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ARTICLE INFO ABSTRACT

Editor: Prof. Rafiqul Gani The power-to-liquid process is a key emerging technology for fossil-free raw materials and energy systems. In this
work, techno-economic, and environmental analyses are carried out for a Fischer-Tropsch process producing

Keywords: diesel and characterized by the recovery of carbon dioxide through direct air capture, as well as the recovery of

Power-to-liquid process water and heat. The main aim of this study is to verify with respective analyses the circularity of carbon dioxide,

Direct air capture

o water and heat and to conduct a global sensitivity analysis to identify significant system process parameters for
Carbon dioxide

Global sensitivity analysis some key performance indicators, when changed simultaneously. Despite the proven circularity based on ma-

Environmental analysis terial and energy balances ensuring a power-to-liquid efficiency of about 44 %, results show that the water closed

Tecno-economic analysis loop is not ensured from an environmental point of view. The water consumption impact category is, in fact, a
positive value (0.58-0.74 m>depriv/kggiese)), while the climate change impact category is a negative value
(—1.22 to —0.28 kgCO2eq/kgdiesel)- A heat closed loop is attained according to the pinch analysis. The diesel
production cost is competitive with the market price (1.76 and 2.07 $/litergiesel respectively when solar and wind
energy are used). Regarding the sensitivity analysis, it is found that only costs and efficiency depend on the
geographic location of the plant, in contrast to other key performance indicators. Overall, an additional opti-
mization of the process is hence required to ensure a closed water loop from an environmental point of view and
reduce further the production cost.

European Union has committed to achieve climate-neutrality by 2050
(European Commission, 2018). According to the previous strategies, this
objective can be ensured by the utilization of non-fossil carbon sources
(Buffo et al., 2020). In non-fossil applications, hydrogen can be obtained
via water electrolysis by using renewable electricity (solar, wind and
hydro energy etc.). In this way, the produced hydrogen can be combined
with a renewable carbon feedstock, such as COy captured with a
particular technology, to produce syngas (a mixture of hydrogen, carbon

1. Introduction

After the COVID-19 pandemic, carbon dioxide (CO5) emissions have
been on the rise again, reaching 37.15 Gton (Giga metric tonne) in 2022
(OurWorldInData, 2023). The atmospheric CO concentration is,
consequently, expected to increase. Without efficient actions, it is pro-

jected that CO; levels could double by 2100 compared to the current : e . )
level of 424 ppm, leading to a temperature increase of up to 6.1 °C monoxide and carbon dioxide). The obtained syngas is upgraded to

compared to the 1990 level—a value much higher than the target (1.5 synthetic fuels (e-fuels) (gasoline, kerosene, diesel, etc.) and chemicals
°C) set in the COP21 agreement (EIA, 2023). On the other hand, the (methanol, dimethyl ether, etc.). These products can be utilized within
Intergovernmental Panel on Climate Change (IPCC) report on the im- various industries or serve as raw materials for other compounds

pacts of global warming estimates that that emissions must be limited to (Lehtonen. e.t al., 2019; Dieterich et al., 2020; R%velta—Tinoco. et f‘l"
less than 420 GtCO,/y to have a 67 % chance of limiting the global 2016). This integrated system, known as power-to-liquid (PtL), is being
discussed as a promising means to simultaneously reduce CO; emissions

and provide compounds for a fossil-free society (Herz et al., 2021).

A power-to-liquid process typically includes a CO, capture technol-
ogy, hydrogen production (usually from water electrolysis), and hy-
drocarbons synthesis via the Fischer-Tropsch (FT) route (Rojas-Michaga

average temperature increase to 1.5 °C (IPCC, 2018).

For this reason, several strategies to reduce CO, emissions have been
proposed, including reduction of energy and resource consumption,
increasing the decarbonization rate and the utilization of carbon dioxide
removal technologies (Marchese et al., 2021). In this context, the
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Nomenclature

BAU Business As Usual

CAPEX Capital expenditures

CRF Capital Recovery Factor

CEPCI  Chemical Engineering Plant Cost Index
DAC Direct Air Capture

FT Fischer-Tropsch

HC Hydrocracking

IPCC Intergovernmental Panel on Climate Change
KPI Key Performance Indicator

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

OPEX Operating expenditures

PSA Pressure Swing Adsorption

PtL power-to-liquid

RWGS  Reverse Water Gas Shift

Symbols

npiL power-to-liquid efficiency (%)

Faiesel mass flow rate of produced diesel (kg/h)

LHVyieset low heating value of diesel (kWh/kggiesel)
Pelectrolyser €lectric power consumed by the electrolyser (kW)

Puiiliies  €lectric power consumed by the utilities (kW)

et al., 2023). In particular, the fuel can be synthesized from CO; via an
indirect route by combining the Reverse Water—Gas Shift (RWGS) re-
action and the FT synthesis process, with syngas as an intermediate
(Zang et al., 2021).

In the literature, several studies have investigated these particular
systems, employing mathematical models of the process (Adelung et al.,
2021; Marchese et al., 2020, 2021), conducting economic analysis to
determine the levelized cost (Dieterich et al., 2020; Schmidt, 2016;
Schmidt et al., 2018; Martin and Grossmann, 2011; Herz et al., 2021;
Zhou et al., 2022) or performing environmental analyses to quantify
impacts, such as climate change (Falter et al., 2016; Heidgen et al., 2019;
Micheli et al., 2022; Yoo et al., 2022).

In several cases, diesel has been the main product investigated in
these processes. For instance, Konig et al. (2015a) evaluated the carbon
conversion (carbon in liquid fuels relative to carbon from CO,) and
power-to-liquid efficiency (energy in liquid fuels relative to electrical
energy) of FT fuel derived from CO, and water, with electricity as the
primary source of energy. Their simulation results indicated that the
carbon conversion ratio is 73.7 %, and the power-to-liquid efficiency is
43.4 %.

Regarding the economic analysis of processes producing diesel, Pe-
ters et al. (2022) suggests a production cost between 1.02 and 2 $/1it-
ergiese]l When utilizing high temperature cell electrolysis, underlining the
huge potential of the developed technology. On the other hand, the
power-to-liquid efficiency ranges between 46 % and 67 % respectively
for electrolyser efficiencies of 60 % and 100 %. A comparison between
the current alkaline electrolyser and future solid oxide co-electrolysis
using wind energy is reported in Heidgen et al. (2019)—with resulting
e-fuel production costs respectively of 5.39 $/litergiese; and 3.51 $/lit-
ergiesel Of diesel equivalent. It is evident that while e-fuels are currently
not a cost-effective method to reduce CO, emissions they could be in the
future if the investment cost, capacity utilization, CO3 cost, and wind
electricity cost can be improved by further research and development, or
if fossil fuel prices increase substantially. The authors estimate in
addition that life cycle emissions are currently 64.07 gCOzeq/MJgiesel
while in the future they can be reduced to 6.63 gCO2¢q/MJgiesel-

The environmental advantages of diesel production via a power-to-
liquid process are reported in Samavati et al. (2018), where the sys-
tem is able to reduce carbon emissions by 98-102 %. With an additional
analysis, [saacs et al. (2021) found that wind energy outperforms solar in
carbon dioxide equivalent (CO2¢q) emissions, while a synergistic com-
bination of both provides the best economic result. The advantages of
using 100 % wind energy to produce hydrogen are also reported in Soler
et al. (2022). In a cradle-to-gate system boundary the process located in
the Central Europe and producing diesel emits 8.4 gCO2eq/MJgiesel if
only wind energy is used compared to 13 gCO2eq/MJgiesel if a mix of
solar and wind energy is used.

Carbon capture from ambient air is receiving significant attention
lately. Research has been focusing on the carbon dioxide capture from
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the air through Direct Air Capture technologies that can be based on
absorption, adsorption, membrane, cryogenic separation, etc. (Leonzio
et al., 2022a, 2022b; Bisotti et al., 2024).

A few works have been presented in the literature about the inte-
gration of a Direct Air Capture (DAC) process into a Fischer Tropsch
reactor with diesel as the main product. In Liu et al. (2020), the first LCA
study of an absorption-based DAC integrated into a FT unit is carried
out. Results show that 29 gCOseq/MJfsyel are emitted considering a
relatively low electricity emissions factor. It is found that an electricity
emissions factor lower than 139 gCO2eq/kWh is required to provide a
climate benefit over conventional diesel fuel (104 gCO2eq/MJfyel). A
similar analysis is conducted by Medrano-Garcia et al. (2022) where
different renewable energy sources (wind, solar, nuclear, or the current
mix) are compared for electricity production. The authors find that
hydrogen from wind and nuclear energies could reduce the carbon
footprint compared to fossil diesel, leading to burden-shifting in human
health and ecosystems. However, a higher cost is obtained for the non-
conventional production system. From an economic point of view, Fasihi
et al. (2016) studied the synthesis of diesel from CO; captured from the
air and a hybrid wind/solar electricity supply for alkaline electrolyzers
for hydrogen production. Considering the O, valorization, they find that
production costs can reach 0.75 $/litergiese;. An additional economic
analysis is proposed by Soler et al. (2022), projecting that by 2050, the
diesel production cost from a diluted source could reach a value of 2.08
$/litergiesel €quivalent for the Mediterranean Sea area, with electricity
consumption having the highest impact on total cost.

All the above works show that linear processes have been mostly
considered. However, through the integration of a DAC system into the
fuel production process, it is possible to recover water and heat from the
FT reactor to be used in the electrolysis and the direct air capture pro-
cess, respectively. Moreover, the capture of carbon dioxide from the air
allows simultaneous capture of atmospheric water. A similar integration
for sustainable aviation fuel production is shown in Rojas-Michaga et al.
(2023) and a higher energy efficiency should be ensured in this inte-
grated solution compared to the conventional process. A question that
arises from this consideration is if it is possible to produce fuels with a
perfect circularity in carbon dioxide, water and heat. Mertens et al.
(2023) report that a DAC system integrated into a fuel production pro-
cess can potentially be self-sufficient in water and moreover, the heat
produced in the process can supply the heat demand of the carbon di-
oxide capture technology. As the captured CO; is used for fuel produc-
tion, a CO; closed loop is also ensured in addition to water and heat
closed loops. However, a full life cycle assessment (LCA) is required to
verify the sustainability of the process described and the proposed
research tries to fill this gap.

In the literature, different mathematical models and software have
been proposed for a sustainability analysis. The most common used
model is life cycle assessment that can comprise three dimensions:
environmental, social and economic. Common software tools based on
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this model are: SimaPro, Gabi, OpenLCA, Umberto and TESARREC
(TESARREC™ Trademark: UK00003321198, 2018; Leonzio, 2024). The
areas of research that have recently applied the LCA methodology
include environmental engineering (Ahamed et al., 2020, 2021), energy
(Stamford, 2020), chemical (Zhang et al., 2020; Dahiya et al., 2020),
waste management (Berticelli et al., 2020), plastic recycling (Foolmaun
and Ramjeawon, 2013), biomass strategies and biorefinery systems
(Sadhukhan et al., 2019), building infrastructure (Llatas et al., 2020)
and carbon supply chains (Leonzio et al., 2023a, 2023b).

According to these considerations, in this work, a mathematical
model based on material and energy balances for a power-to-liquid
process producing diesel, is developed. In the proposed system, a
closed loop for CO,, water and heat is considered as suggested in the
literature while the main aim and novelty of this work is to quantify
circularity and sustainability with a full life cycle assessment for the
environmental dimension.

Based on the same mathematical model, a techno-economic analysis
is also developed to evaluate the power-to-liquid efficiency and pro-
duction cost. In addition, in this work, a Global Sensitivity Analysis
(GSA) is carried out to identify the critical parameters that mostly in-
fluence techno-economic and environmental Key Performance In-
dicators (KPIs) (e.g. production cost, power-to-liquid efficiency,
midpoint and endpoint impact categories, net amount of water produced
inside the plant (Cucurachi et al., 2016; Groen et al., 2017)). It should be
noted that global sensitivity analysis of a FT-based PtL process exists in
the literature but is focusing on techno-economic aspects emphasising in
this way the novelty of our research (Adelung, 2022).

2. Modelling

In the following section, a description of the investigated process
with material and energy balances as well as, the description of the
economic, environmental and uncertainty analyses are provided.

2.1. Process description

In the proposed process for producing e-diesel (in addition to gaso-
line and kerosene) from CO5 and Hj, a DAC unit based on adsorption is
integrated into the e-diesel synthesis section. This section comprises
RWGS, Fischer-Tropsch (FT) and hydrocracking (HC) reactors, along
with a distillation train and a boiler for tail gases. Additionally, elec-
trolytic cells are utilized for hydrogen production. The plant is located in
the US, in a hot and dry region (e.g. West Texas) (Sendi et al., 2022).

An internal closed loop for water, CO; and heat is ensured, as shown
in Fig. 1: the captured CO, from DAC is sent to the RWGS reactor, while
the water obtained as a by-product from the RWGS and FT reactors is
sent to the electrolytic cell. Furthermore, the heat generated from the
electrolyser, FT reactions and boiler is used for the regeneration stage of

Diesel
FT and HC
reactors/ |

Boiler
HZ
“H,0
H,0 -
: 1 Alkaline

DAC

Electrolyser

Fig. 1. Integration among processes of the whole plant (DAC = Direct Air
Capture, FT = Fischer Tropsch, HC = Hydrocracking).
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both DAC system and shift reaction. In Fig. 2 a complete scheme diagram
of the investigated process is presented.

For each unit operation inside the considered process, the common
assumptions reported in the literature and/or in a real operation plant
are taken into account as reported below. The considered assumptions
for a specific unit operation are related together: input and output of a
specific process are connected together as reported in the literature from
simulations works or as reported in real plants. For this reason, a
mathematical model based on material and energy balances instead of a
process simulation is proposed in this research (El-Halwagi, 2017).

The DAC system is based on adsorption according to the Climeworks
plant in Switzerland (Hinwil) (Climeworks, 2020). The adsorption-
based process is used as the simplest plant which is available at a
commercial scale and which offers heat integration opportunities at the
right temperature. Although the reported process considers 18 bed units,
a single bed unit is taken into account in this work (area footprint excl.
options of 20 m?, length of 3.2 m with 135 kg/day of captured CO5) as in
Leonzio et al. (2022a, 2022b). The APDES-NFCFD (3-amino-
propylmethyldiethoxysilane (APDES) on nanofibrillated cellulose
(NFQ)) is the sorbent used and temperature swing is the solution
adopted for its regeneration so that the following stages occur: adsorp-
tion, desorption through temperature variation and cooling (Leonzio
etal., 2022a, 2022b). In the process, the adsorption temperature is set as
that of the air (25 °C), while the regeneration temperature is 100 °C
because heat is supplied (Leonzio et al., 2022a, 2022b). Cooling water is
used for the cooling step. The electricity for fans is provided by
renewable electrical energy and heat for the desorption stage is provided
by the heat released by the FT reaction and electrolyzers. The DAC unit
captures CO2 from the air with a temperature and relative humidity
respectively of 25 °C and 39 % (COy concentration is 400 ppm,
neglecting the small amount of CO; that is recycled from C1-C4 com-
bustion, having a flow rate of three order of magnitude lower compared
to the amount of CO; captured from the air) (Sendi et al., 2022). The
choice of an adsorption DAC process is critical in this analysis because
requiring a lower amount of heat for the regeneration compared to a
typical absorption process, it could help to achieve better the heat
integration closed loop.

An alkaline cell, powered by wind renewable energy, is used to
produce the hydrogen (Hs) needed for the RWGS synthesis. The cell
works with an operating temperature and pressure of 50 °C and 24.5 bar
respectively (Brauns and Turek, 2020; Sandeep et al., 2017). The inlet
Hs/outlet H,O mass ratio is fixed to 0.0664 (Soler et al., 2022), current
density to 3000 A/m? (Hu et al., 2022), cell voltage to 1.8 V and Fara-
daic efficiency to 64 % (Sandeep et al., 2017). On the other hand, the
voltage efficiency and electrical efficiency values are respectively 65 %
(Soler et al., 2022) and 51.2 kWh/kgys (IRENA, 2020). During the
electrolysis process, heat is released at a level of 14.65 kWh/kgys
(Garcia-Valverde et al., 2012). It is assumed that 90 % of water at the
outlet is recycled into the feed while the other is sent to wastewater
treatment.

In the RWGS reactor, the syngas required for the FT reaction is
produced by using the CO, from DAC and Hy from the electrolytic cell.
The captured CO is compressed from 1 bar to 24.5 bar before to be fed
into the reactor. Operating temperature and pressure are respectively
600 °C and 24.5 bar (Zang et al., 2021; Kim et al., 2014). With an overall
CO conversion of 85 % and CO, conversion per pass of 36 % (Zang
et al., 2021; Repasky and Zeller, 2021) the system is able to produce a
syngas with Hy/CO ratio of 2.05, suitable for the FT synthesis (Konig
et al., 2015b; Freire Ordonez et al., 2021). A CO2 90 % of recycle ratio is
set in order to reduce emissions and increase conversion (Freire Ordonez
et al., 2021), while BaCe0.2Zr0.6Y0.16Zn0.0403 is the used catalyst
(Zang et al., 2021; Kim et al., 2014). As an endothermic reaction, the
needed thermal energy is provided by the heat released by the FT
reactor, alkaline cell and combustion of light gases in the boiler. The
water obtained from the reaction synthesis is separated from the syngas
through a flash and cooling system and sent to the electrolytic cell. CO,
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Fig. 2. Diagram scheme of the investigated diesel production process (DAC = Direct Air Capture, FT = Fischer Tropsch, HC = Hydrocracking, RWGS = Reverse

Water Gas Shift, PSA = Pressure Swing Adsorption).

is recovered through the absorption technology (Zang et al., 2021).

The low temperature FT reactor catalytically converts the syngas into
synthetic hydrocarbons by using a cobalt-based catalyst: polymerization
reactions occur to transform CO and Hj into liquid hydrocarbons or
syncrude and into gaseous hydrocarbons, unreacted reactants and inert
components (Zang et al., 2021; Hillestad, 2015; Freire Ordonez et al.,
2021; Verdegaal et al., 2015). Operating temperature and pressure are
respectively of 220 °C and 24.3 bar (Zang et al., 2021) while the overall
and per-pass CO conversion are 80 % and 40 %, respectively (83 % of CO
recycle ratio is fixed in order to increase the conversion reaction) (Konig
et al., 2015b). At the outlet of FT reactor, we assume a product distri-
bution as reported by Marion et al. (2006): C1 (8.32 w/w%) and C2-C4
(10.35 w/w%) as light hydrocarbons, C5-C9 (16.64 w/w%) as gasoline,
C10-C13 (14.43 w/w%) as kerosene, C14-C21 (24.49 w/w%) as diesel,
C22-C24 (4.78 w/w%) and C25+ (20.99 w/w%) as wax (e.g. a long
paraffinic chain). From here the product flow rate is flashed so that, the
wax is sent to the HC reactor and separated from the by-product water
sent to the alkaline cell, gas products such as the C1-C4 mixture, CO and
Hp recovered through two Pressure Swing Adsorption (PSA) columns,
and other liquid hydrocarbons. While CO is recycled to the reactor feed,
the recovered Hj is both recycled to the RWGS reactor (the recycle
ration is fixed at 68 % in order to have enough Hj in the hydrocracking
reactor) and sent, in the remaining part, to the HC section (Zang et al.,
2021). The C1-C4 mixture can be sold like a gas product (HPV, 2009)
and in part burnt into the boiler to supply the heat required to close the
heat loop. The CO3 emitted from the combustion is recycled to the DAC
system. Other liquid hydrocarbons, mixed with the liquid flow rate
coming from the HC reactor, are sent to a separation train of three
distillation columns (Medrano-Garcia et al., 2022). Regarding the heat
released during the FT reaction, the overall reaction enthalpy variation
is 37.4 kcal/molco (with a reaction rate of 5.34e107° mol/s/gcat)
(Fratalocchi et al., 2018).

The wax from the FT synthesis is sent to the hydrocracking reactor
with the recovered Hy (Hp/wax mass ratio of 0.11 (Kang et al., 2012)),
breaking the long hydrocarbon chain. Wax is cracked with a conversion
of 84 % at 290 °C and 23.2 bar, over a Pt/Si-Al catalyst, ensuring the
following product distribution: C12-C19 (52.4 w/w %) as diesel, C2-C3
(0.03 w/w %) as light hydrocarbons, C4-C11 (33.5 w/w%) as gasoline
and kerosene mixture, wax (14.1 w/w%) (Kang et al., 2012; Freire
Ordonez et al., 2022). The Pt-based catalyst is selected because it has a
high hydrogenation/dehydrogenation activity for heavy hydrocarbon
cracking and the produced wax is a sulphur free product (Lee et al.,
2010; Calemma et al., 2010). For the wax the heating value is 41 MJ/
kgwax (Kang et al., 2012) while light gas hydrocarbons are sold.
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The desired product (e.g. e-diesel) is produced via distillation. In the
first distillation column of the separation train, the hydrocarbon feed is
separated into wax and mixture of diesel, gasoline and kerosene while,
in the second distillation column, the diesel is recovered from the feed
mixture. In the last distillation column, kerosene and gasoline are ob-
tained (Medrano-Garcia et al., 2022). It is assumed that the overall heat
and cooling requirement for the distillation train is respectively of 0.58
kWh/Kkggiesel and 0.9 kWh/Kkggiesel (Medrano-Garcia et al., 2022).

All gas combustible residues (CO and Hy) are combusted with air in a
boiler at 1000 °C and ambient pressure to generate heat supplied to the
integrated process (Zang et al., 2021). For the combustion reaction,
conversions are set to 90 % with an air excess of 20 %.

2.2. Mathematical model and pinch analysis

For the analysis of the proposed scheme, a mathematical model
based on material and energy balances is developed. All considered
equations are reported in the supplementary information (section S1,
Tables S1-S4) and these are used for the economic, environmental and
global sensitivity analyses. Through the mathematical model it is
possible to evaluate in addition to the cost and environmental impact the
overall power-to-liquid efficiency (npy,) and net water consumption of
the integrated process, defined by the following equations (see Egs. (1)—
(2)) (Konig et al., 2015b):
nch _ PFdiesel b LHVdiesel (1)

electrolyser + Putilities

Net water consumption = Water needed by electrolyser
— Water produced by DAC
— Water produced by reactions (FT + RWGS)

(2)

With Fgiesel] being the mass flow rate of produced diesel (kg/h),
LHVgiesel the low heating value of diesel (11.8 kWh/kggiesel), Pelectrolyser
the electric power consumed by the electrolyser (kW), Pyities the
electric power consumed by CO, compressors (kW), cooling water (DAC
and distillation columns) (kW) and funs for DAC (kW) (as reported in the
supplementary information), Net water consumption the overall water
consumption in the plant (kg/h), Net heat consumption the overall heat
consumption in the plant (kW), water needed by electrolyser the water
required for the alkaline cell (kg/h), water produced by DAC the water
obtained from CO capture (kg/h), water produced by reactions (FT +
RWGS) the water produced by FT and RWGS reactions (kg/h).

For the evaluation of the heat closed loop, a pinch analysis is



G. Leonzio et al.

conducted due to the different temperature levels of heat. The analysis is
used to construct the table cascade finding the additional amount of
C1-C4 flow rate to be combusted in order to have an autothermal pro-
cess (e.g. heat closed loop) (Smith, 2005).

2.3. Economic analysis

Based on material and energy balances, capital (CAPEX) and oper-
ating (OPEX) expenditures are evaluated for the investigated process in
order to find the total levelized production cost of diesel. For the eval-
uation of this production cost the following correlations are used (See
Egs. (3)-(6)), assuming an interest rate of 10 %, an economic plant
lifetime of 20 years, an utilization of 91.3 %, an annual production in ton
per year and an allocation factor by energy content among all liquid and
gas products, for diesel of 37 % (Leonzio et al., 2023a, 2023b). In those
correlations, the CAPEX is in $, OPEX in $/year, levelized CAPEX, OPEX
and total levelized production cost are in $/litergiesel-

CAPEX e CRF

Levelized CAPEX =
evelized C Annual production e Utilization ®

3 . 1 lifeti
interest rate o (1 + interest rate)”*" "€

CRF = @

(1 + interest rate)P* lifetime _ 1

. OPEX
Levelized OPEX = Annual production e Utilization ®

Total Levelized Production Cost = Levelized CAPEX + Levelized OPEX
(6)

The CAPEX is evaluated according to Becker et al. (2012), from the
equipment expenditures by evaluating direct and indirect capital ex-
penditures as well as contingencies and working capital. In particular,
equipment expenditures are obtained for the main items: adsorbent bed,
alkaline electrolyser, FT, RWGS and HC reactors, compressors, three
distillation columns (for diesel, kerosene and gasoline separation), two
PSA columns (for Hy, CO and C1-C4 separation) and boiler. A 12 %
factor is added to total equipment expenditure to find the total direct
expenditure while indirect expenditures are estimated to be 51 % of the
direct capital expenditures (Becker et al., 2012; Spath et al., 2005). The
total capital investment is then provided by summing direct and indirect
capital expenditures (fixed capital investment) with contingencies and
working capital (1.25 time the fixed capital investment) (Konig et al.,
2015b).

For the equipment expenditure it is assumed that the DAC and
electrolyser costs respectively 644 $year/tonCO (Leonzio et al., 2022a,
2022b) and 665 $/kW (Bertuccioli et al., 2014), while for other items
the expenditure is evaluated by the following equation (Konig et al.,
2015b) (See Eq. (7)):

S \" [CEPClygs
Cost = Costyer @ [ —— S22 Sa0os
08t = 08ker ® (sref> * <CEPCIref @

enabling estimation of the purchased cost of equipment at the scale (S),
based on the reference cost (Costref) at the reference scale (Sref) and
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considering an appropriate Chemical Engineering Plant Cost Index
(CEPCI) for the reference year (402 for 2003, 576.1 for 2014, 521.9 for
2009) and a CEPCI value of 802.6 for 2023 (Toweringskills, 2024). The
scaling factor (n) accounts for scaling effects. Table 1 shows all these
data for FT, RWGS and HC reactors, distillation column, boiler, CO5
compressors and PSA.

The OPEX is composed of maintenance, insurance, taxes, raw ma-
terials and utilities (Konig et al., 2015b). The maintenance expenditure
for the electrolytic cell is evaluated as 15 % of the fixed capital invest-
ment while for the rest of the plant it is assumed as 7 % of the fixed
capital investment (Konig et al., 2015b). Insurance and taxes are 2 % of
the overall fixed capital investment while the expenditure for sorbent is
1.16 $/kg, for cooling water it is 0.06 $,/m>, for process water it is 0.41
$/m> (Intratec, 2024) and for electricity from solar and wind energy it is
respectively 0.06 $/kWh and 0.03 $/kWh (OurWorldInData, 2024).

2.4. Environmental analysis

The environmental impact of the integrated processes producing
diesel is carried out according to the principles of Life Cycle Assessment
(LCA) with the following standard phases as suggested by the ISO
14040: goal and scope definition, life cycle inventory (LCI), life cycle
impact assessment (LCIA) and interpretation (ISO 14040, 2009; ISO
14044, 2006).

In the goal and scope definition, the aim of the analysis is defined as
the evaluation of the environmental burden of the investigated pro-
duction process to assess water and carbon dioxide closed loops and for a
comparison with the conventional route (e.g. Diesel from refinery in the
Ecoinvent database). For this purpose, the LCA is carried out considering
1 kg of diesel as the functional unit (the reference to which all inputs and
outputs of the specific process are related) and cradle-to-gate system
boundaries (the use of diesel is outside the evaluation of the environ-
mental burden because only processes from raw material extraction up
to diesel production are analyzed). An allocation by mass is assumed in
processes where more products are present.

In the second phase of LCA, inventory data (e.g. material and energy
balances of the considered processes) are evaluated and obtained from
the modelling study as described in Section 2.1, because they are un-
available in the Ecoinvent database so that they are considered as new
processes in the OpenLCA software. The inventory data for all investi-
gated processes are reported in the Tables 2 and 3.

In Table 2, the inventory data for the whole electrolytic cell, reactors,
boiler and distillation section integrated into the DAC system is shown.
The heat in the output stands for the net overall heat of the process. On
the other hand, the water in the input stands for the net overall water of
the process. In Table 3, the inventory data for the DAC plant are re-
ported: the needed thermal energy is not present among inputs because
heat is supplied by the process while water is not present as product in
the output because it is used by the electrolytic cell.

In the following phase of LCA, i.e. LCIA, the LCI results are generated
and organized into the impact category and then into the impact indi-
cator at the midpoint level (climate change and water use) and endpoint
level (human health, ecosystem quality, resources). The ReCiPe 2016
method is used to evaluate the climate change and endpoint impact

Table 1
Cost parameters for the economic analysis of the integrated process (FT = Fischer Tropsch, RWGS = Reverse Water Gas Shift, HC = Hydrocracking, PSA = Pressure
Swing Adsorption).
Reference cost Reference size Scaling factor Reference time Reference
FT reactor 10.5 M$ 2.52 Mscf/h (Feed flow rate) 0.72 2003 Freire Ordonez et al. (2021)
RWGS reactor 2.6 M$ 2556 ton/day (Feed flow rate) 0.65 2014 Freire Ordonez et al. (2021)
HC reactor 8.46 M$ 1.13 kg/s (Feed flow rate) 0.7 2014 Freire Ordonez et al. (2021)
Distillation 0.73 M$ 6.59 ton/h (Feed flow rate) 0.7 2009 Marchese et al. (2021)
Boiler 2.14 M$ 20 MW (Duty) 0.8 2014 Freire Ordonez et al. (2021)
PSA 5.46 M$ 0.294 kmol/s (Purge gas flow) 0.74 2003 Becker et al. (2012)
CO, compressor 4.75 M$ 10 MWe (Compression power) 0.67 2003 Larson et al. (2005)
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Table 2

Inventory data for system composed by the alkaline electrolyser, FT, RWGS and
HC reactors, boiler and distillation columns and integrated into the DAC system
(at air temperature and humidity of 25 °C and 39 %) (FT = Fischer Tropsch,
RWGS = Reverse Water Gas Shift, HC = Hydrocracking).

Inputs
H,0 0 kg/Kgdiesel
CO, 2.75 kg/Kgdiesel
Electricity for water electrolysis 0.03 MWh/Kggiesel
Electricity for CO, compressor 0.0002 MWh/Kggiesel
Air for boiler 0.78 kg/kgdiesel
Cooling water, make up (distillation train) 0.001 kg/Kgdiesel
Electricity for cooling water (distillation train) 0.03 kWh/Kggiesel
Outputs
0, 1.32 kg/Kgdiesel
H, emissions 0.0002 kg/Kgdiesel
CO emissions 0.02 kg/Kgdiesel
H,O0 from electrolyser 0.01 kg/kgdiesel
Heat 0.008 MWh/Kgdiesel
C,—C3 from HC to market 0.0002 kg/Kgdiesel
Gasoline from FT 0.79 kg/kgdiesel
Kerosene from FT 0.37 kg/kgdiesel
Gasoline-Kerosene mixture from HC 0.24 kg/kgdiesel
C,-C4 from FT to market 0.41 kg/Kgdiesel
Wax from HC 0.10 kg/Kgdiesel
Diesel from FT and HC 1 kg

Table 3

Inventory data for the DAC system integrated into the whole process (at air
temperature and humidity of 25 °C and 39 %).

Input

Adsorption step

Mass sorbent 2.88 kg/tonCO,
Electricity for fans 224.84 kWh/tonCO,
Air 63,316,676 mol/tonCO,
CO, 1101 kg/tonCO,
Ny 1,367,243 kg/tonCO,
(o2 419,027 kg/tonCO,
Ar 23,368 kg/tonCO,
H,O 14,153 kg/tonCO,
Cooling step

Cooling water, make up 2178 kg/tonCO,
Electricity cooling water 51.6 kWh/tonCO,
Output

Technosphere

CO, 1 ton
Emissions to air

CO, 101 kg/tonCO,
Ny 1,367,243 kg/tonCO,
(023 419,027 kg/tonCO,
Ar 23,368 kg/tonCO,
H,0 13,600 kg/tonCO,

categories while the Environmental Footprint method is used to measure
the water use impact category, by using OpenLCA software (version
1.11) and the Ecoinvent database 3.9. In this analysis, water use is
considered instead of water consumption because the former establishes
the total water use while the latter includes water that is lost to the
ecosystem and for downstream users (Sphera, 2022).

In the last stage of LCA, i.e. the interpretation, results obtained in the
previous phase are discussed and compared with the literature.
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2.5. Uncertainty and global sensitivity analysis

An uncertainty analysis and a global sensitivity analysis (GSA) are
conducted for several process key performance indicators (KPIs). Firstly,
the uncertainty analysis is performed to quantify the variability of the
KPIs, indicating how uncertain they are if specific uncertain operational
parameters are varied simultaneously (Saltelli et al., 2010). Then GSA is
used to find which uncertainty parameters are significant for the
selected KPIs through the evaluation of Sobol sensitivity indices. The
uncertain parameters and suitable ranges are identified from the liter-
ature. The uncertain parameters considered are air temperature, air
humidity, amount of captured CO2, voltage efficiency, electrical effi-
ciency, current density, cell pressure, cell temperature, CO, recycle
ratio, and CO recycle ratio. The monitored KPIs are the PtL efficiency,
production cost, net amount of water inside the plant, as well as the
midpoint and endpoint impact categories.

A set of 1408 quasi-random input scenarios is generated based on the
parameter ranges outlined in Table S5 of the supplementary information
(Section 11.8), assuming a triangular distribution. The Sobol quasi-
random sequence is employed as the sampling technique to ensure
thorough exploration of the model input space. The input samples are
then used to evaluate the desired KPIs by using the reported mathe-
matical model for techno-economic KPIs and OpenLCA linked to Python
for the environmental KPIs. Subsequently, GSA is conducted using the
SobolGSA software (Kucherenko, 2013). Total-order Sobol sensitivity
indices are computed to determine whether the uncertainty parameter is
significant for the KPIs (Kucherenko and Song, 2017; Sobol, 2001). In
this study, we utilize the Random Sampling-High Dimensional Model
Representation (RS-HDMR) surrogate modelling method for the evalu-
ation of Sobol indices.

3. Results and discussion

In this section, results for both the nominal case study, as well as the
uncertainty and global sensitivity analysis regarding power to liquid
efficiency, costs and environmental burden are reported. The results of
mass and energy balances of the proposed mathematical model are
shown.

3.1. Results of the nominal case study

3.1.1. Results for the process modelling

Based on material and energy balances described in the Supple-
mentary Information (section S1), the integrated pilot-scale process
located in a hot and dry region of the US (at an air temperature and
humidity respectively of 25 °C and 39 %) can produce 18 ton/year (2
kg/h) of diesel with the overall amount of CO, captured from the air
(135 kg/day). As all captured CO- is used to produce the fuel, a CO5
closed loop is ensured. The net water consumption is 0 kg while an
additional amount of heat (2.34 kW, obtained by sending a fraction of
C1-C4 gases, as the 14 % of total molar flow rate, to the boiler) is
required to satisfy a closed heat loop as found through the pinch analysis
(a table cascade is reported in Section 2 of the Supplementary Infor-
mation, particularly Table S8, in addition to Tables S6 and S7 according
to Fig. S1) (Smith, 2005). It is verified that, based on material balance,
the proposed integrated process is able to ensure a circularity for water,
CO5 and heat for the defined values of air temperature and humidity as
also suggested by Mertens et al. (2023). The DAC-e-fuel process is self-
sufficient in water and heat (the slightly upgrading of heat from the
electrolysis at 50 °C to higher temperatures is required and might be
obtained by mixing with higher temperature waste heat from the syn-
thesis process) (Mertens et al., 2023).

Mass consumption and production of the process are reported in
Table 4. Capturing 5.63 kg/h of COs, the system is able to produce 2 kg/
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Table 4

Main results for the material balance of the integrated process producing 2 kg/h
of diesel (RWGS = Reverse Water Gas Shift, DAC = Direct Air Capture, FT =
Fischer Tropsch, HC = Hydrocracking).

Captured CO, for RWGS 5.63 kg/h
Air for boiler 4.95 kg/h
H,0 produced by DAC 3.09 kg/h
H, produced by electrolyser 0.66 kg/h
O, produced by electrolysis 2.67 kg/h
H,0 produced by FT and HC 3.3 kg/h
H,0 by-product from electrolysis 0.02 kg/h
H, emissions (boiler) 0.0005 kg/h
CO emissions (boiler) 0.05 kg/h
C1-C4 (boiler and market) 0.96 kg/h
C2-C3 (market) 0.0004 kg/h
Gasoline 1.35 kg/h
Kerosene 0.74 kg/h
Wax 0.21 kg/h
Total diesel 2.00 kg/h

h of diesel, 1.35 kg/h of gasoline, 0.74 kg/h of kerosene and 0.21 kg/h of
wax, in addition to gas hydrocarbons that can be sold into the market
(0.96 kg/h of C1-C4 and 0.0004 kg/h of C2-C3). At 298 K and 39 % of
relative humidity, the DAC process can produce 3.09 kg/h of water, sent
to the alkaline electrolyser with the other water from FT and RWGS
reactions (3.3 kg/h). Emissions are coming from the boiler and RWGS
reactor in the following amount: 0.046 kg/h of CO and 0.0005 kg/h of
Ho. The alkaline electrolysis, in addition to the Hy, can produce both
2.67 kg/h of O, (that can be sold into the market) and the not internal
recycled water sent to a wastewater treatment (0.022 kg/h).

Table 5 shows the energy consumption of the investigated process.
Among electrical energy needs, the alkaline electrolyser has the highest
impact (53 kW as 96 % of the overall requirement) while the lowest
contribution is due to the cooling of the plant (0.05 kW as 0.18 % of the
overall need). The highest impact of electricity for the electrolytic cell is
also reported in Marchese et al. (2021). Regarding the thermal energy,
DAC is the most endothermic system requiring 8.3 kW of heat while the
HC reactor is the most exothermic process producing 11 kW of heat.

The overall power-to-liquid efficiency is 43.5 % in agreement with
other results reported in the literature by Marchese et al. (2021) where
this efficiency has a range between 28.06 % and 52.2 %. In that evalu-
ation, the electrical power required for the electrolytic cell has the
greatest influence, amounting to about 95 % of total electricity input
(Peters et al., 2022).

Table 5

Main results for the energy balance of the integrated process producing 2 kg/h of
diesel (RWGS = Reverse Water Gas Shift, DAC = Direct Air Capture, FT =
Fischer-Tropsch, HC = Hydrocracking).

Electrical energy for funs in DAC 1.2 kw

Electrical energy for cooling water ~ 0.29 kw

in DAC

Electrical energy for alkaline 53 kW

electrolyser

Electrical energy for CO, 0.5 kw

compressors

Electrical energy for cooling in the 0.065 kW (Medrano-Garcia et al., 2022)
distillation train

Thermal energy for DAC 8.3 kw

Thermal energy for RWGS 1.85 kw

Thermal energy for distillation 1.17 kW  (Medrano-Garcia et al., 2022)
train

Thermal energy from FT reactor 3.28 kw

Thermal energy from HC reactor 11 kw

Thermal energy from alkaline 6.6 kw

electrolyser

Thermal energy from boiler (CO 0.005 kW

and H, combustion)

Thermal energy from boiler 2.35 kw

(C1-C4 combustion)
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3.1.2. Results for the economic analysis

Results of the economic analysis for the plant located in the US with
an air temperature and humidity of 25° and 39 % are shown in Table 6.
With an overall CAPEX of 42,400 $/year and OPEX of 38,300 $/year the
total levelized production cost of diesel is 1.76 $/litergiesel (49 $/GJgie-
sel), when wind energy is used for the renewable electricity. When solar
energy is used to produce renewable electricity, OPEX are 53,305 $/year
and the production cost is 2.07 $/litergiesel (58 $/GJdiesel)-

The value for diesel production cost from COs is in line with the
literature even though a slight lower cost can be obtained due to
circularity that allows cost savings for some thermal energy and water
consumption (Soler et al., 2022; Peters et al., 2022; Schemme et al.,
2017). In fact, production cost up to 4.29 $/litergiese] are reported in the
existing literature (Soler et al., 2022). Diesel production cost of the
proposed scheme with circularity in water, COy and heat is also
competitive with the market price in the US equal to 1.022 $/litergjese
(GlobalPetrolPrices, 2024). The proposed integrated scheme at the
defined air temperature and humidity enables a diesel production cost
that is lower compared to the values reported in the literature and
competitive with the conventional production showing in this way
economic advantages in comparison with the linear process not
exploiting renewable energies and capturing CO» from the air. A further
cost reduction could be ensured through the use of carbon credits, that,
like economic incentives, could make the process more convenient
compared to the market.

Table S9 of the supplementary information (Section 3) shows a
detailed analysis of equipment cost. Among the total installed cost, the
FT and HC reactors have the highest impact, respectively contributing
23 % and 25 %. On the other hand, the distillation column for kerosene
separation has the lowest impact on total equipment costs (0.36 %). The
electrolytic cell system has an impact on equipment cost of about 9 %, as
similarly obtained by Becker et al. (2012) while DAC contributes 17 % of
the total equipment cost, in line with the figures reported by Marchese
et al. (2021) even though an absorption system is used in their work.
However, a detailed comparison with previous research is difficult
because most of the work uses CO; capture cost as input for their eco-
nomic assessment (Rojas-Michaga et al., 2023).

It is important to underline that the electricity cost for water elec-
trolysis has the greatest influence on total cost of raw materials and
utilities (95 % for wind-based electricity). The importance of the elec-
trolytic cell on cost is well reported in the literature (Konig et al., 2015b;
Dieterich et al., 2020; Medrano-Garcia et al., 2022). On the other hand,
the cost for the all-electricity consumption is 38 % of the overall OPEX
while the maintenance cost of plant and electrolyser and insurance and
taxes are respectively 28 %, 13 % and 18 % of the whole OPEX (when
electricity from wind is used).

Overall, due to the low electricity price, CAPEX expenditures have a
higher impact on total costs when electricity from wind is used: they are
55 % of the levelised production cost. This means that to minimize total
costs, the optimal design of equipment is required in addition to the

Table 6
Results of the economic analysis for the integrated process at different electricity
energy sources.

Wind energy  Solar energy

Total installed cost 182,259 182,259 $
Total direct cost 204,130 204,130 $

Total indirect cost 104,106 104,106 $
Fixed capital investment 308,237 308,237 $
Capex 42,383 42,383 $/year
Maintenance cost of the plant 11,056 11,056 $/year
Maintenance cost of the electrolyser 2599 2599 $/year
Insurance and taxes 6165 6165 $/year
Utilities and raw materials 15,182 30,193 $/year
Opex 38,294 53,305 $/year
Total levelized diesel production cost 1.76 2.07 $/litergiesel
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increase of plant scale. The opposite situation occurs when electricity
from solar energy is used: CAPEX expenditures are 47 % of the total cost.
The same situation is obtained when electricity from the grid is used (at
an electricity cost of 0.15 $/kWh (GlobalPetrolPrices, 2024)): OPEX
expenditures are 67 % of the total expenditures and a diesel production
cost is 2.98 $/litergiesel- In this case, the PtL process is OPEX dependent
(Rojas-Michaga et al., 2023).

3.1.3. Results for the environmental analysis

Midpoint (climate change and water use) and endpoint (human
health, ecosystem quality and resources) impact categories are evalu-
ated for the integrated process analyzed in this work considering wind
and solar energy for the electricity production and are compared with
the conventional process producing diesel as reported in the Ecoinvent
database. The results are provided for an air temperature and humidity
of 25 °C and 39 %, respectively, according to a cradle-to-gate analysis. In
particular, Fig. 3 shows the results for the midpoint impact categories,
climate change and water use, for 1 kg of diesel production: the pro-
posed scheme allows to have an environmental impact lower compared
to that of the business as usual (BAU) process (e.g. diesel from refinery
reported in the Ecoinvent database).

Values of climate change for the proposed scheme exploiting wind
and solar energy are respectively —1.22 kgCOogeq/Kgdiesel and —0.28
kgCO2eq/kgdieset While the conventional process emits 0.58 kgCOazeq/
Kkgaiesel- It is evident that the power-to-liquid process has the potential to
decrease greenhouse gas emissions and decarbonize the energy sector.
Negative values of climate change are obtained meaning that a mitiga-
tion of CO2 emissions is achieved as cradle-to-gate system boundaries
are considered.

On the other hand, the water circularity ensures for the investigated
process values of water use lower compared to that of the conventional
process (0.74 m3depriv/kgdiesel and 0.58 m3depriv/kgdiese1 when solar
and wind energy are respectively used vs 14.1 m3depriv/kggiesel for the
BAU system). The trends are similar to those found in the Medrano-
Garcia et al. (2022), i.e., wind energy performs better than solar energy
in fuel production.

A negative value of climate change is not suggesting the CO, removal
from the atmosphere because a cradle-to-gate analysis is considered
here. However, a mitigation of CO5 and a CO closed loop are obtained.
Then, for the proposed scheme, the CO closed loop is verified from a
mathematical and environmental analysis point of view. Concerning the
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impact breakdown when solar and wind energy are used, the highest
contribution with a positive effect on climate change is the electricity
consumption (1.33 kgCO2eq/Kgdiesel for solar energy and 0.42 kgCO2eq/
kgdiesel for wind energy), while COy capture is the highest negative
impact on climate change (—2.47 kgCO2eq/kggiesel in both case studies).
An improvement of the energy efficiency of the system and reduction of
the carbon footprint of the electricity source (by improving construc-
tion, maintenance, and operation stages) are suggested (Rojas-Michaga
et al., 2023).

Regarding the water use, the proposed scheme has a value close to
0 in both case studies (when wind and solar energies used for electricity
production) against the results obtained from the mathematical model.
The full LCA suggests that an additional optimization of the process is
required in order to have a water closed loop also from an environmental
analysis point of view. When solar energy is used, electricity production
through collectors and cooling water have the highest impact on total
water use value respectively of 51 % and 49 %. An electricity source that
is more environmentally friendly for water use and a reduction of
cooling water are required. In this context, the optimization of energy
and cooling water systems has been also suggested in the literature by
Rojas-Michaga et al. (2023) to reduce the water footprint of a sustain-
able aviation fuel production process.

Overall, a direct comparison with the literature cannot be conducted
because only absorption-based DAC systems are used in previous works
regarding diesel production from CO, (Medrano-Garcia et al., 2022; Liu
et al., 2020). However, for works investigated in the literature good
values of climate change potential are reported for diesel production, as
found in this proposed research (Rojas-Michaga et al., 2023). Only water
consumption is shown in the literature hence a direct comparison with
the investigated work cannot be done for the water use impact category.

Results for other mid-point impact categories, according to the
ReCiPe 2016 method, are reported in Table 7: even though climate
change and water use are better for the integrated process compared to
the conventional one, the suggested system has a worse environmental
burden in freshwater ecotoxicity, freshwater eutrophication, human
carcinogenic toxicity, human non-carcinogenic toxicity, land use, ma-
rine ecotoxicity, marine eutrophication, mineral resource scarcity and
terrestrial ecotoxicity when wind energy is used for electricity produc-
tion. On the other hand, when solar energy is used the following impact
categories are worse compared to the BAU process: fine particulate
matter formation, freshwater ecotoxicity, freshwater eutrophication,
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Fig. 3. Results of the midpoint impact categories for the integrated process at the nominal case study and a comparison with the BAU.
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Table 7
Results for the mid-point impact categories (ReCiPe 2016 method).

Sustainable Production and Consumption 51 (2024) 657-669

Impact category

Reference unit

Electricity from wind energy

Electricity from solar energy

Conventional process

Fine particulate matter formation kg PMa 5eq/Kgdiesel 0.0009 0.0020 0.0015
Fossil resource scarcity kg oileq/Kgdiesel 0.12 0.47 1.22
Freshwater ecotoxicity kg 1,4-DCB/Kkggiesel 0.20 0.10 0.007
Freshwater eutrophication kg Peq/Kgdiesel 0.0002 0.0003 3.45E-05
Human carcinogenic toxicity kg 1,4-DCB/Kkgdiesel 0.12 0.10 0.009
Human non-carcinogenic toxicity kg 1,4-DCB/Kgdiesel 1.30 1.12 0.19
Ionizing radiation kBq C0-60cq/kgdiesel 0.021 0.027 0.0333
Land use m2a cropeq/kgdiesel 0.16 0.32 0.027
Marine ecotoxicity kg 1,4-DCB/Kggiesel 0.25 0.14 0.01
Marine eutrophication kg Neq/Kgdiesel 2.956 107 59e10°° 4.47 ¢ 10°°
Mineral resource scarcity kg Cueq/Kgdiesel 0.014 0.038 0.0009
Ozone formation, Human health kg NOXcq/Kgdiesel 0.001 0.004 0.002
Ozone formation, Terrestrial ecosystems kg NOXeq/Kgdiesel 0.001 0.004 0.002
Stratospheric ozone depletion kg CFC11eq/Kgdiesel 2.51 1077 1.13¢10°° 9.76 ¢ 1077
Terrestrial acidification kg SO2¢q/Kgdiesel 0.0017 0.0045 0.0046
Terrestrial ecotoxicity kg 1,4-DCB/Kgdiesel 5.49 3.93 1.90

human carcinogenic toxicity, human non-carcinogenic toxicity, land
use, marine ecotoxicity, marine eutrophication, mineral resource scar-
city, ozone formation (human health), ozone formation (terrestrial
ecosystems), stratospheric ozone depletion. These results suggest that a
better trade off must be achieved in the innovative process with the aim
to be more environmentally friendly compared the BAU in all impact
categories.

(a)

le—6

2.0

Impact categories

Human carcinogenic toxicity

lonizing radiation

DALY-kggser

Wind So'lar Conventional

le-9

Impact categories
Freshwater ecotoxicity
Freshwater eutrophication

Land use
Marine ecotoxicity
Marine eutrophication

Terrestrial acidification
Terrestrial ecotoxicity

Species.yr-kggl..
N
|
IR innni

=2

Wi'nd So]ar Conventional

Fine particulate matter formation
Global warming, Human health

Human non-carcinogenic toxicity
Ozone formation, Human health

Stratospheric ozone depletion
Water consumption, Human health

Fig. 4 shows results for the endpoint impact categories: human
health in Fig. 4a, resources in Fig. 4b and ecosystem quality in Fig. 4c. In
all impact categories the conventional process has an environmental
burden higher compared to the process based on water, heat and CO,
circularity. Human health values for the BAU system, integrated process
using solar and wind energy are respectively of 1.87 ¢ 1078 DALY/
Kgdiesel, 1.60 ® 1078 DALY /Kgiese and 4.03 @ 10”7 DALY/kggiesel. In both
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Fig. 4. Results for the endpoint impact categories for the integrated process at the nominal case study and a comparison with the BAU: A) Human health, B) Re-

sources, C) Ecosystem quality.
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Fig. 5. Uncertainty analysis results for the (a) power-to-liquid efficiency, and
(b) the net water consumption. The central black bar in each plot represents the
interquartile range, with a white dot indicating the median. Black lines
extending from this bar mark the lower and upper adjacent values, with any
points beyond these lines considered outliers. (PtL = Power to Liquid).

not conventional process, electricity mostly affects each term contrib-
uting to total human health while cooling water also affects the water
consumption, human health.

Resource values for the BAU system, integrated process using solar
and wind energy are respectively 0.48 USD2013/kggiesel, 0.15
USD2013/kggiesel and 0.04 USD2013/kggiesel- Electricity has the highest
impact on resources for the proposed integrated process.

On the other hand, the ecosystem quality of the BAU system, inte-
grated process using solar and wind energy is respectively of 7.02 e 10~°
species-yr/Kgdiesel, 4.12 o 107° species-yr/kggiesel and —7.1 e 107° spe-
cies-yr/kggiesel. Also in this impact category, electricity is the greater
contributor followed by sorbent production (for climate change, fresh-
water ecosystems and climate change, terrestrial ecosystems) and
cooling water (water consumption, aquatic ecosystems and water con-
sumption, terrestrial ecosystem).
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It is clear that for the endpoint impact categories, electricity con-
sumption mostly dictates the overall environmental performance. As for
the midpoint impact categories, a comparison with the literature cannot
be conducted for the endpoint impact categories because it has not been
investigated in the literature yet.

3.2. Results for the GSA

Violin plots in Figs. 5 and 6 depict the total variance of the output
metrics when all critical uncertain parameters are simultaneously var-
ied. Figs. 7 and 8 showcase the explained variance through the GSA by
presenting the total-order sensitivity indices for all KPIs. Values of these
indices are reported in Tables S10 and S11 of the supplementary infor-
mation (Section 4).

It should be noted that no input-input interactions are observed for
any of the KPIs (i.e. second-order indices are 0), and therefore the model
exhibits an additive structure. The monitored KPIs are technoeconomic
(overall power-to-liquid efficiency, net amount of water inside the plant,
production cost) and environmental (midpoint and endpoint impact
categories). The KPIs for the heat closed loop is not considered in the
GSA due to the complex pinch analysis even though the nominal case
study shows the potentiality of plant for this aspect.

Factors with a value of total-order Sobol indices higher than 5 % are
considered significant for the KPI under investigation (Zhang et al.,
2015). According to this assumption, significant factors for the overall
PtL efficiency variability (42.2 %-57 % as the interquartile range) as
shown in Fig. 5a, are the electrical efficiency the voltage efficiency of the
alkaline cell, (both related to the electrical energy consumption of the
electrolytic cell) and CO recycle ratio in the FT synthesis. These factors
account for 50 %, 30.3 %, and 19.5 % for the variability of the PtL ef-
ficiency, respectively (Fig. 7). In fact, the electrical consumption will
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Fig. 7. Total-order Sobol indices for PtL efficiency, diesel production cost and
net amount of water inside the plant. (PtL = power-to-liquid).

affect the denominator of the efficiency correlation while the CO recycle
ratio will affect the numerator of the same formula through the amount
of produced fuel.

The net amount of water in the integrated process varies between
—2.67 kg/h to 2.14 kg/h with a median value of 0.25 kg/h, which is very
close to closing the water loop as seen in Fig. 5. Only air humidity,
determining the amount of water captured in DAC, is significant for the
net amount of water inside the process by accounting for 96.1 % of its
variability (Fig. 7).

The variance of the levelized cost of diesel is attributed to the same
parameters for both solar and wind energy routes (Fig. 6f), which are the
CO recycle ratio, voltage efficiency, electrical efficiency, and amount of
captured CO2. The major contributor to the levelized cost uncertainty is
the CO recycle ratio, which accounts for 64.4 % of the variability when
the fuel is produced with wind energy and 55.9 % when solar energy is
used. The different percentage is due to a higher cost of electricity
production from solar energy causing a higher influence of voltage ef-
ficiency and electrical efficiency inputs when interactions are negligible.
The electrical efficiency follows by contributing to 20.6 % and 12.8 % of
the variability when solar and wind energy is used, respectively (Fig. 7).

1.0
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The above results suggest that costs and power-to-liquid efficiency
are independent of the geographic location of the plant (air humidity
and temperature are not significant); however, this is not the case for the
metrics of the net amount of heat and water. It is important to find the
optimal weather conditions in order to have a closed loop for water and
heat.

Among midpoint impact categories, water use and climate change
are considered. Air humidity, voltage efficiency and electrical efficiency
are significant for water use when both solar and wind energies are used
for the electrical energy (Fig. 8). This is in agreement with the previous
result: the water loop is strongly dependent on the geographic location.
Specifically, air humidity accounts for 66 % and 42.8 % of the water use
variability for wind and solar, respectively. Following air humidity, the
electrical efficiency affects more the fuel produced by solar (32.4 %)
compared to wind (17.8 %) energy. On the other hand, for climate
change, when solar energy is driving the process, air humidity, voltage
efficiency, electrical efficiency, CO recycle ratio have important effects
on the considered response. When wind energy is driving the process, air
temperature and CO; recycle ratio also influence the process (Fig. 8). It
is also observed that there is less uncertainty (i.e. variability) for the
climate change impact when wind energy is used, compared to solar
energy (Fig. 6a). As for water use, the climate change impact is also
dependent on the location of the plant.

Among endpoint impact categories, human health, resources and
ecosystem quality are taken into account. Voltage efficiency, electrical
efficiency and CO recycle ratio are significant for human health when
both solar and wind energy are used (Fig. 8). In terms of impact on re-
sources, there is almost no uncertainty in this metric for fuel derived
from wind energy (Fig. 6e). On the other hand, the variability of the
resources for the solar energy fuel is mostly attributed to the electrical
efficiency (56.3 %), the voltage efficiency of alkaline cell (35.1 %), and
the CO recycle ratio (8.5 %) (Fig. 8). For the ecosystem quality, the
voltage efficiency of alkaline cell, electrical efficiency and CO recycle
ratio have an important effect when solar energy is used. When wind
energy is driving the process, air humidity and temperature also slightly
affect that endpoint impact category (Fig. 8).

Overall, almost all of the endpoint impact categories do not depend
on the geographic location of the plant, in contrast to the midpoint
impact categories evaluated here.

Moreover, these results show that for climate change, ecosystem
quality and resources impacts, different inputs are significant when solar
and wind energy are used to produce electrical energy although the
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voltage efficiency of electrolysers and electrical efficiency have an
important effect in all these responses. Considering that voltage effi-
ciency and electrical efficiency are influencing the electricity con-
sumption, the obtained result is due to the different environmental
impacts of electricity production from solar and wind energy. In
particular, the production of electricity by solar energy has an envi-
ronmental impact on climate change, ecosystem quality and resources
higher compared to that obtained by wind energy. Moreover, the elec-
tricity production from solar energy has a higher impact on those impact
categories compared to that of the electricity production from wind
energy and the electricity production from solar energy contributes
more than 90 % on the discussed impact categories. This causes, for
voltage efficiency and electrical efficiency inputs, a higher value of total
order Sobol index. The sum of total order Sobol index is limited to one
(because no significant interactions are present) so that a lower number
of potential significant inputs are present, when solar energy is used, in
comparison to the case when wind energy is exploited.

4. Conclusions

A new process scheme to produce diesel from CO; via FT synthesis is
proposed here and characterized by a desire to ensure, as far as possible,
circularity of water, CO3 and heat. In particular, the CO4 captured from
the air through an adsorption-based system is used for fuel production
while water from the reaction synthesis and DAC is fed to the alkaline
electrolytic cell and heat for DAC regeneration is coming from the FT
synthesis, boiler and electrolytic cell.

Through material and energy balances of the proposed process, it is
verified that with an overall PtL efficiency of 43.5 % and a diesel pro-
duction cost of 1.76 $/litergiese; and 2.07 $/litergiese; when wind and
solar energy are used, CO9, water and heat closed loops are ensured.

However, a full LCA shows that a perfect closed loop is not present
for the water use and a further optimization of water consumption/
production inside the overall process is needed from an environmental
point of view.

Then a global sensitivity analysis is conducted to attribute the vari-
ability of KPIs to specific uncertain process parameters.

It is found that even though costs and efficiency are independent of
the geographic location (e.g. air temperature and humidity) this is not
the case for midpoint impact categories for which optimal weather
conditions and hence locations should be identified.

As an additional result, the most important input in a PtL process is
the electrical energy consumption in the electrolytic cell so that the
combination of a higher efficiency of electrolytic cell with the optimal
weather conditions can ensure a PtL process producing diesel charac-
terized by circularity in CO2, water and heat and with a production cost
that could be comparable with that of the market.
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