

CO2+ 3H2 ↔CH4+H2OΔH < 0 (5)  

CO2+ 4H2 ↔CH4+ 2H2OΔH < 0 (6)  

2CO↔C+CO2ΔH > 0 (7)  

CH4 ↔C+ 2H2ΔH < 0 (8) 

The recycling of the unreacted syngas from the FT unit to the RWGS 
is another topic of uncertainty. Although recycling boosts the efficiency, 
the presence of light hydrocarbons raises the level of operational 
unpredictability. Various approaches to modelling the decomposition of 
these light hydrocarbons have been used in previous studies, with a 
majority assuming an equilibrium conversion inside the RWGS reactor 
(Equations (9)–(13)). However, there is a lack of kinetic models and 
experimental data to analyse the effect of the conversion of these com-
ponents on the selectivity of the RWGS reaction, or whether they can 
cause any operating problem. The only experimental work analysing the 
effect of the recycling of hydrocarbons over the performance of the 
RWGS is the one performed by Wolf et al. [56]. They found that CH4 was 
not responsible of any coking up to a CH4/CO2 ratio below one. How-
ever, replacing CH4 by C3H8, is responsible of thermal and catalytic 
coking. Catalytic coking increases up to 700 ◦C and decreases above this 
temperature. Thermal coking, on the other hand, increases with higher 
temperatures but can be suppressed by the addition of water [56]. 
Another approach considers prior reforming of these hydrocarbons with 
an ATR unit, which may solve the uncertainty problem at the expense of 
higher CAPEX and lower process efficiencies [54]. 

CmHn→Cx+ zH2 (9) 
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CmHn→CxHy+ zH2 (10)  

CmHn+O2→CO+H2 (11)  

CmHn+H2O→CO+H2 (12)  

CmHn+CO2→CO+H2 (13) 

Based on the information presented above, the operating conditions 
selected for this study are 850 ◦C and 5 bar [54] for the “minimization of 
Gibbs energy modelling” of the RWGS unit, assuming that the operating 
conditions and reactor geometry are adjusted to reach the equilibrium 
stage [10,11]. As a consequence, under these operating conditions, it is 
assumed that catalytic coking does not occur and due to the presence of 
moisture in the recycling gas, thermal coking is considered negligible. 
The same approach as Adelung et al. [13] has been taken in terms of the 
source of energy for the RWGS reactions. Thus, the RWGS reactor is 
designed as a steam-reforming reactor, which means that the catalyst is 
packed inside the tubes, which are then placed inside the furnace, where 
oxy-combustion provides heat to the system. The RWGS reactor must be 
made of a high-quality metal or alloy (reactions above 850 ◦C) that can 
withstand temperatures as high as 1200 ◦C [57]. It is also worth noting 
that following this reactor, the outlet streams are cooled and a biphasic 
separator is installed to remove water that could deactivate the FT 
catalyst [10]. 

b) Fischer-Tropsch 
The FT reactor synthesizes hydrocarbons from syngas, obtaining a 

product that mimics the composition of crude oil. This chemical process 
occurs according to Equations (14) and (15), representing alkanes and 
alkenes synthesis respectively [58]. The operating conditions, the 
configuration of the FT reactor, as well as the catalyst have direct effect 
on the properties, composition and the hydrocarbons chain length [59]. 
To maximise kerosene production it is important to obtain long-chain 
hydrocarbons in the range of middle distillates, which could be 
attained by adjusting the operating conditions of the synthesis reactor at 
240 ◦C and 25 bar, while using a cobalt-based catalyst [59]. 

nCO+(2n+ 1)H2 ̅→←̅
cat CnH2n+2+ nH2O (14)  

nCO+ 2nH2 ̅→←̅
cat CnH2n + nH2O (15) 

There are several approaches for the modelling of the FT reactor, for 
this study, the kinetic model derived by Marchese et al. [60] has been 
chosen. The proposed model is a carbide mechanism model which was 
validated by the authors using experimental data obtained from a 
tubular fixed-bed reactor filled with Co-Pt/γ-Al2O3 catalyst [60], with a 
length that determines a CO per pass conversion of 75 %. This model 
includes some modifications to account for the main deviations from the 
Anderson-Schulz-Flory (ASF) distribution including higher methane 
selectivity, lower ethylene selectivity, and inclusion of olefins produc-
tion. Refer to Section S.1.2 of the Supplementary Materials for more 
information on the carbide model and its integration into the Aspen Plus 
model. 

c) Syncrude upgrading section and unreacted syngas recycling 
The FT reactor’s output requires additional processing to yield 

commercial hydrocarbon fractions, such as naphtha (C5 to C7), kerosene 
(C8 to C16), and diesel (C17 to C20). To accomplish this, a series of cooling 
and separation stages are used, yielding three phases: 1) unreacted 
syngas + light hydrocarbons, 2) liquid hydrocarbons, and 3) condensed 
water. The liquid hydrocarbons are separated in an atmospheric distil-
lation column, and the heavy fraction (C21+) is further processed to 
increase the final yield of middle distillates. As a result, the waxes are 
sent to a hydrocracking reactor, which runs on hydrogen and configured 
to maximise the jet fuel output [61,62]. More details about the assumed 
operating conditions of this reactor can be found in previous work by the 
authors [63]. 

To increase efficiency and productivity, the refinery plant must be set 

up to recycle unreacted gases [9–12]. More than one recycling stream 
can be sent back at various stages of the process and for various pur-
poses, as shown in Fig. 1:  

• One stream is recycled just before the FT reactor to ensure that its 
inlet has an inert content of 25 % for thermal stability inside the 
reactor [9]. 
• The second stream generates heat for the endothermic RWGS re-

actions, by its oxy-combustion in the RWGS reactor, which is similar 
to a steam reformer unit [10]. The oxygen coming from the elec-
trolyser is used in stoichiometric amount (λ = 1), and the resulting 
flue gas is cooled further for energy recovery before being partially 
recycled to the oxy-combustor, with the goal of lowering its tem-
perature to 1200 ◦C. Finally, the other flue gas fraction is mixed with 
the fresh CO2 and H2, which is then directed to the RWGS reactor 
after further heating.  
• Finally, the third unreacted gas stream fraction that remains after the 

split of the required streams mentioned above, is also mixed with the 
fresh CO2 and H2, before the RWGS reactor. 

2.2.5. Heat integration 
The process is heat-integrated to maximise plant energy efficiency 

while reducing the use of hot and cold utilities. To that end, the software 
Aspen Energy Analyzer (AEA) is used to perform a Pinch Point analysis. 
The process and property information of the process streams are sent to 
the AEA model, while the energy requirements for the DAC and elec-
trolyser are manually entered. The DAC unit requires heat for its oper-
ation during the desorption stage. An increase of the bed temperature 
diminishes the working capacity of the solid sorbent, and therefore, CO2 
and H2O are released. For the Climeworks DAC unit, the desorption 
occurs at low pressure and moderate temperature. Therefore, a low 
quality heat source, such as medium or low pressure steam, could be 
integrated with the DAC system. The latest information provided by 
Climeworks, shows that the heat requirement is equivalent to 11.9 
MJthermal/kg of CO2 captured [6]; however, Climeworks has also 
claimed that, due to the continuous improvement and development of 
the sorbent materials, this heat requirement could be reduced to 5.4 
MJthermal/kg of CO2 [6]. The electrolyser, in contrast, generates heat. 
The heat released is used for a heat district system in the same manner as 
in von Hepperger’s study [64]. It is assumed that the electrolyser 
operates at 70 ◦C [49], and this can be used in a 4th generation or low- 
temperature district heating system, where the supplied and returned 
temperatures are 60 ◦C and 35 ◦C, respectively[65]. 

2.2.6. Water integration and cooling water system 
When it comes to water integration, different parts of the system 

have the capacity to produce water that could be used to meet the needs 
of different sections of the system, such as the hydrogen production is-
land. The electrolyser requires to be cooled with cooling water, as 
indicated in the section above, in order to run at an isothermal tem-
perature of 70 ◦C. The cooling set-up, however, resembles a dry-cooling 
system because the heat generated by the electrolyser will be used for 
district heating. This indicates that the cooling water cycles in a closed 
loop, never needing make-up water and never creating waste water 
[50]. As a result, the total ratio of 9.26 kg of H2O to 1 kg of H2 remains 
constant. Furthermore, it is worth noting that the water requirements 
are primarily derived from the air (captured alongside CO2 at the DAC 
unit), and from the RWGS and FT reactors, where it is synthesized as a 
by-product. In comparison to tap water, the total dissolved solids (TDS) 
level of air-derived water is roughly ten times lower [66,67], and as a 
result, less sewage sludge will be produced. On the contrary, given that 
the water produced in the PtL process will contain some hydrocarbons, 
extra treatments may be necessary before its integration. 

Moreover, a generic assumption of the amount of water that is lost 
from the cooling water network of the process plant is not sufficient, and 
therefore, a more detailed estimation is necessary and it is calculated 
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according to the following equations: 

Makeupwater = EvaporationLoss+DriftLoss+Blowdown (16) 

The evaporation loss is calculated using Equation (17) and is caused 
by water evaporation when cold dry air comes into contact with hot 
cooling water. Where evaporation is assumed to be 1 % of circulation 
flow for every 10 ◦F (5.56 ◦C) rise between the outlet and inlet across the 
tower. Wind and relative humidity, among other factors, must be cor-
rected. A factor of 0.85 is a reasonable approximation. If the climate is 
particularly moist, the value may fall to 0.65; if the climate is extremely 
dry, the value may rise to 1.0–1.2 [68]. 

EvaporationLoss =
(

0.85*
(

1
100

)

*ΔT
)

*
(

1
10

)

*CirculationFlow (17) 

Drift loss is water entrained in the tower discharge vapours, and can 
range between 0.1 and 0.2 % of the circulation flow. For a conservative 
scenario, 0.2 % is assumed. Finally, in order to reduce the system solids 
concentration, blowdown discards a portion of the concentrated (due to 
evaporation) circulating water. The number of concentration cycles 
required to limit scale formation can be used to calculate the blowdown, 
as indicated in Equation (18) [68]. For a conservative scenario, we 
assumed four cycles [69]. 

BlowdownLoss =
EvaporationLoss

Cyclesofconcentration − 1
(18)  

2.3. Performance indicators 

To quantify the performance of the proposed process configuration, 
the following mass and energy performance indicators are calculated:  

• Carbon fixation, also known as carbon conversion efficiency (ηC), is 
represented by Equation (19) and accounts for the conversion of the 
carbon content in the feedstock by relating the moles of carbon 
(ṅC,products) of the products to the moles of carbon of the feedstock 
(ṅC,feedstock) [13,35,70]. 

ηC =
ṅC,hydrocarbons
ṅC,feedstock

(19)    

• Hydrogen efficiency, as calculated by Equation (20), indicates the 
conversion of hydrogen entering the system’s boundaries into the 
desired fuel products. This is determined by the ratio of the hydrogen 
content of the hydrocarbon over the hydrogen content of the feed-
stock [13]. 

ηH =
ṅH,hydrocarbons
ṅH,feedstock

(20)   

• Power to liquid efficiency (ηPtL), represented by Equation (21), re-
lates the energetic content of the produced fuel ( ˙mjetfuel • LHVfuel) to 
the total energy input of the system, which is composed by the 
electrolyser’s power requirement (PEl) and the power used for the 
process (PU) [10,71]. 

ηPtL =
⃒
⃒ ˙mfuels • LHVfuel

⃒
⃒

PEl + PDAC + Pprocess
(21)  

2.4. Economic evaluation 

Important economic indicators, such as CAPEX, OPEX and MJSP, 
will be calculated in order to obtain numerical results that could be 
comparable with other SAF production scenarios. The MJSP is defined as 
the SAF price at which the NPV is zero [72,73]. For this estimation, a 
discounted cash flow analysis (DCFA) is used; Table 1 contains the main 
financial parameters and assumptions. At the same time, the nth plant 

assumption is adopted in order to avoid unnecessary artificial inflation 
of project costs inherent to the uncertain characteristics of pioneer 
plants [73,74]. 

2.4.1. CAPEX estimation 
Equation (22) [73,77] is used to adjust the Purchase Equipment Cost 

(PEC) for units at different capacity. C denotes the cost of the unit at the 
actual capacity S, while C0 is the base cost at a specific base size S0 or 
capacity. The scaling capacity factor f has different values depending on 
the type of process equipment, and its goal is to reflect the effect of 
economies of scale [73]. 

C = C0

(
S
S0

)f

(22) 

Equation (23) is used to adjust the calculated PEC at different eco-
nomic base year. Cbaseyear and indexbaseyear correspond to the base year of 
the study while the other variables, C0 and index0, refer to the year in 
which the original cost was obtained. The indices are taken from the 
“Chemical Engineering Plant Cost Index (CEPCI)” that serves as an 
important tool for chemical-process-industry projects in the adjustment 
of equipment price from one year to another. When the original prices of 
the equipment were not reported in GBP (£), a conversion factor was 
applied, corresponding to the year where this equipment price was 
detailed. Table S.3 of the Supplementary Materials contains information 
about the equipment cost estimation parameters. 

Cbaseyear = C0

(
indexbaseyear
index0

)

(23) 

Different cost estimations for low TRL technologies, such as DAC, 
come with more uncertainty and direct, indirect costs, as well as oper-
ating and maintenance costs, should not be estimated by using the fac-
tors applied in cost estimation of nth plant technologies. Regarding the 
AE, Researchers at Germany’s Fraunhofer ISE have estimated the costs 
for both AE and PEM electrolysers, finding that the former has bigger 
margins for cost reduction. According to this report, the costs of a large 
scale AE with a capacity of 100 MW could drop from €663/kW in 2020 
to €444 in 2030 [49]. Herein, we have used the 2020 value for the cost 
estimation of the AE. 

• Direct air capture cost: There is a great deal of uncertainty sur-
rounding the present and future costs of DAC units. Among the 
various assessments developed for DAC cost estimation, the National 
Academies of Science [78] and Young et al. [79] are the only as-
sessments that thoroughly describe the breakdown of the capital and 
operating expenditures for relatively high TRL DAC technologies; 
solid sorbents by Climeworks among them. In this sense, the meth-
odology adopted by Young et al. [79] was considered for the present 
study. Young et al. [79] determined that long-term Gigatonne CO2- 

Table 1 
Parameters for conducting the discounted cash flow analysis [75,76].  

Location United Kingdom 

Plant life 20 years 
Currency £ 
Base year 2020 
Plant capacity 2,500 kg SAF/h 
Discount rate 10 % 
Federal 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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scale DAC plants would result in lower costs than first-of-a-kind. The 
approach taken into account by the authors considers a first-of-a- 
kind (FOAK) solid sorbent DAC unit, the CAPEX and OPEX of 
which were estimated for a 0.96 ktonneCO2/y unit (identical capture 
rate with the Hinwil plant operated by Climeworks). Then, CAPEX, 
fixed operating and maintenance costs (fixed OPEX costs), and var-
iable costs (variable OPEX costs) are scaled up to the required plant 
capacity by using learning rates. Since the main intention of this 
study is to estimate costs for CO2 capture, transport and storage, the 
CO2 capture was recalculated by using the approach proposed by the 
original source [79]. More details on the calculations could be found 
in Section S.3 of the Supplementary Materials. 
• Reverse Water Gas Shift reactor: Due to the novelty of this tech-

nology it is challenging to find a reliable equipment price. The 
considered PEC was taken from the work of Adelung et al. [13]. They 
developed an approach that is sensible to the operating conditions of 
the RWGS system. Since the operating conditions of our system are 
closer to the ones used by these authors, the same cost of the RWGS 
reactor was considered; nevertheless, the capacity was adjusted to 
the required for this system, by assuming a generic scaling factor of 
0.65 due to the lack of relevant data (Table S.3). 

Based on the calculated PEC, as well as on the methodology depicted 
in Table S.4 of the Supplementary Materials, it is possible to estimate the 
Total Direct Costs (TDC) and Indirect Costs (IC) [80]. The Fixed Capital 
Investment (FCI) is then calculated as the sum of TDC and IC. The in-
terest during construction is calculated using 10 %, 50 %, and 40 % in-
vestments at a 10 % interest rate. Then, the CAPEX is estimated by 
adding the start-up cost and the interest during construction, while the 
working capital is considered as 5 % of the CAPEX. 

2.4.2. OPEX estimation 
As shown in Table S.5 of the Supplementary Materials, the OPEX 

(operating expenses) or manufacturing costs are calculated by adding 
the estimated values of fixed operating and maintenance costs (FOM), 
variable operating costs (VC), and plant overhead costs. VC is calculated 
by adding the prices of raw materials, utilities, and catalysts, which are 
summarised in Table S.5. 

The levelised cost of the offshore wind electricity is calculated by the 
SAM software, following the calculations of the power generation curve 
explained in Section 2.2.2. Because continuous supply of electricity via 
wind turbines is not possible, the grid is used as a “virtual storage” of 
electricity (Section 2.2.2). Policies regulating this dynamic wind farm- 
grid interaction were not clearly found for the UK. Assuming a similar 
scheme as in existing net-metering policies (generally applied for small/ 
medium scale generators of renewable energy connected to the grid), the 
generation costs of the electricity going and coming from the grid are 
offset. Given the private nature of the companies that own and operate 
transmission and distribution networks, a fee for network costs, must be 
paid for electricity drawn from the grid [81]. According to Eurostat [82], 
this fee is equal to 0.009 £/kWh for a UK-non-household consumer with 
electricity consumption above 150,000 MWh in 2019. In UK, the 
network costs are generally passed to the consumers [83,84], and 
therefore no charges for injecting energy to the wind farm are 
considered. 

In turn, the labour is calculated using the empirical relationship, 
Equation (24), proposed by Peters et al. [85]. Where “plant capacity” 
refers to the amount of jet fuel produced, expressed in kg/h, “nprocesssteps” 
or the number of process steps, refer to the number of sections within the 
process, where significant chemical and/or physical changes occur. In 
addition, “hplantoperation”, refers to the annual operating hours of the plant, 
which is considered to be 8,000 h/year. Once the hours of labour 
“hlabour” are estimated, the cost of the labour is calculated by considering 
that the price of one hour of labour is equal to 15 £/h [85–87]. 

hlabour = 2.13× plantcapacity0.242 × nprocesssteps ×
hplantoperation

24
(24) 

It is important to mention that the OPEX of the DAC unit is not 
calculated according to this conventional methodology. Instead, the 
approach followed by Young et al. [79] is adopted as explained for the 
DAC-CAPEX section. The methodology followed by these authors cal-
culates the OPEX in two stages. The energy requirements are considered 
from the values stated from Climeworks in the study of Deutz et al. [6]. 
The DAC unit does not necessitate external heating since the amount of 
heat that is necessary for the process is provided by the steam produced 
at the FT reactor. On the other hand, the DAC electricity is considered in 
the economic calculations. For more details about this estimation, Sec-
tion S.3 of the supplementary materials provides more information of 
the adopted approach. Additionally, for the estimation of the OPEX, it is 
important to mention that for the AE, it is necessary to change the stack 
every ten years, and therefore this cost is as well considered and 
calculated according to the following Equation (25) [88] 

Alkrepl.[£/kW] =
2
3
*0.4*AlkCAPEX (25)  

2.5. Life cycle assessment (LCA) 

The Life Cycle Assessment (LCA) is performed according to the 
standardised approach outlined in ISO 14040 and 14044 to ensure the 
consistency and transparency of the LCA studies [89]. According to this 
approach, the LCA is comprised of four main steps: definition of the 
objective and scope of the study; construction of the inventory analysis; 
determination of the environmental impacts; and the interpretation of 
the results. 

2.5.1. Goal and scope definition, functional unit 
The goal of this LCA is to find the environmental performance of the 

integrated system, which represents a CO2 utilisation scenario under the 
Power-to-aviation concept. The system boundaries are placed in a way 
that the LCA analyzes the whole supply chain until the combustion of the 
produced SAF, which is known as the Well-to-Wake (WtWa) analysis, as 
depicted in Fig. 3. Among the various environmental impacts, the global 
warming potential (GWP) is mainly assessed, which allows a comparison 
with existing SAF production pathways, as well as with regulating 
standards, such as the U.S. Renewable Fuels Standard (RFS) and the 
European Renewable Energy Directive II (RED II). These standards 
establish the required threshold for CO2eq emissions reduction compared 
to those of conventional jet fuel, which is equal to 89 gCO2eq/MJ and 94 
gCO2eq/MJ, for the RFS and the RED II, respectively [90,91]. Synthe-
sized jet fuel can be considered as SAF when its inherent GWP achieves 
at least 50 % and 70 % GHG emissions savings when compared to fossil 
jet fuel, in compliance with the RFS [92] and the RED II [91], respec-
tively. On the other hand, the UK government is planning that for SAF to 
receive credits under the SAF mandate, it will be required to achieve a 
50 % GHG saving compared to a fossil fuel benchmark of 89 gCO2e/MJ 
[28]. In addition, the water footprint is estimated, although there is 
currently no regulation towards this specific environmental impact. 

The functional unit is selected on an energy basis, and therefore it is 
equal to 1 MJ of SAF while considering that the LHV of the SAF is equal 
to 42.8 MJ/kg [93]. This choice is made for ease of comparison of fuels 
with different origin when they have the same end use (e.g. combustion 
in the same aircraft) [94]. Additionally, SimaPro V.9.3.0.3 is used to 
conduct the LCA together with its built-in databases, such as Ecoinvent 
3.6, which is a reliable source of background information. 

2.5.2. Multi-functionality 
Most systems face a methodological difficulty when it comes to the 

application of the LCA analysis on the production of multiple products, 
or by-products, since a decision needs to be made on how the 
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environmental impacts will be distributed. As a result, the use of allo-
cation methods is required, but their selection is challenging because 
they all produce results that differ significantly from one another [95]. 
An exhaustive list of allocation methods could result in a large number 
of options, given that some studies develop their own approaches. 
However, the most popular methodologies that could be mentioned 
include the allocation based on physical basis, such as mass, energy, 
exergy, among others; furthermore, economic allocation is also 
frequently applied, particularly when the economic value of the product 
is the driving force of the system. Finally, allocation by substitution, also 
known as system expansion, could be also found in some LCA, by 
crediting avoided emissions associated to the by-products that displaced 
similar but more environmental harmful products [96,97]. In this sense, 
the chosen methods for the multifunctional system of this study, will be 
the energy, as well as the exergy allocation, due to the energy content of 
the produced SAF and the by-products (naphtha, diesel) [95,98]. The 
base scenario is defined as the exergy allocation, which uses an exergy 
allocation at the refinery level, however, no allocation is applied in the 
electrolyser due to the reasons that are further explained in Section 
2.5.3.2. The allocation approach based on system expansion is not 
further explored since this method is prone to calculate lower GHG 
emissions for substituted products with larger carbon intensities than 
the studied system [63,99]. 

2.5.3. Life cycle inventory (LCI) and description of the life cycle stages 
The LCI for the described system is elaborated based on two primary 

data sources: The mass and energy balances produced through the 
process modelling in Aspen Plus, as well as from the literature-derived 
data. This information covers the normalised figures, as per the func-
tional unit, for the DAC process, the electrolyser, as well as for the re-
finery plant. Moreover, the data includes information about the various 
waste streams and emissions produced throughout the indicated pro-
cesses. The second data source is comprised of the required background 
data, which is mainly found in the Ecoinvent 3.6 database, as well as in 
the literature. The different stages of the system are depicted in Fig. 3, 
while more details about the establishment of their associated LCI are 
explained in the following sections, and can be found in Tables S.6–S.11 
of the Supplementary Materials. 

2.5.3.1. Off-shore wind farm. All phases of the life cycle should be taken 
into account when evaluating the environmental impact of the elec-
tricity produced by the offshore wind farm. Beginning with the pro-
duction of the various parts, their installation, use, and maintenance, 
and concluding with the decommissioning and disposal of the buildings 
and machinery. Previous studies have performed the LCA of different 
off-shore wind turbine models, while also testing the effect of the 
operation and maintenance strategy [100,101], leading to different 

Fig. 3. The system boundaries for the LCA of the investigated SAF route.  
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results in terms of GWP. However, the results obtained are not 
dramatically different and therefore, for this assessment, a generic in-
ventory is used to represent the production of electricity from an off- 
shore wind turbine. This LCI is found in the Ecoinvent database, 
which is available in the SimaPro software, and comes under the name of 
“electricity production, wind, 1–3 MW turbine, offshore, GB”. The 
database provides information of the high voltage electricity generated 
in 2012 at UK offshore wind farms connected to the grid. It covers 
infrastructure inputs as well as operating and maintenance costs. It is 
worth noting that the database does not account for the use of grid 
electricity during periods when the wind farm is not in operation. This is 
because the wind farm has been designed in a way that the electricity 
taken from the grid equals the electricity injected into it, thereby 
negating any environmental issues associated with the grid electricity. 

2.5.3.2. Alkaline electrolyser. For this section, the LCI for the AE is taken 
from the work provided by Koj et al. [102]. This database provides a 
thorough inventory for the construction of a Zirfon alkaline electrolyser 
of 6 MW of capacity. At the same time, this database is combined with 
the comprehensive mass and energy balances produced in the current 
work based on [49]. All these data are accordingly arranged, normal-
ized, and introduced in the software SimaPro, where a new inventory is 
created to represent AE construction and operation (maintenance is not 
considered due to the absence of data representing this activity). More 
details on this inventory could be found in Section S.4 of the Supple-
mentary Materials. Concerning the AE’s operation, no papers or studies 
have been found that analyse the effect of multi-functionality inherent to 
it, since an electrolyser not only produces hydrogen, but also by- 
products, such as oxygen and excess heat. Despite the opportunity of 
reducing emissions burden to the hydrogen (allocation) or gaining 
credits due to the displacement of industrial oxygen and heat for district 
heating production (system expansion), these options have not yet been 
considered due to some technical challenges and lack of technical and 
operational expertise, associated to the lack of commercial scale PtL 
plants [103]. In this sense, different scenarios for the allocation of the 
emissions in the AE operation are analysed, as explained in Table 6. The 
main assessment (AA1) assigns 100 % of the environmental impacts to 
hydrogen. The second approach (AA2) assumes an energy allocation, 
with no emissions attributed to oxygen, while the heat generated from 
the isothermal operation of the electrolyser is now considered a by- 
product. Finally, the third approach (AA3) considers both oxygen and 
district heating as by-products, by using exergy allocation. 

2.5.3.3. Direct air capture. The inventories for the DAC technology is 
based on two studies found for the Climeworks technology [6,104]. 
Deutz et al. [6] and Terlouw et al. [104] provided for the first time 
complete LCA of a VTSA DAC unit at industrial scale, based on pro-
prietary and confidential information provided by Climeworks, in which 
refers to the construction of the DAC unit. Despite the fact that the au-
thors did not share this LCI, Terlouw et al. [104] provided a rough in-
ventory based on freely accessible databases that could replicate their 
obtained findings. Consequently, these inventories were applied to 
represent the construction of the studied DAC technology. As for the 
operation, the LCI is also based on the data provided by [6,104]; how-
ever, some numbers are adjusted to reflect the energy and water inte-
gration of the DAC system, to the other sections of the plant. 

2.5.3.4. Refinery plant. The inventory of the refinery plant is based on 
the generated mass and energy balances from Aspen Plus, which are 
normalized for 1 MJ (LHV based) of SAF. The inventory for the con-
struction of the infrastructure is based on the existing inventory for 
“Chemical factory, organics {GLO}| market for | Cut-off, U” available in 
Ecoinvent. 

2.5.3.5. Transport of jet fuel. The Ecoinvent database for “Kerosene 

{Europe without Switzerland}| market for kerosene | Cut-off, U” [105] 
is selected to represent this stage. This inventory includes information 
on the transport of the fuel from the process plant to the final consumer, 
which includes data for the operation of storage tanks, and the emissions 
attributable to the SAF’s evaporation, as well as to the effluent 
treatment. 

2.5.3.6. End use (combustion). Utilizing jet fuel in an airplane is the 
final phase of the life cycle. The emissions for the combustion of SAF are 
obtained from the Ecoinvent database for “Transport, passengers, 
aircraft, medium haul | Cut-off, U”. Since SAF’s chemical characteristics 
closely resemble those of jet fuel, this supposition is considered accurate 
[99]. In this stage, it is also important to mention that carbon neutrality 
[106] is assumed for the CO2 emissions derived from combustion of SAF, 
since the main building block of the SAF is atmospheric CO2. 

2.5.4. Impact assessment: Global warming potential and water consumption 
Among the midpoint impact categories available in SimaPro, the 

“Recipe 2016 midpoint (H)” is selected due to its popularity among LCA 
practitioners, as well as its ability to estimate GWP for a 100-year time 
horizon. Out of the 18 calculated environmental impacts, the GWP and 
water consumption are further discussed: 

Global Warming Potential: This effect measures the infrared radia-
tive force caused by GHG emissions, which are given as kgCO2eq, and 
characterisation factors are used for gases other than CO2. Since the 
SAF derives from CO2 drawn from the atmosphere, it is believed that 
their combustion generate CO2 with a characterization factor of zero. 
Water consumption: Water is an important resource in the produc-
tion of hydrogen for the PtL plant. While being the main resource for 
the process of hydrogen generation, it is also used as a cooling utility. 
Understanding the water balance is important when it comes to 
economic and mainly environmental performances of the integrated 
PtL system. The water utilisation and consumption is accounted in 
every stage of the process, as mentioned in Section 2.2.6. However, 
the water utilisation of background LCI is detailed in the databases 
provided by Ecoinvent, alongside the results of Section 2.2.6 provide 
a better accounting of this resource which is as well calculated by 
ReCiPe Midpoint (H). 

2.6. Sensitivity and uncertainty analysis for the TEA and LCA 
assessments 

As shown in Table 2 for the TEA, the parameters linked to high un-
certainty are modified. According to the classification of the AACE In-
ternational, for low level of maturity plants, as in the case of the PtL 
process plant, the CAPEX of the refinery is changed between − 30 % and 
+50 % [107]. Analyses of various tax and discount rates values and 
other significant economic characteristics are also conducted. The risk of 
investing in a specific project is correlated with the discount rate. For 
investments in PtL process plants, an optimistic discount rate of 8 % is 
suggested [108], whereas a pessimistic discount rate of 12 % is sug-
gested. To reflect a scenario in which the PtL process might qualify for 
tax exemptions, the optimistic tax rate value is set at 0 %, while the 
higher value is set at 40 %. Supporting policies towards renewable 

Table 2 
Variables used for the sensitivity and uncertainty analyses of the TEA.  

Parameter Low Value Nominal High value Unit 

CO2 cost 50 359 1000 £/tonne CO2 

H2 cost 1 3.09 8 £/kg H2 

CAPEX refinery 40.63 58.04 87.06 MM£ 
Cost of wind electricity 0.030 0.060 0.09 £/kWh 
Cost of network use 0 0.009 0.014 £/kWh 
TAX rate 0.00 30.00 40.00  % 
Discount rate 8.00 10.00 12.00  %  

M.F. Rojas-Michaga et al.                                                                                                                                                                                                                     



Energy Conversion and Management 292 (2023) 117427

10

energy industries may subsidise the network cost for the grid electricity 
[83], and therefore a bandwidth between 0 to +50 % is considered for 
this parameter. 

For the estimation of the MJSP, the TEA model requires inputs of 
CAPEX and OPEX estimations of the different sections of the integrated 
system. However, for ease of interpretation, the TEA model is modified 
for the sensitivity assessment and, instead of requiring individual 
CAPEX/OPEX of the CO2 and H2 production sections, the cost of 
capturing CO2 and producing H2 are the new inputs; in this way the 
readers can correlate costs with different technologies for capturing CO2 
and producing H2. Table 2 shows the ranges of these costs using both an 
optimistic and pessimistic perspective: 

The variables taken into account for the sensitivity analysis of the 
GWP are listed in Table 3. In order to find trustworthy values, the low, 
nominal, and high values for each parameter were evaluated in the 
current literature. Given that the system needs a lot of electricity, pa-
rameters related to electricity are essential. There are numerous studies 
that examine the carbon footprint of energy produced by wind; the 
NREL [101] developed a study that harmonised them, and this analysis 
took into account both the reported low and high values. Similar to this, 
several values for the stack efficiency of the AE were identified 
[51,109–111]; as a result, the low and high values from this review were 
taken into consideration. The expected reductions of the DAC energy 
requirements, as a result of the improvements in the Climeworks tech-
nology, are used as the low heat and power demands [6]. As there are no 
reported high-values for DAC energy consumption, a 50 % increase over 
the nominal values is assumed. Likewise, sorbent efficiency, which 
translates into the sorbent to capture the CO2 mass ratio, is considered 
for this sensitivity analysis; for this, the Deutz et al. [6] study provides 
low, nominal, and high values for it. Finally, three different scenarios are 
analysed: 1) the UK grid is provided instead of the dedicated renewable 
energy source. 2) Energy allocation is used for the allocation of the 
products of the refinery (naphtha, diesel and jet fuel) and electrolyser 
(hydrogen and district heating); and 3) ‘Excess oxygen, exergy alloca-
tion’, where exergy allocation is used for the allocation of the products 
of the refinery (naphtha, diesel and jet fuel), as in the base scenario, 
however, there is an exergy allocation applied to the electrolyser as well 
(hydrogen, excess oxygen not used in the refinery, and district heating). 

Due to the novelty of the ‘PtL’ concept, the different variables 
considered for the TEA and LCA assessment are associated with some 
degree of uncertainty regarding their real value, as reflected in Tables 2 
and 4. In this sense, the uncertainty analysis is essential to showcase the 
effect of the uncertain variables on the final results. Thus, this analysis is 
performed for the MJSP and the GWP based on the same parameters 
considered for the sensitivity analysis, except for the GWP that uses the 
first four variables of Table 3. While the sensitivity analysis changes 

each parameter individually, a statistical method, such as the well- 
known Monte Carlo analysis allows the arbitrary modification of all of 
them at once. It is presumptively assumed that they all exhibit a trian-
gular distribution. The MJSP and the GWP of the system is recalculated 
in 10,000 trials as part of the Monte Carlo analysis carried out in Matlab 
and the mean, median and standard deviation are calculated. 

3. Results 

3.1. Process modelling 

This section presents the results of the mass and energy balances 
calculated using the various process models. Section S.5.1 of the Sup-
plementary materials contains the results and validation of the FT unit. 
The DAC models estimate the amount of water that could be captured, 
and the results are used to explain the water integration and footprint. 
The process model created in Aspen Plus is critical for presenting mass 
and energy balances, which are then used for environmental and eco-
nomic assessments. In addition, the water and energy integration are 
reflected in the mass and energy balances. 

3.1.1. PTL process: Mass and energy balance 
The mass and energy balances have been estimated, and Section 

S.5.2 of the supplementary materials presents them in detail for the main 
process streams and units. Overall, it is estimated that 13.3 tonne/h of 
CO2 and 3.35 tonne/h of H2 are required for the production of 0.88 
tonne/h of naphtha, 2.52 tonne/h of jet fuel, and 0.81 tonne/h of diesel. 
Fig. 4 presents the carbon molar flow and distribution along the process 
and the products. Carbon is only lost to the atmosphere at the DAC unit 
and the purge gas, where 1.48 tonne/h and 0.29 tonne/h of CO2 are 
emitted, respectively. 

Based on these overall balances, and on the relations presented in 
Section 2.3, efficiencies such as carbon conversion, hydrogen conver-
sion, and PtL, equal to 88.0 %, 39.16 %, and 25.6 %, respectively. 
Table 4 lists the findings from similar research that examined the syn-
thesis of electrofuels using PtL/FT. It can be seen that the carbon con-
version efficiency estimated for this study is in line with previous 
studies. High carbon efficiencies are highly linked to high CO2 capture 
fractions and most studies assume capture of more than 90 %. The 
presence of appropriate recycling streams of the unreacted syngas to the 
synthesis sections is another crucial factor to take into account. In this 
sense, a combination of DAC with high CO2 capture efficiency, as well as 
the existence of proper recycling streams (as in the present study), en-
hances the productivity of the products. 

Due to the water synthesis that occurs at the RWGS and FT reactors, 
PtL systems have generally low hydrogen efficiency. One mole of water 

Table 3 
Variables used for the sensitivity and uncertainty analyses of the LCA.   

Value References 

Low Nominal High Low Nominal High 

Electricity carbon 
intensity (gCO2/ 
kWh) 

7  15.25  22.5 [101] * [101] 

Alkaline Stack 
efficiency (%) 

58  68.81  72.82 [112] [49] [49] 

Sorbent amount (g/kg 
CO2) 

3  7.5  11.25 [6] [6] – 

DAC power 
requirement [MJ/ 
kgCO2 captured] 

1.8  2.6  3.9 [6] [6] – 

UK grid (gCO2/kWh) –  193.38  – – – – 
Excess oxygen, exergy 

allocation 
–  –  – – – – 

Energy allocation –  –  – – – –  

* Electricity, high voltage {GB}| electricity production, wind, 1–3 MW tur-
bine, offshore | Cut-off, U. 

Table 4 
Literature review on technical performance of PtL studies for e-fuel production.   

Main 
Product 

Carbon 
efficiency 

Hydrogen 
efficiency 

PtL 
efficiency 

This study Jet Fuel 88 % 39.16 % 28.06 % 
Adelung et al.  

[10] 
FT liquid 
fuels 

88.00 % 28.00 % 38.70 % 

Vidal-Vazquez 
et al. [8] 

Oil and 
Wax 

59.50 % 30.80 % N/A 

Vidal-Vazquez 
et al. [8] 

Oil and 
Wax 

94.00 % 32.00 % 47.00 % 

Zang et al. [114]  45.53 % 24.35 % 52.20 % 
König et al. [34] FT liquid 

fuels 
73.00 % — 45 % 

Hannula et al.  
[55] 

FT liquid 
fuels 

65 %–89 % — 37 %–41 % 

Hannula et al.  
[55] 

FT liquid 
fuels 

50 %–55 % — 34 %–36 % 

Marchese et al.  
[12] 

FT liquid 
fuels 

58.1 %– 
73.78 % 

— 22.6 %– 
36.5 %  
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is synthesised for every mole of CO produced in the RWGS reactor, while 
at the FT reactor, the amount of produced water is greater (mole basis) 
than the hydrocarbons generated [113].The estimated hydrogen con-
version efficiency of this study is higher than previous research and this 
is attributed to variations in the process configurations, such as the ex-
istence of several recycling streams as well as the employment of a 
comprehensive FT kinetic model. 

Although the PtL efficiency is lower compared to other studies that 
are contrasted in Table 4, it is within the bounds reported in Marchese 
et al. [12]. The main reason for this is the utilisation of the kinetic 
approach for the FT reactor. As previously stated, the lumped kinetic 
model can predict the ASF model’s deviations and predicts higher levels 
of CH4 production of, which lead to lower production levels of liquid 
hydrocarbons and, thus, lower PtL efficiency. 

3.1.2. DAC working capacities 
Section S.5.3 of the supplementary materials illustrates, at atmo-

spheric pressure, the influence of the RH over the CO2 working capacity. 
These results [36] confirm the impact of temperature and relative hu-
midity on the CO2 working capacity: the latter increases with an increase 
in RH, with the impact being more pronounced at low temperatures. At 
the operating weather conditions that are taken from the data provided 
by Merra-2 for Teeside [42] (hourly temperature, pressure and relative 
humidity conditions for 2020), and considering temperature and pres-
sure of desorption equal to 110 ◦C and 0.1 bar [36,115], the resulting 
working capacities for the CO2 and the H2O equal 2.82 molCO2/kg and 
9.61 molH2O/kg of sorbent, respectively. In other words, for 1 kg of 
CO2, 1.4 kg of water is produced. When compared with the literature, 
these results are in agreement with previous studies [36,115–117], for 
instance, DLR et al. found a value of 1 kg of extracted water per kg of 
captured CO2 [117]. Based on the mass balance, which is presented in 
the Section S.5.2 of the Supplementary Materials, this water can cover 
60 % of the electrolyser’s water demand. 

3.1.3. Heat and water integration 
Fig. 5 illustrates the hot and cold streams taken into account for the 

Pinch Point analysis as a starting point for the heat integration. The 
streams that need cooling are shown in red on the diagram, whilst those 
needing heating are shown in blue. Since the heat released by the syngas 
combustion is integrated to the RWGS reactor and its inlet stream pre-
heating, they are not taken into account for this diagram or the subse-
quent analysis. The hot and cold composite curves clearly show that the 
system’s heat integration is a “threshold problem” rather than a “pinch 
point problem,” which means that only one thermal utility is needed, 
and there is no pinch point temperature. As the process itself provides 
the necessary heating, no external hot utility is needed in this particular 
instance. 

The streams that were taken into consideration for this heat inte-
gration, exchange heat when it is possible, but because the process re-
quires more heat than it does cooling, the excess heat is used to produce 
steam at different qualities, as shown in Fig. S.4 of the Supplementary 
Materials. As a result, the cooling needs are met by the production of LP 
and HP steam, cooling water, and a refrigerant. There is no need to 
install an additional external heat source because the system itself 
completely meets the heating requirements. There is a synergy between 
the DAC unit and the process plant because the LP steam generated at 
the FT reactor is integrated with the DAC for the regeneration of the 
sorbent. Surplus LP and HP are produced at rates of 7.85 and 26.28 
tonne/hr, respectively, which are considered as products with a positive 
economic input for the system. 

The water integration is important for the hydrogen generation, 
which totally derives from water electrolysis. In total, 30.98 tonnes/h of 
water is required, from which 17.35 tonnes/h are potentially produced 
at the DAC unit, while the remaining requirement is considered to be 
provided by the process. The synthesis reactions occurring at the RWGS 
and the FT reactors are responsible of the production of 24.84 tonnes/h 
of water, from which 11.21 tonnes/h are sent to the electrolyser for the 
hydrogen generation. It is crucial to note that the water produced by the 

Fig. 4. The carbon mole flow of the investigated SAF route.  
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process may contain trace amounts of a variety of substances, including 
alcohols, ketones, aldehydes, carboxylic acids, and inorganic com-
pounds [113]. As a result, it is crucial that industrial setups choose the 
best technology for treating the water. In terms of this study, a typical 
waste water treatment is taken into account. Although the selection of 
an adequate water treatment is outside the scope of this study, it is 
important to mention that if more rigorous purification techniques are 
needed, this could have an impact on the economic performance of the 
system. 

3.1.4. Electricity requirements and wind farm electricity generation 
The power demand for the various sections of the system are pre-

sented in Table 5. The dedicated off shore wind farm is designed in order 
to produce the requirements for the plant. Thus, 103 wind turbines can 
generate 199.69 MW based on the weather data and the wind farm’s 
technical design. The annual hourly profile of energy generation 
(Fig. S.5 of the Supplementary Materials) reveals that there are times 
when the wind farm cannot produce the necessary energy. To tackle this, 
grid electricity is supplied to the system as part of the constant energy 
supply strategy explained in Section 2.2.2. In contrast, when the system 
generates more electricity than what is necessary, the excess is delivered 
to the grid. Overall, 660 MWh per year are exchanged between the wind 
farm and the grid. 

3.2. Economic performance 

Initially, the CAPEX of the system was evaluated, and it is estimated 
to be 331.55 MM£ (or 1.93 £/kg of SAF). The CAPEX breakdown of the 
process is 31 %, 18 % and 51 % for the electrolyser, the refinery plant 

and the DAC respectively. The DAC unit is the dominating expense, and 
due to its early stage of development, the estimated DAC CAPEX is 
associated with significant uncertainty [118]. It is difficult to compare 
the predicted CAPEX with past PtL research because most of them used 
CO2 capture costs as inputs for their economic assessment. A similar 
process configuration was studied by Comidy et al. [54], who found that 
the cost of the AE+RWGS reactor accounts for 59 % of the overall 
CAPEX. Similarly, Marchese et al. [88], analysed several scenarios for 
the production of FT-derived wax, finding CAPEX dominated by the cost 
of the DAC unit, which was based on a liquid sorbent (Carbon Engi-
neering) technology. 

The MJSP has been estimated as 5.16 £/kg of SAF (or 0.12 £/MJ). 
The process is OPEX intensive and the OPEX accounts for around 73 % of 
the MJSP, i.e., 3.76 £/kg; the OPEX breakdown is detailed in Fig. 6. This 
figure details the contribution of each component to the OPEX nor-
malised per 1 kg of SAF. Based on these findings, it is possible to 
conclude that the cost of electricity (grid and wind-derived) accounts for 
the majority of the OPEX and, as a result, the MJSP. The annualised 

Fig. 5. The composite curves of the PtL system.  

Table 5 
The electricity demand of the integrated PtL system.  

Process sections Electricity demand [MW] 

RefineryElectrolyserDirect Air Capture 5.57181.159.61 
Overall electricity demand [MW] 
196.33  

Table 6 
Description of different allocation methods.  

Subsystem Main and 
by- 
products 

Products considered for the allocation method 

Exergy allocation 
process plant, no 
allocation in the 
electrolyser (AA1) 

Energy 
allocation 
(AA2) 

Exergy 
allocation 
(AA3) 

Electrolyser Hydrogen Yes Yes Yes 
Excess 
Oxygen 

No No Yes 

District 
Heating 

No Yes Yes 

DAC Carbon 
Dioxide 

Yes Yes Yes 

Water No No No 
Process 

plant 
Naphtha Yes Yes Yes 
Diesel Yes Yes Yes 
SAF Yes Yes Yes 
Water No No No  
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CAPEX is also a small proportion of the total MJSP, making the uncer-
tainty created by certain equipment costs less significant when 
compared to the importance of the OPEX. Previous PtL based on FT 
studies found a variety of levelised costs of the analysed products, 
probably due to the differences in process configurations, plant capac-
ities and equipment cost data; however, even under the most optimistic 
scenarios, all the estimated costs are much higher than the fossil-derived 
fuels. For example Hombach et al. [18] estimated a figure of 4.25 £/kg 
for the levelised cost of e-diesel in 2015, and a cost reduction to 3.37 
£/kg for 2030, for DAC-derived CO2 costs. Adelung et al. [13] calculated 
minimum selling costs ranging from 1.59 to 4.79 £/kg, for optimistic and 
pessimistic electrolysis-derived hydrogen scenarios, using CO2 captured 
from a cement plant. In another study, Marchese et al. [88], estimated 
wax production costs ranging from 4.43 to 24.04 £/kg, based on liquid 
sorbent DAC technology for the capture of CO2. Comidy et al. [54], 
assessed a system using nuclear energy and sea water acidification for 
CO2 capture, and for the scenario operating with a dedicated nuclear 
power plant, the minimum production costs or aircraft carrier’s fuel 
were found ranging from 2.52 to 3.28 £/L. Furthermore, existing 
research targeting jet fuel production is scarce, and for a similar process 
configuration as the one of this study, some reports were found in the 
open literature [15,19,21]. In the report of Batteiger et al. [19] a figure 
of 2.00–2.57 £/kg of SAF are presented for the near-term estimation of 
the MJSP. Long term (2050) estimations predict that the MJSP could 
drop to figures of 1.54–1.94 £/kg [15,19]. Similarly, Fasihi et al. [21] 
found values for the MJSP ranging between 1.20–1.43, 0.86–1.09 and 
0.68–0.80 £/kg for 2030, 2040 and 2050, respectively. 

The main conclusion of the analysed scenarios is that the economic 
performance of the SAF is attributed primarily to the high power re-
quirements associated with green hydrogen generation. Another 

important point to discuss is that the studies that source their CO2 re-
quirements from a DAC unit, similar to this study, estimate larger 
minimum production costs for their PtL products, compared to other 
configurations with different CO2 sources (e.g. concentrated sources); 
therefore, reducing CAPEX and OPEX costs of the various DAC tech-
nologies available in the market can play an important role on the 
reduction of production costs of e-fuels, alongside carbon credits that 
can be earned due to the utilisation of atmospheric CO2. 

3.2.1. Sensitivity analysis and economies of scale 
The sensitivity of the calculated MJSP was assessed for the param-

eters listed in Table 2, with the outputs presented in Fig. 7; the blue and 
grey bars represent a reduction or increase in the baseline MJSP value, 
respectively. The largest variations are observed for the cost of pro-
ducing H2 and cost of capturing CO2. Improvements in increasing the 
efficiency and decreasing the cost of the electrolyser is essential for cost 
reductions. In addition, lower electricity costs should be sought and 
ideally expected; in the UK, for example, low offshore wind electricity 
prices have already been attained in 2022 (0.037£/kWh) [119], which 
can be seen as an incentive for the development of PtL projects. The 
MJSP exhibits low sensitivity to the CAPEX of the refinery. Moreover, 
governments undoubtedly have a significant role to play in formulating 
tax rates that could help reduce the MJSP; however, even in the most 
optimistic scenarios, the MJSP never decreases to levels that could make 
SAF competitive with fossil-derived jet fuel. Therefore, to encourage the 
production and consumption of SAF, it is crucial for governments to 
offer carbon credits or other incentives. 

The effect of economies of scale on the MJSP of the SAF, is shown in 
Fig. 8. The CAPEX of each section of the system was adjusted separately 
for the calculations at different capacities; for the refinery plant, an 
escalation factor of 0.65 was used; for the AE, a factor of 0.88 (calculated 
from reference [49]); and for the DAC, the learning rates methodology 
described in Section S.3 of the Supplementary Materials were applied. 
On the other hand, a linear adjustment to the capacity of the plant was 
assumed for all the raw materials, utilities, and products of the system, 
as detailed in Rojas et al. [63]. The MJSP can decrease by 15 % but the 
size of the plant should increase by approximately 5 times. When the PtL 
process is compared to a similar biomass to liquid (BtL) system for the 
production of SAF, the decline of the MSJP with the increase of the 
system’s capacity is less steep than in the BtL system, as evidenced in the 
Rojas et al. [63] study. This is explained by the fact that PtL-derived SAF 
has been shown to be OPEX dependent, whereas BtL-derived SAF has a 
significant dependence on the CAPEX. 

3.2.2. Uncertainty analysis 
The Monte Carlo analysis yields mean and median MJSPs of 7.68 and 

7.47 £/kg of SAF. The similarity of these values demonstrates the uni-
form distribution of the 10,000 datasets, and this is shown in Fig. 9. The 
MJSP could be located anywhere between 2.45 and 12.91 £/kg with a 
95 % confidence. These findings highlight two points: first, the relatively 
high value of the standard deviation means that the distribution of the 
possible MJSP around the mean is very scattered due to the high level of 
uncertainty that is taken into account for the CO2 and H2 costs; and 
secondly, even in the most optimistic situation, the MJSP is never in a 
strong position against fossil jet fuel, which further supports the idea 
that incentives and carbon credits are necessary for PtL-derived SAF. 

3.3. Environmental performance 

The two primary environmental effects examined in the LCA are 
GWP and water footprint. The discussion of the selected allocation 
technique is crucial because the subsystems exhibit multifunctional 
behaviour. As explained in Section 2.5.2, the chosen allocation methods 
are based on energy or exergy content, due to the final utilisation of the 
products. The various factors that have been taken into account for each 
allocation method are shown in Table 6. The primary allocation 
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Fig. 6. The normalised OPEX of the investigated SAF route.  
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approach, for which the sensitivity and uncertainty analysis are devel-
oped, is the “Exergy allocation process plant, no allocation in the elec-
trolyser,” as a result of the facts disclosed in Section 2.5.3.2 about the by- 
products of the electrolyser. In the following sections, the GWP and 
water footprint results are widely analysed; however, for a more detailed 
overview of the other environmental impacts calculated by the ReciPe 
2016 Midpoint (H) method, the reader is referred to Table S.12 of the 
Supplementary Materials. 

3.3.1. Global warming potential 
The GWP is estimated at 21.43gCO2eq/MJ and the largest contributor 

is the hydrogen production stage, as shown in Fig. 10. For more clarity 
about the role of the offshore-wind electricity, Fig. 11 provides more 
specific information about each stage of the WtWa LCA and how the 
offshore wind electricity contributed to them. Most of the emissions are 
due to the carbon footprint of the electricity. In this sense, strategies to 
even further reduce the GWP of the PtL-derived SAF could be 

considered, such as improvement of the energy efficiency of the system 
and reduction of the carbon footprint of the electricity source (by 
improving construction, maintenance, and operation stages). On the 
other hand, it should be noted that the GWP performance of the SAF 
complies with the threshold emissions reduction set by the European 
Renewable Energy Directive II (RED II) [90], the Renewable Fuels 
Standard (RFS) [91], and the UK SAF mandate [28]. 

Some LCA studies have assessed the GWP of FT/PtL for liquid fuels 
synthesis [18,54,120], and some the specific scenario of jet fuel pro-
duction [15,17,19,22]. The carbon footprint performance of SAF pro-
duction was found as 13.88 gCO2eq/MJ, 5–10 gCO2eq/MJ and 1 gCO2eq/ 
MJ, by Falter et al. [17], Batteiger et al. [19], and Schmidt et al. [15], 
respectively. The GWP value estimated herein, i.e. 21.43 gCO2eq/MJ, is 
of the same order of magnitude, but still significantly higher. These 
discrepancies may be attributed to factors such as the choice of the DAC 
technology, the process configuration of the refinery (no FT off-gas 
recirculation), assumptions for the refinery’s mass/energy balance 
(use of simplified models instead of detailed models), as well as the use 
of various energy sources to provide electricity. Further, recent studies 
such as Micheli et al. [22] display a value of 13.4 g CO2eq/MJ for a 
similar system, while the Royal Society report [121] displays a range of 
17–27 gCO2eq/MJ for PtL SAF. It is important to point out that none of 
these studies or reports have examined synergies between the main 
components (CO2 capture, H2 production and refinery) of the PtL sys-
tems as we did in the current research such as the water and heat inte-
gration previously discussed. 

3.3.2. Sensitivity analysis on the GWP 
The sensitivity of the calculated GWP was assessed for the parame-

ters listed in Table 3, with the outputs presented in Fig. 12, with the blue 
and grey bars representing a reduction or increase in the baseline GWP 
value. The GWP exhibits great sensitivity to the electricity carbon in-
tensity. Furthermore, as shown in Fig. 12, increasing the energy effi-
ciency of the AE and the DAC, which are the two largest electricity 
consumers of the system, barely affects the GWP. Some scenarios were 
evaluated by taking into account various allocation strategies or a 

Fig. 7. Sensitivity of the MJSP to various economic variables.  

Fig. 8. Economies of scale for the of the investigated SAF route.  
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different energy supply, such as electricity from the UK grid. Regarding 
the system’s multi-functionality, the GWPs for the energy (AA2) and 
exergy allocation (AA3) decrease by 13.15 % and 7.59 %, respectively, 
when compared with the baseline allocation scenario (AA1). This 
decrease can be explained by the fact that AA2 and AA3 considered that 
the electrolyser-related emissions are distributed upstream among its 
by-products (oxygen, heat), reducing the burden on the H2 and, conse-
quently, the GWP of the final SAF. Nevertheless, it appears that the 
different allocation methods do not have a great effect on the GWP. The 
same cannot be said for the scenario using the current UK grid electricity 
mix. As it can be seen, using grid energy rather than a dedicated offshore 
wind farm increases the GWP by almost ten times. Based on these 
findings (except for the grid electricity scenario), the SAF synthesised 
under any low/high bounds of the examined parameters will always 
comply with the most stringent emissions reduction threshold (RED II). 

Further, the sensitivity of the GWP is assessed for different electricity 

Fig. 9. Uncertainty analysis of the MJSP.  

Fig. 10. The breakdown of the GWP for each process stage.  

Fig. 11. The contribution of electricity for each process stage, the overall GWP and comparison with existing sustainability standards.  
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sources at different total power requirements as depicted in Fig. 12. The 
range for the carbon footprint of the electricity is chosen according to 
the existing options that are part of the UK grid [122,123]; however, 
because the carbon footprint of the fossil-derived sources is very high, 
only low GWP sources are included. The range for the electricity con-
sumption is based on the efficiency ranges considered for the electro-
lyser and DAC; the electricity requirement of the refinery plant is 
assumed unchanged). The GWP potential is recalculated at different 
conditions as shown in Fig. 13. The horizontal lines represent the 
various electricity sources. Clearly, high carbon footprint electricity 
sources increase the GWP of the SAF. In the bottom of the diagram, 
Wind, Nuclear and Norwegian import (named in decreasing order) are 
able to produce SAF with GWP below the SAF mandate threshold at any 
system power consumption. Moreover, changes in the amount of 
required electricity does not have a big impact on the GWP, especially 
for low carbon footprint electricity sources. Thus, achieving low GWP 
SAF should rely in electricity sources such as wind or nuclear. 

3.3.3. Uncertainty analysis on the GWP 
Fig. 14 depicts the results for the Monte Carlo analysis on the GWP. 

Further the mean and median GWP values equal to 21.05 and 21.13 
gCO2eq/MJ of SAF, respectively. Their similarity is attributed to the 
symmetric probability distribution. The standard deviation equals 3.54 
gCO2eq/MJ which translates into a 95 % interval of confidence between 
14.10 gCO2eq/MJ to 28.00 gCO2eq/MJ. Based on these results, it is clear 
that regardless of the uncertainty associated, the GWP of the WtWa 
study will always result in a SAF that complies with all the emissions 
reduction thresholds for sustainable aviation fuels. It is expected that the 
standard deviation will become smaller as the involved technologies 
become more mature. 

3.3.4. Water footprint 
It is worth noting that the global warming potential is just one aspect 

of the environmental impact of SAF production from PtL, and other 
factors such as water footprint and land use should also be considered. 

Fig. 12. Sensitivity analysis on the GWP, and scenario analysis for other allocation methods (AA1 and AA2) and UK grid electricity.  

Fig. 13. The GWP of the WtWa life cycle of SAF for different electricity sources at different PtL electricity consumption.  
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However, reducing the water footprint of SAF production from PtL can 
help to reduce the overall environmental impact and improve the sus-
tainability of aviation. The resulting water footprint for the analysed 
scenario equals 0.480 l/MJ of SAF and this is further detailed in Fig. 15. 

It is obvious that the stage of hydrogen production accounts for almost 
50 % of the overall water footprint of the WtWa analysis for SAF derived 
from PtL. Additionally, Fig. 16 show the precise impact of the different 
shares of the various steps for the three stages of the analysis that use the 
most water: the production of H2, CO2, and SAF. Fig. 16A shows the 
water footprint of H2 production via AE, with negligible contributions 
from chemicals production (nitrogen, potassium hydroxide). The water 
requirement for the electrolysis reaction is covered by water produced in 
the DAC and the refinery, and thus not accounted for the water footprint 
calculations. It is thus evident that electricity generation has the greatest 
influence on the water footprint of hydrogen production, while the 
construction of the electrolyser is almost negligible. 

Similarly to the AE, the DAC unit’s water footprint does not account 
for the positive credit of water generated from the air because the 
electrolyser uses all of it, and therefore is not represented in Fig. 16B. In 
contrast to the generation of hydrogen, the phases of construction and 
chemical production (sorbent) are important for the water footprint 
calculations of this stage. The inventories used to represent the con-
struction of the DAC unit, as well as the production of the sorbent, are 
taken from earlier research [6,104] that are available from Climeworks. 
It is crucial to note that the inventory provided for the construction 
phase was an adaptation of the original inventory, which was withheld 
from publication because it contained proprietary company data. Hence 
no details regarding the reliability of the water footprint of the adapted 
inventory are offered. In regards to the sorbent production, which is the 
main contributor to this stage, the inventory used for this analysis is 
derived from Terlouw et al. [104]. This inventory is a generic proxy that 
could represent any sorbent material. As a result of the importance of 
these two stages, the uncertainty associated with the water footprint of 
construction and sorbent production should be further investigated. 

As depicted in Fig. 16C, it is clear that the water losses from the 
cooling water network have a great effect on the final water footprint. 
The design of the cooling water network estimates the amount of 
makeup water to replace cooling water losses; these losses will depend 
on the design operating parameters, as well as on the atmospheric 
conditions of the plant location. In this sense, an optimised design that 
targets heat integration, and/or the choice of air cooling system, could 
play an important role in the reduction of water footprint of this specific 
stage. Overall, it is found that the water footprint of SAF produced from 
PtL technology highly depends on the cooling water network design as 
well as on the water intensity of the electricity used to produce the fuel. 
Furthermore, the refinery stage benefits from a negative balance in the 

Fig. 14. Uncertainty analysis of the GWP.  

Fig. 15. The WtWa Water Footprint of the investigated SAF route.  
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final water footprint, since the amount of waste water goes to treatment, 
and after that, it can be utilized for other purposes such as agriculture. 

According to a study published by Micheli et al. [22], the water 
footprint of SAF produced from PtL technology ranges from 6.19 × 10− 3 

to 0.182 l/MJ of SAF produced, when wind electricity is used, and the 
variation depends on the technology adopted for the DAC (High or low 
temperature) and the FT reactor (high or low temperature). For 
example, SAF produced using wind energy, LT DAC and LT FT reactor, 
has a water footprint of 0.113 l/MJ. The main difference with the value 
obtained by this work could be attributed that the former study 

considered that the manufacturing and end of life of the associated 
equipment was negligible, while in this study it is seen that this affir-
mation is not exactly negligible for the DAC stage; another major dif-
ference is that the cooling water network was not considered, while this 
study shows that it has an important contribution, and therefore should 
be included in future LCA analysis of SAF studies. Other studies ana-
lysing the water footprint of SAF from PtL were elaborated by Batteiger 
et al. [19] and Schmidt et al. [15], who estimated 0.12 and 0.040 l/MJ of 
SAF, respectively; however, these analyses do not display the detailed 
assumptions behind the presented figures. 

Fig. 16. The breakdown of the Water Footprint: A) hydrogen production stage. B) Direct Air Capture. C) Refinery plant.  

Fig. 17. Water footprint of the PtL-SAF when connected to different electricity sources.  

M.F. Rojas-Michaga et al.                                                                                                                                                                                                                     



Energy Conversion and Management 292 (2023) 117427

19

Scenario analysis is performed considering some of the electricity 
sources used for the UK grid electricity. The water footprint of the 
considered sources was taken from Simapro-Ecoinvent Databases, as 
well as the water footprint of the fossil jet fuel. The results are depicted 
in Fig. 17. Among the represented energy sources, the off-shore wind 
farm shows a better performance compared to the other analysed 
sources, from which the hydropower has the biggest water footprint. It is 
evident that this environmental impact puts PtL-derived SAF in disad-
vantage against fossil jet fuel, regardless of the electricity source linked 
to the system. However, when compared against biomass-derived 
aviation fuels, the PtL-SAF has a water footprint 100 or 1000 times 
lower (as per the values displayed in the report of Schmidt et al. [15]). 

3.4. Policy analysis: UK SAF mandate 

It is evident that SAF achieves GHG emissions reduction, and that 
better environmental and economic performance could be achieved by 
increasing the production and use of SAF. As outlined by the ICAO 
[124], a range of policy options can be used to promote SAF, including 
financial incentives, regulations, mandates, and market-based mecha-
nisms. Government subsidies and/or tax credits for companies produc-
ing SAF could help offset their expensive production, promoting their 
more widespread adoption. Similarly, carbon offset programs could be 
offered by governments or organizations, so companies can invest in SAF 
production projects in order to neutralize their environmental impact 
[125]. Moreover, the creation of guaranteed markets for SAF producers, 
through the establishment of mandates or targets, could drive invest-
ment and innovation to the industry. 

The UK government has set a mandate for the use of sustainable 
aviation fuels (SAF) in commercial aviation. By 2030, all UK airlines 
must use fuel blends that contain a minimum of 10 % SAF, while this will 
be increased to 50 % by 2050. The mandate is a part of a broader gov-
ernment strategy to attain net-zero emissions by 2050 and to promote 
the growth of a sustainable aviation industry. The mandate includes a 
number of actions to aid in the creation and application of SAF, such as 
the establishment of a stakeholder engagement process, the develop-
ment of a SAF clearinghouse to aid in the trading of SAF certificates, and 
the provision of financial incentives for SAF production and application 
[27,28]. 

The SAF certificate scheme is applied to simulate various scenarios 
and calculate the certificate price at which the SAF breaks-even with the 
fossil jet fuel (gate cost assumed at 0.56 £/kg [126]), for different CO2 

capture, and H2 production costs. The number of certificates is estimated 
according to the second consultation of the SAF mandate [127]. Under 
this approach, the number of certificates is a function of the energy 
content of the produced SAF (m× LHVi) (Equation (26). However, to 
promote the use of SAF with larger GHG emissions savings, the number 
of certificates is also a function of the carbon intensity of the fuel. For the 
calculation of the carbon intensity factor (CIfactor) of the SAF (Equation 
(27), it is assumed that the average CI of SAF (CIb) is 26.7 gCO2e/MJ for 
a baseline scenario (which considers a SAF with a GWP reduction of 
70 % compared to fossil jet fuel), that is compared with the emissions of 
fossil jet fuel (CIF) which is taken as 89 gCO2e/MJ [127]. The carbon 
intensity of the SAF, CISAF, is the estimated GWP, which is equal to 21.43 
gCO2eq/MJ. 

Certificates = m× LHVi × CIfactor (26)  

CIfactor =
CIF − CISAF
CIF − CIb

(27) 

Fig. 18 illustrates the price at which the certificates must be pur-
chased for SAF to break even the cost of conventional jet fuel for 
different H2 production costs and CO2 capture costs. For illustration 
purposes and to account for even the most unfeasible LCOH for blue and 
green hydrogen, the considered values take into account a cost range of 
1–8 £/kg. A range of 30–1000 £/tonne is taken into account for the CO2 
capture cost to represent even the most expensive situation due to the 
low TRL of DAC technologies. Furthermore, Fig. S.6 of the Supplemen-
tary Materials present the same results for the certificate cost, but for the 
carbon impact factor calculated when no upstream emissions are 
considered for the electricity of the wind farm. 

The calculated CIfactor is 1.08 and the annual production of SAF is 
8.64E+8 MJ/year. The investigated process is eligible for 9.37E+8 
certificates per year. According to this figure, the cost of the SAF cer-
tificate should be 0.10 £ for the baseline scenario to break-even. Further, 
the hydrogen produced through biomass gasification with CCU at two 
distinct scales is presented, along with hydrogen produced by an AE 
electrolyser from dedicated wind farms and electricity curtailment, at 
the estimated 2030 cost by BEIS [128]. It is evident that better economic 
performance is achieved when using hydrogen produced from biomass 
or curtailed energy. However, limited availability of biomass and of 
curtailed electricity pose challenges in scaling-up SAF production 
technologies. 

Fig. 18. The SAF certificate cost for the MJSP to break-even with fossil jet fuel cost (0.56£/kg) for different CO2 capture and H2 production costs.  
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4. Conclusions 

The aviation industry has set an action plan, in which the develop-
ment and use of SAF could have the largest impact on decarbonising the 
sector. The development of such SAF alternatives face technical, eco-
nomic and environmental issues. Therefore, the development of inte-
grated techno-economic and environmental assessments can provide a 
better overview on the performance metrics and identify actions that can 
improve and accelerate their deployment. 

Within this context, this research has jointly examined the economic 
and environmental performance of SAF production through the PtL 
pathway in the UK. The system has been designed to maximize the po-
tential benefits of integrating its various components. For example, 
incorporating the LT DAC unit presents an opportunity to integrate heat 
from other parts of the process, such as the heat released by the FT 
reactor. Additionally, the DAC unit produces water and this has been fed 
to the electrolyser. The economic and environmental evaluations pro-
vided significant insights that can be compared to fossil jet fuel. Further, 
a policy analysis explored ways to support the development of sustain-
able aviation fuel (SAF). The key findings of these various evaluations 
can be summarized as follows:  

1. The process has a carbon conversion efficiency of 0.88, with PtL and 
hydrogen conversion efficiencies of 0.26 and 0.39, respectively. 
Despite modelling efforts to demonstrate this process configuration, 
there are still several sources of uncertainty, particularly regarding 
process design. These include the operation of the RWGS reactor, 
recycling streams to both RWGS and FT reactors, and operating 
conditions for different sections of the process. As more demonstra-
tion and pilot plants become operational, the uncertainties related to 
these values will decrease.  

2. The energy balances indicate that the refinery plant has a lower 
energy demand compared to the AE and DAC operations. Although 
the off-shore wind farm has been shown to be a reliable dedicated 
energy source, ensuring a stable energy supply to the system will 
require strategies such as utilizing the grid as a virtual storage or 
designing an effective storage system.  

3. The economic evaluation indicates that the cost of SAF produced by 
this pathway is not competitive with fossil jet fuel. The calculated 
MJSP stands at 5.16 £/kg and is highly sensitive to electricity and 
DAC costs. Therefore, technical and economic improvements in CO2 
and H2 production technologies could lead to cost reductions in 
MJSP. Lower electricity prices or consumption result in better eco-
nomic performance. Economies of scale demonstrate that increasing 
production capacity leads to cost reductions, but not as much as for 
biomass scenarios, since the PtL system is highly dependent on 
OPEX. However, it’s worth noting that scaling up the PtL system is 
not limited by feedstock supply and has less location restrictions.  

4. The life cycle assessment (LCA) of the system has shown that the 
global warming potential (GWP) of the SAF produced through this 
pathway is lower than that of fossil jet fuel and it can meet existing 
aviation emissions reduction targets, such as the UK SAF mandate. If 
the source of electricity is an off-shore wind farm (base case sce-
nario), the GWP of the PtL system is 21.43 gCO2eq/MJ. Moreover, the 
GWP is sensitive to the carbon footprint of the electricity, indicating 
its dependence on the energy source.  

5. The water footprint of the PtL system is 0.48 l/MJ of SAF and is 
highly dependent on the water footprint of electricity generation and 
cooling water requirements. Therefore, a combination of system 
energy efficiency improvements and an optimal design of the cooling 
water system are essential for reducing the water consumption. 
Understanding the appropriate treatment of water synthesized in the 
PtL process plant could enable its use in an operating facility. 
Furthermore, it is important to highlight that the water footprint of 
PtL-SAF is higher than conventional fossil jet fuel. Nevertheless, 

compared to other SAF alternatives like biomass-derived fuels, the 
water footprint of PtL-SAF is significantly lower.  

6. The Monte Carlo analysis of the MJSP revealed that it will always 
remain higher than the gate price of the conventional jet fuel. 
Therefore, more efforts and government economic incentives are 
necessary for these fuels to be widely adopted by the aviation in-
dustry. On the other hand, for the GWP, the uncertainty analysis 
showed that the SAF GWP will remain lower than the established UK 
SAF mandate threshold and other existing thresholds such as the RED 
II, or the RFS.  

7. A policy analysis indicated that the SAF mandate certificate cost 
should be between 0.009 and 0.35 £/certificate depending on the 
CO2 capture and H2 production costs. For the base case scenario, the 
SAF mandate certificate should be equal to 0.10 £/certificate of SAF. 

These conclusions are part of the growing body of research on power 
to liquids process configurations, with a particular focus on creating 
sustainable aviation fuels. It is pivotal that more demonstration and pilot 
plants should become operational, so that the uncertainties related to 
the technical, economic and environmental metrics will decrease. Based 
on the assumptions made in this study, it has been demonstrated that the 
Power to liquids has the potential to greatly decrease greenhouse gas 
emissions and thereby aiding the decarbonisation of the aviation in-
dustry. However, supporting policies are needed for further develop-
ment and eventually deployment at large scale. Further research and 
data gathering for pilot/demo plants will support future investigations 
and applications. 
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