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 A B S T R A C T

Direct air capture (DAC) integrated with solid oxide electrolysis (SOEC) and Fischer–Tropsch (FT) synthesis is 
a promising way to produce carbon-neutral liquid fuels. However, the high demand for renewable electricity, 
particularly from electrolytic hydrogen production, and limited cross-process integration pose key challenges to 
this mode of production. This study addressed these constraints by modeling a fully integrated DAC–SOEC–FT 
diesel system using a commercial, equation-oriented simulation platform under steady-state conditions and 
assuming that renewable power supplied the SOEC unit. The process design incorporated thermal and process-
level integration with waste heat from the calciner, FT reactor, and SOEC burner repurposed for internal 
heating and feed conditioning. System-derived byproducts (e.g., naphtha, purge gases) were used as internal 
fuels to minimize external energy inputs and avoid additional emissions. Results showed that under ideal 
thermal integration scenarios, the theoretical internal recovery of up to 78% of total process heat could 
substantially reduce reliance on external utilities. While SOEC remained the primary electricity consumer 
(29.8 MWh/t-diesel), internal energy recovery mitigated auxiliary demands. Cradle-to-gate CO2 emissions 
were net-negative and reached –1.20 kg-CO2/kg-diesel in Japan and –1.56 kg-CO2/kg-diesel in Canada. These 
results emphasized the strong synergies unlocked by integrated system design and offered a pathway toward 
energy-efficient, carbon-negative synthetic diesel suited for hard-to-abate transport sectors.

1. Introduction

The imperative to reduce global greenhouse gas (GHG) emissions 
by 2050 has intensified in light of increasing climate-related impacts, 
including rising sea levels, more frequent extreme weather events, 
and biodiversity loss, many of which have been linked, with varying 
levels of confidence, to anthropogenic carbon dioxide (CO2) emis-
sions [1,2]. These emissions are the primary driver of global warming, 
which poses severe risks to natural systems, human health, and global 
socioeconomic stability.

In recognition of this challenge, the international community
adopted the Paris Agreement, which was a commitment to limit the in-
crease of the global average temperature to well below 2 ◦C above pre-
industrial levels and to pursue efforts to restrict the rise to 1.5 ◦C [3]. 
Achieving these climate goals demands a rapid and systemic trans-
formation of the global energy system, including the industrial and 
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transportation sectors, through the widespread deployment of low-
carbon technologies, renewable energy systems, and sustainable energy 
carriers [4,5]. The development and integration of carbon capture, 
utilization, and storage (CCUS) strategies, in particular, have been 
increasingly recognized as essential components of any pathway to 
deep decarbonization.

While direct electrification using renewable electricity is widely 
recognized as the most energy-efficient and cost-effective strategy for 
decarbonizing large portions of the global economy, its applicabil-
ity has been constrained in so-called ‘‘hard-to-abate’’ sectors [6–8]. 
These sectors include long-distance, heavy-duty transportation, such 
as commercial aviation, maritime shipping, and long-haul trucking, 
as well as energy-intensive industrial processes that rely on high-
temperature heat and involve inherent chemical transformations. Key 
examples include the production of iron and steel, ammonia, cement, 
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Nomenclature

AWE Alkaline Water Electrolysis
BECCS Bioenergy with Carbon Capture and Stor-

age
CCU Carbon Capture and Utilization
CDR Carbon Dioxide Removal
DAC Direct Air Capture
FTS Fischer–Tropsch Synthesis
PEM Proton Exchange Membrane Electrolysis
PSA Pressure Swing Adsorption
RWGS Reverse Water-Gas Shift Reaction
SOEC Solid Oxide Electrolysis Cells

and petrochemicals, where electrification alone may not be technically 
or economically viable in the near term.

In these domains, the requirements for high energy density, opera-
tional reliability, and compatibility with existing infrastructure render 
full electrification technically challenging and economically unfeasible 
in the short to medium term. Accordingly, sustainable fuels, such as 
biofuels and synthetic fuels derived from captured CO2 and renew-
able hydrogen (commonly referred to as electrofuels or e-fuels), have 
emerged as a critical near-term decarbonization strategy [9–12].

A primary advantage of sustainable fuels lies in their infrastructure 
compatibility: they can be blended with or substituted for conven-
tional fossil fuels within existing distribution, storage, and combustion 
systems with minimal modification. Because this drop-in capability 
significantly lowers the barriers to adoption and enables more rapid 
market deployment, use of sustainable fuels can bridge the transition 
period while more transformative solutions, such as full electrification 
and hydrogen-based systems, continue to mature and scale [13,14].

Although the market for sustainable hydrocarbon fuels remains 
in its early stages, two main technological pathways are under de-
velopment: (1) biofuels — such as biodiesel, bioethanol, biobutanol, 
biohydrogen, and biomethane — produced from biomass resources; and 
(2) green hydrogen-based synthetic hydrocarbons (e-fuels), including 
e-methanol, e-diesel, and e-kerosene, synthesized from renewable hy-
drogen and captured carbon dioxide. These fuels not only contribute 
to a circular carbon economy but also reduce lifecycle CO2 emissions 
when sustainably sourced. However, both production pathways cur-
rently face considerable cost barriers compared to conventional fossil 
fuels [15,16].

While several studies have evaluated the techno-economic and en-
vironmental performance of synthetic fuels, especially e-methanol and 
e-kerosene, fewer works have focused on the integration of Direct Air 
Capture (DAC) with downstream hydrocarbon synthesis and internal 
energy recovery. On the assumption that sustainable fuels will play a 
pivotal role in decarbonizing hard-to-abate sectors, this article narrows 
its focus to the production of synthetic diesel (e-diesel) as a viable 
drop-in fuel for long-range transportation applications [11]. Because 
e-diesel, fuels synthesized from green hydrogen and captured CO2, 
offer high energy density and full compatibility with existing diesel 
engines and fueling infrastructure, it is an attractive option for near-
term deployment in sectors such as maritime shipping, heavy-duty 
trucking, and remote industrial operations [9,15].

In particular, this study proposes a process integration model that 
couples a liquid sorbent-based Direct Air Carbon Capture (DAC) system 
with downstream e-diesel synthesis. Although still at the developmental 
stage, liquid-based DAC technologies offer several advantages, includ-
ing lower energy requirements for regeneration, continuous operation, 
and enhanced compatibility with renewable energy systems [17–19]. 
Because the goal of the proposed system was to capture atmospheric 
CO2 and convert it into synthetic diesel via renewable hydrogen, 

the proposed system could establish a closed carbon loop that would 
advance both climate mitigation and energy security objectives [13].

The novelty of this work lies in the thermochemical integration 
of the DAC and e-diesel subsystems. Specifically, the modeling frame-
work considered the re-utilization of hydrocarbon-rich byproduct gases 
from the Fischer–Tropsch (FT) synthesis process, such as tail gas and 
unconverted intermediates, as a combustion fuel for the oxy-fired cal-
ciner in the DAC loop. This internal energy recovery strategy re-
duces external fuel input requirements and supports process-level en-
ergy self-sufficiency. The model quantified the energy demands, car-
bon balances, and potential system-level synergies under various pro-
cess conditions, with the overarching goal of evaluating the technical 
and environmental feasibility of integrated, near-zero synthetic diesel 
production pathways.

2. Background on carbon removal and synthetic fuel technologies

To contextualize the proposed DAC–SOEC–FT system, this section 
presents a concise review of relevant background topics. It begins 
with an overview of CO2 emissions by end-use sector and introduces 
carbon dioxide removal strategies, with a focus on DAC as a viable 
pathway. Key enabling technologies, including electrolysis systems, 
CO2 recovery processes, and FT synthesis, drawing on recent literature 
to assess their maturity, operational characteristics, and suitability for 
integration. Finally, it summarizes the life cycle emissions context for 
synthetic fuel systems. Together, these subsections support the selection 
of technologies employed in this study and justify their configuration 
within the integrated system.

2.1. Overview of carbon dioxide emissions from end-use sectors

Building on the urgency for climate-compatible fuels and emerg-
ing technological pathways, this section provides background on the 
distribution of carbon dioxide emissions across major end-use sectors. 
Understanding sectoral CO2 sources is essential to identifying where 
sustainable fuels like e-diesel can have the greatest impact.

As of 2023, industry, transportation, and buildings accounted for 
roughly 55% of global energy-related CO2 emissions [20]. While elec-
trification and efficiency are core mitigation strategies, their feasibility 
varies across sectors. Heavy industry and long-distance transport face 
persistent barriers to full decarbonization, as many low-carbon al-
ternatives are not yet deployable at scale [21–23]. This highlights 
the need for complementary solutions, such as synthetic fuels and 
carbon-capture technologies.

Industrial emissions stem from high-temperature heat and process 
emissions in cement, steel, and petrochemicals [23]. Transport emis-
sions, driven by aviation, shipping, and freight, have risen steadily 
since 2010 and dominate energy use in nearly 40% of countries [22]. 
Decarbonization is hindered by reliance on energy-dense fuels, slow 
fleet turnover, and limited electrification for long-range modes [24].

Given these challenges, DAC-derived synthetic fuels offer a carbon-
neutral option compatible with existing infrastructure, especially vi-
tal for sectors unlikely to fully electrify. Their role is increasingly 
important in pathways toward net-zero emissions.

2.2. Brief review of CDR approaches and examination of DAC as a viable 
CDR pathway

While mitigation remains central to climate action, residual emis-
sions from hard-to-abate sectors — such as heavy industry and long-
distance transport — are expected to persist for decades [21,22]. To 
address these, carbon dioxide removal (CDR) technologies are increas-
ingly viewed as essential complements to emission-reduction strategies. 
Options range from nature-based solutions to engineered approaches 
like bioenergy with carbon capture and storage (BECCS), enhanced 
mineralization, and direct air capture (DAC) [21]. Among them, DAC 
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Fig. 1. Schematic of a closed-loop carbon cycle integrating DAC with synthetic fuel production via Fischer–Tropsch synthesis.

stands out for its high scalability and potential to offset emissions where 
electrification or fuel switching is infeasible [25].

Early work by Keith et al. [26] demonstrated the feasibility of a 
KOH–Ca loop DAC system. Deutz et al. [27] reported carbon removal 
efficiencies up to 96% using low-carbon electricity. More recent stud-
ies have explored coupling DAC with synthetic fuel production. For 
instance, Morimoto et al. [28] and Guzman et al. [29] showed that 
DAC combined with renewable hydrogen and Fischer–Tropsch synthe-
sis (FTS) can achieve greater net CO2 reductions than flue-gas-based 
systems. As shown in Fig.  1, this integrated route captures atmospheric 
CO2, converts it to syngas via reverse water-gas shift (RWGS), and 
upgrades it to liquid fuels like diesel via FTS.

These developments position DAC as a promising source of car-
bon feedstock for producing low-carbon, drop-in fuels. Still, accurate 
environmental assessments depend on detailed system modeling and 
high-resolution carbon flow data.

2.3. Review of electrolysis technologies, CO2 recovery processes, and the 
Fischer–Tropsch process

To harness the full potential of DAC for synthetic fuel production, it 
must be integrated with technologies that convert CO2 and renewable 
hydrogen into hydrocarbons. The system proposed here relies on three 
core components: electrolysis for hydrogen generation, CO2 recovery 
and purification, and Fischer–Tropsch synthesis (FTS) for fuel produc-
tion. This section reviews these enabling technologies, emphasizing 
their principles, benefits, current limitations, and relevance to the 
DAC-to-e-diesel concept.

2.3.1. Electrolysis technologies
Electrolysis enables sustainable hydrogen production for power-to-

gas and synthetic fuel systems. Key approaches include alkaline water 
electrolysis (AWE), proton exchange membrane (PEM) electrolysis, and 

solid oxide electrolysis cells (SOECs), the latter uniquely suited for 
co-electrolyzing H2O and CO2.

Alkaline water electrolyzers (AWE) are commercially established 
due to their low cost, use of non-precious metal catalysts, and suitabil-
ity for large-scale hydrogen production [30,31]. However, their low 
current densities, limited dynamic response, and gas crossover issues 
hinder integration with variable renewable energy sources [32,33]. In 
contrast, proton exchange membrane (PEM) electrolyzers offer higher 
current densities and faster response times, making them more compat-
ible with intermittent renewables [34,35]. Despite their performance 
advantages, PEM systems face challenges such as high capital costs 
from noble metal catalysts and membrane degradation under dynamic 
loads [36,37]. Ongoing research targets improved durability and cost 
reduction in both technologies to support renewable-based hydrogen 
production at scale [31,33].

Solid oxide electrolysis cells (SOECs) operate at high tempera-
tures and enable direct co-electrolysis of steam and CO2 to produce 
syngas [38], making them highly efficient for carbon-neutral fuel syn-
thesis [37,39]. Their elevated operating temperature allows partial 
substitution of electricity with thermal energy, enhancing overall ef-
ficiency [39]. However, SOECs face durability issues due to material 
degradation from thermal cycling, coking, and redox instability [40,
41]. Integration and sealing challenges, along with scale-up limitations, 
have confined most applications to pilot or demonstration scales [33].

Given their high thermoelectric efficiency and syngas output, SOECs 
were selected as the core electrolyzer in this study. Their ability to co-
electrolyze CO2 and H2O aligns well with FT synthesis requirements, 
facilitating tighter thermal and material integration. While durability 
and scale-up remain hurdles, this model aims to explore the theoret-
ical performance and integration potential of SOECs under idealized 
conditions.
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2.3.2. CO2 recovery technologies
CO2 recovery is essential for carbon capture and utilization (CCU) 

systems and often precedes FTS to provide high-purity CO2 or syngas 
feedstock.

Amine-based absorption, especially with monoethanolamine (MEA), 
remains the most established CO2 capture method due to its high 
selectivity and suitability for post-combustion flue gas treatment [42]. 
However, high regeneration energy, solvent degradation, corrosion, 
and volatile emissions pose significant drawbacks [43,44]. Current re-
search aims to enhance solvent stability and reduce energy use through 
process intensification [42].

Membrane-based CO2 capture offers compact, modular designs and 
avoids phase changes, reducing operational complexity [45]. However, 
limitations include the trade-off between permeability and selectivity, 
as well as membrane degradation and fouling [46]. Current efforts 
focus on hybrid systems and advanced materials to improve scalability.

Adsorption methods such as pressure swing adsorption (PSA) and 
cryogenic separation offer potential energy savings in specific applica-
tions [47], but are constrained by sorbent degradation and high energy 
demand for cryogenics [48]. Ongoing work seeks improved sorbents 
and optimized cycle designs.

Physical solvents like Selexol and Rectisol rely on physical absorp-
tion, making them effective at high CO2 partial pressures typical of 
syngas streams [49]. Their lower regeneration energy offers advantages 
over chemical absorbents, though their performance declines in dilute 
gas conditions [50]. Research continues on next-generation solvents 
with broader operating windows.

In this study, a physical solvent-based CO2 recovery unit was imple-
mented downstream of the SOEC, where syngas contains elevated CO2
partial pressures. Under these conditions, physical solvents offered an 
energy-efficient approach to recover unconverted CO2 for recycle.

2.3.3. Fischer–Tropsch fuel synthesis
The Fischer–Tropsch (FT) process catalytically converts syngas into 

liquid hydrocarbons and plays a central role in synthetic fuel produc-
tion [51]. Iron- and cobalt-based catalysts are commonly used; iron 
is often preferred for biomass-derived syngas due to its tolerance to 
contaminants and promotion of the water–gas shift reaction [52,53]. 
Despite its maturity, FT synthesis faces issues such as catalyst deactiva-
tion from sintering and coking, and sensitivity to H2/CO ratios [54,55]. 
Its economic viability is limited by high capital and operating costs, 
especially for small-scale plants [56]. Research efforts target catalyst 
innovation, modular plant designs, and integration with upstream CO2
capture and co-electrolysis to enhance scalability and lower costs [57].

Electrolysis, CO2 recovery, and FT synthesis together form the 
technological core of the proposed DAC-to-e-diesel system. Each con-
tributes critical capabilities while posing trade-offs that shape overall 
performance and feasibility. From a technology readiness perspective, 
recent assessments indicate that liquid- and solid-sorbent DAC systems 
are progressing toward mid-to-high readiness levels (approximately 
TRL 6–7), with several pilot- and demonstration-scale plants operating 
continuously, though large-scale commercial deployment remains lim-
ited [58]. In contrast, solid oxide electrolysis — particularly CO2/H2O 
co-electrolysis — remains at a lower TRL, with material degrada-
tion, thermal cycling, and long-term stack durability identified as key 
challenges to industrial deployment [59].

Recognizing these differing maturity levels is essential for identify-
ing realistic integration opportunities and for interpreting the results 
of system-level modeling. The preceding review therefore provides the 
basis for the technology selection and integration strategy adopted in 
this study, which aims to explore performance synergies and energy-
efficiency potential under idealized but literature-consistent operating 
assumptions.

2.4. Life cycle CO2 emissions background for synthetic fuel systems

Accurately estimating life cycle CO2 emissions is essential for eval-
uating the climate benefits of synthetic fuel pathways, particularly 
those involving direct air capture (DAC) and Fischer–Tropsch synthesis. 
Several prior studies have analyzed synthetic fuels produced from cap-
tured CO2 and renewable hydrogen, including DAC-based diesel. For 
instance, Liu et al. [60] have reported cradle-to-grave CO2 emissions 
as low as 12 g-CO2eq ⋅ /MJ under clean electricity assumptions, but 
their work is based on pilot-scale data with little information about 
fuel synthesis. Similarly, Deutz and Bardow [27] have characterized 
operational DAC performance without extending the analysis to fuel 
conversion or end-use.

Broader carbon balance studies on synthetic fuels from captured 
CO2 have been conducted [61–63], though many suffer from ambigu-
ous system boundaries and assumptions. Reviews by Hepburn et al. 
[64] and Minx et al. [65] highlight ongoing issues with transparency 
and consistency. Process simulation-based assessments [66,67] offer 
improved accuracy, but standardization of functional units and co-
product allocation remains a challenge.

Recent work by Morimoto et al. [28] combines techno-economic 
analysis with life cycle assessment for synthetic fuels, but often lacks 
diesel-specific modeling detail. LCAs of bio- and waste-based diesel 
alternatives, such as those from biomass or landfill gas [68,69], re-
veal trade-offs related to feedstock availability and indirect emissions, 
underscoring the need to assess non-biogenic synthetic fuels.

This study adopts a life-cycle CO2 framework tailored to the DAC–
SOEC–FT diesel pathway, quantifying emissions across capture, elec-
trolysis, synthesis, upgrading, and end use, with the aim of enabling 
transparent evaluation for hard-to-abate sectors.

3. Methodology

To evaluate the environmental feasibility of producing synthetic 
diesel (e-diesel) from atmospheric CO2, cradle-to-gate CO2 emissions 
were estimated. This system boundary includes all foreground oper-
ations and upstream energy inputs required to produce one tonne of 
e-diesel at the refinery gate. Following DAC-specific LCA guidance from 
the U.S. Department of Energy [70], the analysis encompasses ambient 
air capture using a liquid-sorbent-based DAC system, oxygen supply via 
a cryogenic ASU, hydrogen generation through SOEC co-electrolysis, 
syngas conditioning, Fischer–Tropsch synthesis, product separation and 
upgrading, as well as internal CO2 recovery and recycling. Background 
emission factors for electricity and fuel use were obtained from es-
tablished inventory databases. Consistent with recommendations for 
early-stage technologies, the analysis adopts an attributional approach 
and excludes infrastructure, land use, and distribution stages. The 
functional unit, one tonne of synthetic diesel, is aligned with standards 
from the Global CO2 Initiative [71] and the IEA GHG Program [72], 
enabling consistent comparison of carbon intensity across integrated 
synthetic fuel pathways.

The analysis focused on three key aspects: (i) quantifying energy 
demand across major subsystems, (ii) estimating direct and indirect 
CO2 emissions from both foreground processes and background energy 
sources, and (iii) assessing the integration potential of critical technolo-
gies involved in DAC-derived e-diesel production. The accounting of 
emissions emphasized energy-related contributions within the modeled 
major system, while carbon intensity factors associated with ancillary 
electricity and fuel inputs were sourced from the literature.

To support this analysis, we consistently applied a cradle-to-gate 
system boundary across all scenarios to capture upstream energy inputs 
and requirements for DAC, hydrogen production, syngas processing, 
and fuel synthesis. The modeling framework followed an equation-
oriented approach to evaluate energy and carbon flows under steady-
state conditions.
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Fig. 2. Process flow and system boundary for the production of diesel using direct air capture (DAC).

3.1. Integrated process design and simulation setup

After describing the framework for estimating emissions, this sec-
tion details the configuration and simulation of the integrated DAC-to-
diesel production system to be modeled. The process design draws from 
the established literature on synthetic fuel production from captured 
CO2 and renewable hydrogen [73–77], and it reflects the operational 
assumptions and boundaries previously depicted in Fig.  2. In the base 
case, the SOEC electrolyzer is assumed to operate on dedicated renew-
able electricity (e.g., solar or wind), reflecting its role as the primary 
hydrogen source. All other process units are assumed to use convention-
ally generated electricity and thermal energy. While the intermittency 
of renewables and equipment degradation are not explicitly modeled, 
this partial off-grid configuration allows for evaluating the system’s 
internal integration potential under steady-state conditions.Additional 
simplifying assumptions include idealized heat transfer (no external 
losses), negligible pressure drops across units, and uniform reactor per-
formance without spatial gradients. These approximations are typical in 
conceptual-level modeling and enable a first-order assessment of energy 
balances and integration opportunities.

As depicted in Fig.  3, the proposed system integrates four major 
subsystems into a unified process flow: (a) a liquid-sorbent-based DAC 
unit with a cryogenic air separation unit (ASU) for oxygen supply, fol-
lowing the configuration proposed by Keith et al. [26]; (b) a solid oxide 
electrolysis cell (SOEC) system for co-electrolyzing CO2 and steam to 
produce syngas; (c) a physical solvent-based module for CO2 recovery 
and compression; and (d) a Fischer–Tropsch (FT) synthesis unit for 
converting syngas into diesel-range hydrocarbons. These subsystems 
were modeled using a commercial, equation-oriented steady-state sim-
ulation platform to estimate mass and energy balances, assess unit-level 
synergies, and quantify carbon flows across the integrated system. To 
complement the overall process flow diagram shown in Fig.  3, detailed 
schematic representations of each subsystem, including material and 
heat streams, are provided in Figs.  4, 5, and 6.

To assess the potential for internal energy reuse, a conceptual 
heat integration analysis was conducted based on simulation outputs. 
All major process streams were evaluated to identify available heat 
sources and their corresponding temperature ranges, as well as the 
temperature and duty requirements of key heat sinks. Hot and cold 
streams were then systematically matched according to established heat 

integration heuristics, ensuring that heat was transferred from higher- 
to lower-temperature streams without any temperature cross within 
the exchanger. Exothermic reactor heat was only integrated when 
the source temperature exceeded that of the target stream, thereby 
respecting thermodynamic feasibility and preserving directionality of 
heat flow. This analysis was intended as a screening-level assessment 
to identify physically plausible integration opportunities across subsys-
tems. The detailed temperature and duty ranges of all matched streams 
are summarized in Table S3.

For the process design, the DAC is used to capture CO2 from ambient 
air, and a cryogenic ASU is used to supply oxygen for combustion 
in the calciner unit to generate heat [26]. In co-electrolysis using 
SOEC, both steam (H2O) and carbon dioxide (CO2) are simultaneously 
electrolyzed at high temperatures to generate H2 and CO (cathode) and 
O2 (anode) [78]. The resulting syngas (a mixture of CO and H2), along 
with residual CO2, is compressed and sent to the CO2 recovery unit for 
CO2 separation [79].

The syngas stream exiting the CO2 recovery unit is routed to the 
FT synthesis process, where it is converted into a range of hydrocar-
bons, including naphtha (C5–C6), gasoline (C7–C10), and diesel-range 
products (C11–C19) [80–82]. The hydrogen produced via pressure swing 
adsorption (PSA) from the FT tail gas is recycled internally to support 
hydrocracking within the FTS unit and to supplement the co-electrolysis 
process in the SOEC system.

A key innovation of the proposed configuration was the strategic 
utilization of hydrocarbon byproducts, specifically, naphtha, kerosene, 
and fuel gas, as a combustion fuel, for the oxy-fired calciner in the 
DAC system. This thermochemical coupling not only offsets the need 
for external fuel sources but also enhances process integration by 
valorizing internal streams that would otherwise have required further 
separation or disposal. As a result, the improved thermal efficiency 
and carbon circularity achieved by the system supported the goal of 
minimizing net emissions across the integrated DAC–e-diesel pathway.

The remaining gasoline and off-gases from the PSA unit were used as 
burner fuel to supply thermal energy for the SOEC and FTS subsystems. 
To further reduce reliance on external heat sources, heat integration 
was applied throughout the system wherever feasible to enable re-
covery and redistribution of thermal energy between high-temperature 
units [83–85]. This design approach contributed to enhanced over-
all energy efficiency and supported the system’s goal of maximizing 
internal resource utilization.
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Fig. 3. Integrated process flow diagram for synthetic diesel production via DAC, SOEC, and FT synthesis.

Fig.  4 presents the detailed configuration of the DAC system used 
for capturing CO2 from ambient air, along with the integrated ASU 
that supplies oxygen for the calciner. The DAC layout followed the 
design proposed by Keith et al. (2018) [26] and comprised four major 
components: the air contactor, pellet reactor, slaker, and calciner [86].

The process design begins with the intake of atmospheric air, con-
taining approximately 0.06 wt% CO2, into the air contactor [26]. 
To enhance overall capture efficiency, this stream is supplemented 
with flue gases from the SOEC and FT synthesis units, which contain 
elevated CO2 concentrations of 16.1 and 29.6 wt%, respectively. Within 
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the air contactor, CO2 from both sources reacts with potassium hy-
droxide (KOH) to form potassium carbonate (K2CO3), as described in 
Reaction (1) [87].

The resulting K2CO3 solution is directed to the pellet reactor, where 
it reacts with calcium hydroxide (Ca(OH)2), along with recirculated 
CaCO3 seed crystals from the calciner, to regenerate KOH and pre-
cipitate calcium carbonate (CaCO3) (Reaction (2)). The solid CaCO3
is separated and sent to the calciner, while the regenerated KOH is 
recycled back to the air contactor.

In the calciner, CaCO3 undergoes thermal decomposition to produce 
calcium oxide (CaO) and concentrated CO2 (Reaction (4)) [88]. The 
required heat is supplied by complete combustion of FT byproducts 
— naphtha and tail gases — using high-purity oxygen from the ASU. 
This oxy-fuel combustion approach, originally adopted in the design by 
Keith et al. [89], ensures that the combustion products are primarily 
CO2 and H2O, thereby avoiding the dilution effect of nitrogen present 
in air. This eliminates the need for downstream separation of CO2
from flue gas and allows direct recycling of concentrated CO2 into the 
DAC system. Using air or oxygen-enriched air instead would introduce 
nitrogen, leading to a mixed flue gas and complicating both CO2
purification and system integration. The calciner output includes CaO, 
CO2, and residual CaCO3. The solid CaO is then sent to the slaker, 
where it reacts with water vapor — preheated using heat recovery from 
the slaker outlet — to form fresh Ca(OH)2 for reuse in the pellet reactor 
(Reaction (3)) [90].

Finally, the captured CO2 is washed in a knockout drum and di-
rected to the SOEC unit for conversion into syngas. The integration 
of flue gases and internal fuel combustion enables deep CO2 removal, 
lowering the concentration in the air contactor exhaust to 0.012 wt%. 
The full set of reactions involved in the DAC process is summarized 
below [90].
Air contactor: 2KOH + CO2 ←←←←←←←←←←←←←←←←←→ K2CO3 + H2O(l) 𝛥𝐻◦ = −95.8 kJ/mol

(1)
Pellet reactor: K2CO3 + Ca(OH)2 ←←←←←←←←←←←←←←←←←→ 2KOH + CaCO3 𝛥𝐻◦ = −5.8 kJ/mol

(2)

Slaker: CaO(s) + H2O ←←←←←←←←←←←←←←←←←→ Ca(OH)2 𝛥𝐻◦ = −63.9 kJ/mol (3)

Calciner: CaCO3 ←←←←←←←←←←←←←←←←←→ CaO + CO2 𝛥𝐻◦ = +178.3 kJ/mol (4)

Pressurized water at 42 bar is first preheated using thermal energy 
recovered from the slaker outlet and then superheated to 415 ◦C using 
exhaust heat from the calciner. The electricity produced from this steam 
is used to power components within the DAC loop, including the main 
air compressor used for fluidization, thereby reducing the demand for 
external electricity.

Fig.  5 illustrates the integrated co-electrolysis (SOEC) process,
which combines synthesis reactions, a two-stage reverse water–gas shift 
(RWGS) sequence, and high-temperature electrochemical conversion. 
The input gas stream consists of H2O, CO2, O2, and N2 from the DAC 
unit, along with high-purity H2 recovered from the FT synthesis purge 
stream (85% recovery, 99.99% purity via PSA). The gas composition is 
configured to maintain a steam-to-carbon (S/C) ratio above 1.5 at the 
SOEC inlet, a condition known to suppress carbon formation and ensure 
stable operation of Ni-based cathodes under co-electrolysis conditions 
[91–93]. This gas mixture is compressed to 2 bar before entering the 
pre-treatment section.

In the synthesis step, H2 reacts with residual O2 to form H2O 
(Reaction (5)), which is then combined with additional CO2 and heated 
to 800 ◦C using heat from a dedicated burner. The hot gas enters 
the first low-temperature RWGS reactor, where some of the CO2 is 
catalytically converted to CO (Reaction (6)) [94].

This configuration employs a two-stage RWGS arrangement in com-
bination with co-electrolysis to enhance conversion efficiency and sup-
port stable SOEC operation. The first RWGS reactor acts as a thermal 
pre-conditioning step, partially converting CO2 before it enters the elec-
trolyzer. This helps moderate the inlet composition and temperature, 

reducing the risk of carbon deposition in the SOEC. A second RWGS 
reactor downstream of the SOEC further upgrades the gas mixture, 
converting residual CO2 using excess H2, thereby increasing overall 
syngas yield.

The partially converted gas stream, containing CO2 and H2O, is 
then introduced into the SOEC unit, which enables simultaneous high-
temperature electrochemical reduction of both species to syngas (H2
and CO). This step provides thermodynamic synergy and avoids the 
need for separate hydrogen and CO production pathways.(Reactions (6) 
and (7)) [93]. The SOEC stack employs a nickel/yttria-stabilized zir-
conia (Ni/YSZ) cathode, a YSZ electrolyte, and a lanthanum stron-
tium cobalt oxide/ceria-gadolinia oxide (LSC/CGO) anode [95], se-
lected for high ionic conductivity and thermal stability under reducing 
conditions.

The oxygen produced is routed to the system burner to combust FT 
tail gas, a minor gasoline fraction, and additional air, supplying the 
thermal energy required by the RWGS and SOEC units. The syngas-
rich stream exiting the SOEC is routed to a second RWGS reactor to 
further convert residual CO2 in the presence of excess H2 [93]. Finally, 
the resulting gas mixture, comprising H2, CO, and unconverted CO2, 
is compressed to 30 bar and sent to the CO2 recovery unit, where 
CO2 is separated and recycled back into the system. The complete set 
of reactions for the integrated co-electrolysis process is summarized 
below [28,96]:

Hydrogen combustion: H2 + 0.5O2 ←←←←←←←←←←←←←←←←←→ H2O 𝛥𝐻◦ = −286 kJ/mol
(5)

RWGS: CO2 + H2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO + H2O 𝛥𝐻◦ = +41 kJ/mol (6)

Steam electrolysis: H2O ←←←←←←←←←←←←←←←←←→ H2 + 0.5O2 𝛥𝐻◦ = +286 kJ/mol (7)

CO2 electrolysis: CO2 ←←←←←←←←←←←←←←←←←→ CO + 0.5O2 𝛥𝐻◦ = +283 kJ/mol (8)

Unreacted CO2 in the co-electrolysis outlet stream is separated and 
recycled using a physical absorption process based on Selexol®, a 
dimethyl ether of polyethylene glycol solvent [97]. The gas mixture 
containing CO2, CO, and H2 enters an absorber column, where cold 
lean solvent selectively absorbs CO2 [98]. The subsequent expansion of 
the CO2-rich solvent is then expanded to 13.8 bar, allowing unabsorbed 
CO and H2 to be recovered in a flash tank, compressed, and recycled. 
CO2 is released from the solvent through a staged flash process down to 
1.01 bar, after which the regenerated solvent is pressurized, cooled, and 
returned to the absorber. The recovered CO2 is compressed to 3.5 bar 
and recycled to the SOEC unit [98]. The cleaned syngas, now at 30 bar, 
is directed to the FT synthesis reactor.

As shown in Fig.  5, heat integration is implemented within the 
SOEC and CO2 recovery system to improve energy efficiency. The outlet 
stream from the second RWGS reactor is used to preheat the inlet of the 
first RWGS reactor to 483 ◦C. High-temperature heat from the burner 
(1756 ◦C) is used to raise the gas feed to 800 ◦C and to preheat burner 
air.

Fig.  6 depicts the FT synthesis unit, where syngas (CO and H2) 
is catalytically converted into a broad range of hydrocarbons, from 
methane to long-chain waxes [80,86]. The reaction proceeds via –CH2– 
unit polymerization (Eq.  (9)), with product distribution modeled by the 
Anderson–Schulz–Flory (ASF) equation (Eq.  (13)) using a chain growth 
probability (𝛼) of 0.91 [28]. This relatively high 𝛼 value was selected 
to favor the formation of long-chain hydrocarbons, primarily waxes, 
which are subsequently converted into diesel-range fuels through hy-
drocracking. Although lower 𝛼 values would shift product distribution 
toward lighter hydrocarbons, targeting waxes at the FT stage allows 
greater flexibility and control over the final product spectrum, as heav-
ier fractions can be upgraded with high selectivity to diesel. Simplified 
overall reactions are given in Eqs.  (10) and (11).

Diesel production is maximized through the selection of appropriate 
catalysts and operating conditions, with cobalt-based catalysts favored 
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Fig. 4. Detailed subsystem diagram of DAC and ASU with heat integration.

Fig. 5. Detailed subsystem diagram of SOEC and CO2 recovery with heat integration.

for mid-carbon-range products [80,99,100]. In this study, the FT reac-
tor was modeled as a fixed-bed reactor system operating at 230 ◦C and 
30 bar, consistent with common industrial designs employing cobalt-
based catalysts for high 𝛼 values and diesel-range selectivity [80,99]. 
The reported 87% CO conversion corresponds to the overall conversion 
efficiency, including internal gas recycle to increase syngas utilization. 
Recycle of unconverted light gases enables deeper conversion and 
improves the yield of heavier hydrocarbons while minimizing CO vent 
losses.

The FT reactor effluent is cooled to condense heavy hydrocarbons 
and water, while unconverted gases are sent to a water–gas shift (WGS) 
reactor to enhance H2 yield [101]. Recovered hydrogen is separated 
via pressure swing adsorption and recycled to both the FT reactor and 
SOEC unit.

Heavier hydrocarbons, primarily long-chain waxes, are directed to a 
hydrocracking unit where they undergo catalytic hydrogenation to pro-
duce lighter, more valuable fractions. The resulting product mixture is 

subsequently separated via fractional distillation into four main hydro-
carbon cuts: fuel gases (C1–C4), naphtha (C5–C6), kerosene/gasoline cut 
(C7–C10), and diesel (C11–C19). Unconverted waxes or heavy residues 
are recycled back to the hydrocracker to improve overall conversion 
efficiency and product yield uniformity.

A portion of the naphtha, purge gas, and gasoline fractions is 
combusted to provide thermal energy for the DAC calciner, while the 
remaining PSA off-gases and gasoline are used to supply heat to the 
SOEC and FT units. The key chemical reactions involved in the FT and 
WGS processes are listed below [28,101–103].
General FT reaction: CO + 2H2 ←←←←←←←←←←←←←←←←←→ −(CH2)− + H2O, 𝛥𝐻◦ = −165 kJ/mol

(9)

Paraffins: nCO + (2 n1+)H2 ←←←←←←←←←←←←←←←←←→ C𝑛H2𝑛+2 + nH2O (10)

Olefins: nCO + 2 nH2 ←←←←←←←←←←←←←←←←←→ C𝑛H2𝑛 + nH2O (11)

WGS: H2O + CO ←←←←←←←←←←←←←←←←←→ CO2 + H2, 𝛥𝐻◦ = −42 kJ/mol (12)
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Fig. 6. Detailed subsystem diagram of FT synthesis and upgrading with heat integration.

ASF distribution: 𝑊𝑛 = 𝑛𝛼(𝑛−1)(1 − 𝛼)2 (13)

The red dotted lines in Fig.  6 highlight the strategy for heat inte-
gration within the FT process. The syngas feed to the FT reactor is 
preheated in three stages: first to 157 ◦C using heat recovered from 
the exothermic FT reaction itself (operating at 230 ◦C), then to 182 ◦C 
via steam at 195 ◦C, and finally to the reactor setpoint of 230 ◦C using 
heat from the downstream WGS reactor.

Thermal energy from the FT reactor is also used to supply heat to 
the PSA unit and to preheat lighter hydrocarbons prior to distillation. 
Condensed streams (i.e., comprising heavier hydrocarbons, water, and 
unreacted gases) are heated to 180 ◦C and 175 ◦C, respectively, using 
heat from the FT reactor outlet.

Additional integration occurs downstream: heat from the hydroc-
racker outlet (320 ◦C) is used to preheat the feed entering separator 2, 
while residual heat at 273 ◦C preheats recycled hydrogen entering the 
hydrocracker. High-temperature flue gas (1554 ◦C) provides thermal 
energy for both the hydrocracker inlet (heated to 320 ◦C) and the 
reboiler (heated to 421 ◦C). Lastly, the diesel product stream, exiting 
at 298 ◦C, is used to raise the temperature of unreacted gases before 
they enter the WGS reactor.

3.2. Assumptions and simulation conditions

The DAC, SOEC, CO2 recovery, and FT synthesis processes were 
modeled in Aspen Plus V14®, and the cryogenic ASU in Aspen HYSYS 
V14®. The primary modeling assumptions are:

• One-dimensional, steady-state flows with no mass or energy ac-
cumulation.

• Ideal gas behavior.
• Neglected potential/kinetic energy changes and heat losses.
• Ignored pipeline pressure drops, but included internal component 
losses.

The DAC facility follows the configuration of Keith et al. [26], 
with approximately twice the air-handling capacity. Thermodynamic 
models, temperatures, and pressures for key operations are listed in 
Table  1.

The air contactor and pellet reactor are simulated as flash units. In 
the contactor, lean solvent captures CO2 from air, and carbonate ions 
are removed in the pellet reactor. The slaker and calciner are modeled 
with RStoic blocks to represent stoichiometric conversions, including 
complete combustion of naphtha and FT-derived fuel gas [86,88,90].

Major reactors, such as SOEC and FT synthesis units, electrochemi-
cal reduction cells, and the FT hydrocracker, are also modeled using 
RStoic blocks [80,86,93,104]. The two RWGS reactors in the SOEC 

section and the WGS reactor in the FT system use REquil blocks 
to capture equilibrium behavior [93]. Pressure drops in heaters and 
coolers are neglected [74]. A summary of assumptions is provided in 
Table  2.

3.3. Energy analysis: process-wise and total heat and power requirement

Table  3 shows the calculated heat requirements for the DAC, SOEC, 
CO2 recovery, and FT synthesis subsystems, both before and after heat 
integration. These values reflect process-level thermal demands and 
the impact of internal heat recovery strategies. In addition, Table  4 
summarizes the corresponding power requirements for each subsystem 
involved in synthetic diesel production via DAC.

Within the DAC system, the calciner accounts for the majority of 
thermal demand, as it supplies the high-temperature heat needed to 
decompose CaCO3. This heat is provided by the complete combustion 
of naphtha and fuel gas byproducts from the FT synthesis process. To 
improve energy efficiency, a portion of the thermal energy from the 
calciner is recovered and used to generate electricity via an integrated 
steam Rankine cycle (RC). The electricity produced is then utilized 
internally to offset compression and pumping loads within the DAC 
system and the associated cryogenic ASU.
Electricity generation from DAC. In this study, the electricity required 
for the DAC unit is supplied by a Rankine cycle system fueled by 
methane (CH4). The combustion of methane generates steam, which 
drives the turbine to produce electrical power. The total power output 
from the Rankine cycle is expressed as: 

𝑊̇DAC_gen = 𝑊̇RC_t (14)

where 𝑊̇RC_t represents the total electricity generated by the steam 
Rankine cycle (MW).

Total heat and power required for diesel production via DAC

The total required heat is calculated based on the process-wise heat 
requirements presented in Table  3, and the total power requirement 
is calculated based on the process-wise power requirements shown in 
Table  4.
Required total heat without heat integration. The total thermal energy 
demand of the system, without considering any heat recovery or inte-
gration among subsystems, is expressed as follows: 
𝑄̇Total (WOHI) = 𝑄̇DAC_req(WOHI) + 𝑄̇SOEC_req(WOHI) + 𝑄̇CO2_recov_req(WOHI)

𝑄̇FT_req(WOHI) (28)
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Table 1
Property method and the temperature and pressure of the reactors used in the simulation (in Aspen Plus® V14) for the production 
of diesel using direct air capture (DAC).
 Parameters Process Unit Component Value  
 Property method DAC [26,105–107] Air contactor and pellet reactor ELECNRTL  
 Calciner RK-SOAVE  
 Slaker RK-SOAVE  
 Cryogenic ASU [75] All components Peng–Robinson  
 Co-electrolysis/SOEC [84,108,109] All components Peng–Robinson  
 CO2 recovery [79] All components PC-SAFT  
 FT process [76,110,111] All components Peng–Robinson  
 

Temperature and pressure

DAC [88,90,112–114] Air contactor and pellet reactor 21.0 °C & 1.0 bar 
 Calciner 900 °C & 1.6 bar  
 Slaker 300 °C & 1.6 bar  
 Co-electrolysis/SOEC [80,93,96,104,108,111] Synthesis reaction 109 °C & 2.0 bar  
 1st RWGS reactor 300 °C & 1.6 bar  
 2nd RWGS reactor 800 °C & 1.6 bar  
 Electrochemical reduction 800 °C & 1.6 bar  
 FT process [76,80,86,101,102] FT synthesis reactor 230 °C & 25 bar  
 WGS reactor 250 °C & 25 bar  
 Hydrocracker 315 °C & 50 bar  

Table 2
Assumptions used for the simulation of DAC, ASU, SOEC, CO2 recovery and FT process in Aspen Plus® V14 and 
Aspen HYSYS® V14.
 Process Unit Parameter Value  
 

DAC [26,84,88]

Flow rate of air 472,248 t/h  
 Percentage of CO2 in air 0.06 wt%  
 Inlet temperature and pressure of air 25.0 °C & 1.01 bar  
 Conversion coefficient CaCO3 in calciner 0.98  
 Conversion coefficient to CaO in slaker 0.85  
 

ASU [26,115,116]

Mass flowrate of air 767 t/h  
 Inlet temperature and pressure of air 25.0 °C & 1.01 bar  
 Exit temperature of air from intercooler and after-cooler 30.0 °C  
 Hot end approach and pinch temperature 3.0 °C & 2.8 °C  
 Flow rate and purity of oxygen 166 t/h and 95.6%  
 
SOEC [84,93,117]

O2 conversion coefficient in synthesis 1.00  
 CO2 conv. in electrochemical reduction 0.05  
 H2O conv. in electrochemical reduction 0.98  
 Inlet temperature and pressure of air and water 25.0 °C & 1.01 bar  
 
CO2 recovery [79,97,98]

Absorber pressure and temperature 30 bar & 27 °C  
 HP, MP and LP flash drum pressure 3.50, 1.00, and 0.27 bar 
 Lean solvent cooling temperature −1.11 °C  
 FT process [84,118] Overall Conversion of CO in FT system 0.87  
 Inlet temperature and pressure of air and water 25.0 °C & 1.01 bar  

Required total heat with heat integration. When thermal integration be-
tween process units is implemented, the overall heat demand is reduced 
as described below:
𝑄̇Total (WHI) = 𝑄̇DAC_req(WHI) + 𝑄̇SOEC_req(WHI) + 𝑄̇CO2_recov_req(WHI)

+ 𝑄̇FT_req(WHI) (29)

Required total power consumption. The total power requirement of the 
integrated system accounts for the electricity consumed by all subsys-
tems and the power generated within the DAC module:
𝑊̇Total = 𝑊̇DAC_req + 𝑊̇ASU_req + 𝑊̇SOEC_req + 𝑊̇CO2_recov_req + 𝑊̇FT_req

− 𝑊̇DAC_gen (30)

3.4. Cradle-to-gate estimation of CO2 emission

In alignment with the methodological framework introduced in 
Section 2.4, we applied a streamlined life cycle CO2 emission esti-
mation method tailored to the DAC–hydrogen–FT diesel pathway. We 

focused on evaluating carbon intensity across the key process stages, 
direct air capture, water electrolysis, and FTS, clearly defined operating 
conditions (see Fig.  2).

For each scenario, we quantified demands for energy (electricity 
and heat) and materials, and we estimated their associated carbon 
footprints in terms of total CO2 emissions per tonne of diesel produced. 
Emission calculations combined both upstream emissions from material 
and energy inputs and direct process emissions, as expressed by: 

𝐸𝑀total =
∑

𝑖
(𝑚𝑖 ⋅ 𝐼𝑖) + 𝐸𝑀ℎ (31)

Here, 𝑚𝑖 denotes the mass of input 𝑖, 𝐼𝑖 its emission intensity, and 
𝐸𝑀ℎ the direct emissions arising within the production system. Table 
5 summarizes the process input quantities per tonne of diesel product, 
derived from process simulations using Aspen Plus V14®. Emission 
intensity data for grid electricity in Japan and Canada were obtained 
from the International Energy Agency (IEA) [119], while data for other 
inputs, such as raw materials and water, were sourced from the IDEA 
3.5 Database [120]. These background data were used to calculate 
the cradle-to-gate CO2 emissions associated with each scenario. This 
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Table 3
Heat requirement in DAC, SOEC, CO2 recovery and FT process without and with heat integration (WOHI & WHI).
 Heat requirement in DAC (in MW)
  
 𝑄̇𝐷𝐴𝐶_𝑟𝑒𝑞(WOHI) = 𝑄̇𝑅𝐶_𝐸 (15) 
 where 𝑄̇𝑅𝐶_𝐸 is the required heat for evaporation and the superheat of water in RC.  
  
 𝑄̇𝐷𝐴𝐶_𝑟𝑒𝑞(WHI) = 𝑄̇𝐷𝐴𝐶_𝑟𝑒𝑞(WOHI) − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡 − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 (16) 
 where 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡 is recovered heat from the calciner and slaker outlet stream; 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 is removed heat 
from slaker unit.

 

  
 Heat requirement in SOEC (in MW)
  
 𝑄̇𝑆𝑂𝐸𝐶_𝑟𝑒𝑞(WOHI) = 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑖𝑛𝑙𝑒𝑡 + 𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑎𝑖𝑟_𝑖𝑛𝑙𝑒𝑡 + 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 (17) 
 where 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑖𝑛𝑙𝑒𝑡 is the required heat to the inlet of the first RWGS reactor and electrochemical unit; 
𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑎𝑖𝑟_𝑖𝑛𝑙𝑒𝑡 is the required heat to preheat air; 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 is the required heat in the second RWGS 
reactor and electrochemical reactions.

 

  
 𝑄̇𝑆𝑂𝐸𝐶_𝑟𝑒𝑞(WHI) = 𝑄̇𝑆𝑂𝐸𝐶_𝑟𝑒𝑞(WOHI) − 𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑜𝑢𝑡 − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡 − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 (18) 
 where 𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑜𝑢𝑡 is recovered heat from the burner outlet; 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡 from second RWGS and 
electrochemical unit; 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 from first RWGS.

 

 Heat requirement in CO2 recovery (in MW)
  
 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑟𝑒𝑞(WOHI) = 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑠𝑦𝑛𝑔𝑎𝑠 (19) 
 where 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑠𝑦𝑛𝑔𝑎𝑠 is the heat required to preheat syngas before entering FT.  
  
 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑟𝑒𝑞(WHI) = 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑟𝑒𝑞(WOHI) − 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑖𝑛𝑙𝑒𝑡 (20) 
 where 𝑄̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑖𝑛𝑙𝑒𝑡 is recovered heat from absorber inlet used to preheat syngas.  
 Heat requirement in FT process (in MW)
  
 𝑄̇𝐹𝑇 _𝑟𝑒𝑞(WOHI) = 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑖𝑛𝑙𝑒𝑡 + 𝑄̇𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝑄̇𝑃𝑆𝐴 + 𝑄̇𝑅𝑒𝑏𝑜𝑖𝑙𝑒𝑟 (21) 
 where 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑖𝑛𝑙𝑒𝑡 for FT and hydrocracker; 𝑄̇𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 covers separation; 𝑄̇𝑃𝑆𝐴 and 𝑄̇𝑅𝑒𝑏𝑜𝑖𝑙𝑒𝑟 are for PSA 
and reboiler.

 

  
 𝑄̇𝐹𝑇 _𝑟𝑒𝑞(WHI) = 𝑄̇𝐹𝑇 _𝑟𝑒𝑞(WOHI) − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 − 𝑄̇𝐷𝑖𝑒𝑠𝑒𝑙_𝑜𝑢𝑡𝑙𝑒𝑡 (22) 
 where 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟_𝑜𝑢𝑡𝑙𝑒𝑡 and 𝑄̇𝐵𝑢𝑟𝑛𝑒𝑟_𝑜𝑢𝑡𝑙𝑒𝑡 are recovered from FT/WGS outlets and burner; 𝑄̇𝑅𝑒𝑎𝑐𝑡𝑜𝑟 is reused 
heat; 𝑄̇𝐷𝑖𝑒𝑠𝑒𝑙_𝑜𝑢𝑡𝑙𝑒𝑡 from diesel product stream.

 

scenario-based approach enables a transparent comparison of decar-
bonization potential across different diesel production configurations 
within hard-to-abate transport applications.

4. Results and discussion

The simulation results for the DAC–SOEC–FT diesel production 
pathway are summarized in Table  6, which presents electricity and 
heat demands across each major process unit, with and without heat 
integration. All values are reported on a per-ton-of-diesel basis.

The DAC subsystem, including CO2 capture, purification, and com-
pression, accounts for a substantial portion of energy use, 1.13 MWh/t 
of electricity and 2.27 MWh/t of thermal energy, primarily due to 
the air separation unit and high-pressure CO2 compression. The FT 
process and product upgrading stages also contribute significantly, with 
0.19 MWh/t of electricity and up to 2.03 MWh/t of thermal energy 
required, driven by hydrogen compression, syngas conditioning, and 
hydrocracking. Electrical energy demand is dominated by the SOEC 
unit, which requires 29.82 MWh/t, accounting for more than 95% of 
the system’s total electricity load. Although internal electricity recov-
ery remains modest overall (5%), it offsets up to 26% of the DAC’s 
power requirements and provides meaningful auxiliary support. On 
the thermal side, the non-integrated configuration exhibits a net heat 
demand of 11.20 MWh/t, which decreases to 3.66 MWh/t under heat 
integration. This reduction is enabled by recovery from the calciner, 
SOEC burner, and the exothermic FT reactor. Integration allows 87% 

of the SOEC’s and 93%–100% of the FT unit’s heat demand to be 
met internally. The DAC system recovers 50% of its heat requirement 
via combustion of by-products in the oxy-fired calciner, which also 
drives a Rankine cycle for electricity generation. Overall, the inte-
grated configuration achieves a 78% system-wide heat recovery rate 
and demonstrates strong thermodynamic synergy between subsystems. 
This level of integration significantly reduces reliance on external 
utilities and enhances the energy and carbon efficiency of DAC-derived 
synthetic diesel production.

To complement the quantitative results, Fig.  7 presents Sankey 
diagrams comparing the distribution of electricity and thermal energy 
in the DAC–SOEC–FT system for two configurations: without heat inte-
gration (Panel A) and with heat integration (Panel B). By providing a 
visualization of energy contributions from external utilities and internal 
recovery, the diagrams highlight process-level allocations across DAC, 
co-electrolysis, CO2 recovery, and FT synthesis.

Importantly, the energy flows associated with the SOEC unit reflect 
only the portion supplied by internal sources, namely, recovered heat 
and electricity from DAC and FT subsystems. The total energy de-
mand of the SOEC system (29.82 MWh/t-diesel) is substantially larger 
and is not fully represented in the diagram due to scale adjustments. 
Nevertheless, the visualization clearly illustrates that integrated heat 
recovery substantially increases the contribution of internally available 
energy to the SOEC, thereby reducing its net dependency on external 
renewable electricity. For example, in the integrated case, 8.63 MWh/t-
diesel of heat and 1.08 MWh/t-diesel of electricity are recovered and 
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Table 4
Required power in DAC, ASU, SOEC, CO2 recovery and FT process.
 Power requirement in DAC (in MW)
  
 𝑊̇𝐷𝐴𝐶_𝑟𝑒𝑞 = 𝑊̇𝐹 _𝑃 + 𝑊̇𝐶𝑜𝑛𝑡_𝑃 + 𝑊̇𝑅𝐶_𝑃 + 𝑊̇𝑆𝑡𝑒𝑎𝑚_𝐶 (23) 
 Where, 𝑊̇𝐹 _𝑃  is required power for fan; 𝑊̇𝐶𝑜𝑛𝑡_𝑃  and 𝑊̇𝑅𝐶_𝑃  are power requirements for pump in 
contactor and RC, respectively; 𝑊̇𝑆𝑡𝑒𝑎𝑚_𝐶 is required power in steam compressor before entering the 
slaker.

 

 Power requirement in ASU (in MW)
  
 𝑊̇𝐴𝑆𝑈 _𝑟𝑒𝑞 = 𝑊̇𝑀𝐴𝐶 + 𝑊̇𝐵𝐴𝐶 − 𝑊̇𝐴𝑖𝑟_𝑡 (24) 
 Where, 𝑊̇𝑀𝐴𝐶 is required power in main air compressor unit; 𝑊̇𝐵𝐴𝐶 is required power in booster air 
compressor unit; 𝑊̇𝐴𝑖𝑟_𝑡 is generated power by the air turbine.

 

 Power requirement in Co-electrolysis/SOEC (in MW)
  
 𝑊̇𝑆𝑂𝐸𝐶_𝑟𝑒𝑞 = 𝑊̇𝐶𝑂2_𝐶 + 𝑊̇𝐴𝑖𝑟_𝐶 + 𝑊̇𝑆𝑦𝑛𝑔𝑎𝑠_𝐶 + 𝑊̇𝑊 𝑎𝑡𝑒𝑟_𝑝 (25) 
 Where, 𝑊̇𝐶𝑂2_𝐶 , 𝑊̇𝐴𝑖𝑟_𝐶 and 𝑊̇𝑆𝑦𝑛𝑔𝑎𝑠_𝐶 are the compressor power in CO2, air, and syngas respectively; 
𝑊̇𝑊 𝑎𝑡𝑒𝑟_𝑝 is the power required by the water pump.

 

 Power requirement in CO2 recovery unit (in MW)
  
 𝑊̇𝐶𝑂2_𝑟𝑒𝑐𝑜𝑣_𝑟𝑒𝑞 = 𝑊̇𝐶𝑂2_𝐶 + 𝑊̇𝑅𝑒𝑐𝑦𝑐𝑙𝑒_𝐶 + 𝑊̇𝐷𝐸𝑃𝐺_𝑝 (26) 
 Where, 𝑊̇𝐶𝑂2_𝐶 is the power required for CO2 compression; 𝑊̇𝑅𝑒𝑐𝑦𝑐𝑙𝑒_𝐶 is the power required in recycle 
stream to the absorber; 𝑊̇𝐷𝐸𝑃𝐺_𝑝 is the power required for the DEPG pump.

 

 Power requirement in FT process (in MW)
  
 𝑊̇𝐹𝑇 _𝑟𝑒𝑞 = 𝑊̇𝐻2_𝐶 + 𝑊̇𝑊 𝑎𝑥_𝑝 (27) 
 Where, 𝑊̇𝐻2_𝐶 is the power required for H2 compression; 𝑊̇𝑊 𝑎𝑥_𝑝 is the pump power required to 
pressurize wax.

 

Table 5
Process inputs for the DAC and SOEC–FT system per tonne of diesel product.
 Process Unit Parameter Value Unit  
 

DAC

CO2 captured 6.6 t/t-product  
 Water 19.3 t/t-product  
 CaCO3 0.117 t/t-product  
 KOH 0.0002 t/t-product  
 Reused fuel (FT-derived) 180.8 MW  
 
SOEC and FT process

Electricity 1.6 MWh/t-product 
 Water 1.3 t/t-product  
 Oxygen 2.1 t/t-product  
 Reused fuel (FT-derived) 244.7 MW  
Note: ‘‘Reused fuel (FT-derived)’’ refers to internally recovered naphtha, gasoline, and 
purge gas streams reused for combustion or heating within the DAC and SOEC–FT 
system. These are omitted from the material balance as they circulate within a closed-
loop process.

directed toward SOEC operation, compared to just 3.07 MWh/t-diesel 
of heat and 1.08 MWh/t-diesel combined in the non-integrated case.

The effect of integration is also evident in the FT and DAC sub-
systems. In Panel A (non-integrated), combustion-derived heat from 
FT by-products is heavily relied upon, particularly for SOEC (6.82 
MWh/t-diesel) and FT process (1.89 MWh/t-diesel). In contrast, Panel 
B (integrated) demonstrates substantially reduced fuel-derived heat 
demands via internal heat recovery, decreasing to around 1.89 MWh/t-
diesel for SOEC. Furthermore, internally recovered heat in the DAC 
system (2.27 MWh/t-diesel) is used to drive a Rankine cycle, generating 
electricity that partially offsets DAC and ASU power consumption.

In summary, the heat-integrated configuration enables the redistri-
bution of energy flows, which lowers external fuel and electricity input, 
increases energy self-sufficiency, and frees up renewable electricity 
capacity, especially for high-demand units like the SOEC. This demon-
strates the critical role of thermal integration in improving energy 
efficiency and decarbonization performance of synthetic fuel systems.

These results provide quantitative evidence supporting the system’s 
energy efficiency under integrated operation. Compared to the baseline 
configuration, heat integration reduces the system’s net external heat 
demand from 11.1 MWh/t-diesel to 3.6 MWh/t-diesel, a reduction 
of 67%, while offsetting 5% of total electricity requirements through 
internal recovery (Table  6). This internal reuse of thermal and electrical 
energy reflects a substantial gain in process-level efficiency. Addition-
ally, the Sankey diagrams in Fig.  7 visualize the redistribution of 
energy streams, illustrating how recovered heat from the FT reactor, 
SOEC burner, and calciner displaces fuel-based heating and lowers 
the burden on renewable electricity sources. The increased availability 
of internal energy for high-demand units like the SOEC (from 3.1 
MWh/t-diesel to 8.6 MWh/t-diesel of heat recovery) exemplifies how 
integration enhances self-sufficiency and reduces reliance on external 
utilities. Altogether, these results substantiate the claim that integrated 
thermal management leads to a significantly more energy-efficient 
process design.

To quantify the overall energy efficiency of the integrated DAC–
SOEC–FT system, a process-level energy efficiency was defined as the 
ratio of the chemical energy stored in the synthetic diesel product to 
the total external energy input (electricity and net external heat): 

𝜂energy =
𝑚̇diesel ⋅HHVdiesel

𝐸̇el + 𝐸̇heat
(32)

where 𝑚̇diesel is the diesel production rate, HHVdiesel is the higher 
heating value of diesel, and 𝐸̇el and 𝐸̇heat represent the total external 
electricity and heat inputs, respectively.

Assuming a diesel higher heating value of 11.8 MWh/t [121], 
and a plant capacity of 79.8 t/h of diesel, the energy output of the 
fuel corresponds to approximately 944 MWh/h. Under heat-integrated 
operation, the combined external energy input amounts to 35.0 MWh/t-
diesel (31.4 MWh/t of electricity and 3.6 MWh/t of net heat), yielding 
an overall system energy efficiency of approximately 34%.

This metric reflects a process-level energy performance rather than 
a thermodynamic efficiency and is consistent with reported ranges for 
DAC-based power-to-liquids fuel pathways [122].
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Fig. 7. Sankey comparison for DAC–SOEC–FT (diesel): (a) without heat integration; (b) with heat integration.
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Table 6
Electricity and heat consumption per ton of diesel (MWh/t) by process unit (without vs with heat integration)
 Process Electricity Heat

 Net electricity (MWh/t) Electricity offset (%) Net heat to utilities (MWh/t) Heat recovery (%)
 Without integration With integration Without integration With integration
 DAC 1.13 26 2.27 2.27 50 50  
 SOEC 29.82 4 6.82 1.25 31 87  
 CO2 Recovery 0.26 0 0.08 0.00 0 100  
 FT process 0.19 0 2.03 0.14 0 93  
 Total 31.40 5 11.20 3.66 32 78  
Notes. All energy values are reported in MWh per ton of diesel produced. Net heat to utilities refers to the external thermal energy required after internal recovery. Electricity 
offset is the share of a unit’s electric load supplied internally. ‘‘Without integration’’ includes only by-product heat use; ‘‘With integration’’ includes both by-product and cross-unit 
heat recovery.

Fig. 8. Cradle-to-gate CO2 emissions of DAC-derived synthetic diesel under integrated and non-integrated configurations in Japan and Canada.

The cradle-to-gate CO2 emissions for DAC-derived synthetic diesel 
are compared across integrated and non-integrated configurations in 
Fig.  8. Results are shown for both Japan and Canada. In Japan, the 
non-integrated configuration yields 1.20 kg CO2-eq/kg-diesel, while the 
integrated configuration achieves cradle-to-gate net-negative emissions 
of –1.20 kg CO2-eq/kg-diesel. For Canada, emissions similarly decrease 
from 0.84 kg-CO2eq/kg-diesel to –1.56 kg CO2-eq/kg-diesel under 
integration. For context, the direct combustion of conventional fossil 
diesel emits approximately 3.19 kg CO2-eq/kg-diesel [123]. While this 
represents use-phase emissions only, it provides a benchmark for inter-
preting the magnitude of the cradle-to-gate carbon footprints obtained 
for the Japan and Canada cases.

For this comparison, we assume that the methane combusted in 
both Japan and Canada possesses identical chemical composition and 
calorific value, and thus apply a consistent emission intensity factor 
for methane combustion across both countries. In contrast, upstream 
emission intensities for inputs such as electricity and water are re-
gionally differentiated, reflecting local supply chain and generation 
characteristics.

These negative cradle-to-gate values reflect the fact that, within the 
system boundary, more CO2 is captured from the atmosphere than is 
emitted in the upstream energy supply and process operations. This 
outcome highlights how tight integration of DAC with downstream 
SOEC and FT synthesis, through heat recovery, internal energy reuse, 
and by-product valorization, can enable not only low-carbon but net-
negative synthetic diesel production up to the refinery gate. The results 
also underline the importance of regional energy mix, as locations with 
cleaner grids (e.g., Canada) allow the integrated system to maximize its 
net-removal potential.

A simulation-based screening of variable operating costs (utilities 
and raw materials) was conducted for the integrated DAC–SOEC–FT e-
diesel system under steady-state operation. The analysis considers grid 
electricity, renewable electricity supplied to the SOEC (solar in Japan 
and hydropower in Canada), methane fuel, and minor raw-material 
inputs (KOH and CaCO3). Representative regional energy prices were 

applied for Japan and Canada to reflect differences in electricity supply 
and externally sourced methane fuel [124–126].  As shown in Fig. 
9, heat integration lowers total variable OPEX by 21% in Japan and 
6% in Canada through reduced methane consumption, while externally 
supplied electricity for SOEC operation remains the dominant cost 
contributor (> 80%). The smaller relative OPEX reduction in Canada re-
flects its substantially lower methane price, which limits the economic 
benefit of fuel savings from heat integration.

In addition to heat recovery, internal utilization of FT byprod-
uct streams for heat and power generation is adopted as an energy-
integration strategy to reduce reliance on externally supplied utili-
ties and associated upstream emissions. While this reduces external 
utility demand, selling or upgrading these byproducts could improve 
economic performance by generating additional revenue. The present 
configuration therefore reflects an explicit trade-off, prioritizing min-
imization of external energy inputs and cradle-to-gate emissions over 
short-term economic optimization.

For context, the operating cost of conventional petroleum diesel 
production (excluding crude oil costs) is typically reported in the 
range of 20–65 USD/t-diesel, depending on refinery configuration and 
allocation methodology [127–129]. However, this value reflects only 
the refining stage of an already energy-dense fossil resource. In con-
trast, the integrated DAC–SOEC–FT system evaluated here involves 
both carbon capture from air and electrochemical hydrogen produc-
tion, two energy-intensive processes necessary to achieve net-zero or 
carbon-negative liquid fuel pathways. The estimated utility and raw-
material-based OPEX (1585–2789 USD/t-diesel) thus reflects the cost 
of atmospheric CO2 fixation and synthetic fuel synthesis, not simply hy-
drocarbon processing. Rather than serving as a direct cost benchmark, 
this value offers a reference for understanding the operational expenses 
associated with e-fuel systems, particularly under current energy price 
conditions and technology maturity levels.  This screening is limited 
to fixed operating expenses (e.g., labor, maintenance, and overheads) 
and all capital-related charges and should therefore be interpreted as a 
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Fig. 9. Breakdown of utility and raw-material operating expenditure (OPEX) for DAC–SOEC–FT diesel production in Japan and Canada. The outer and inner 
rings represent configurations without heat integration (WOHI) and with heat integration (WHI), respectively. Center values indicate total variable OPEX in 
USD/t-diesel and the percentage reduction achieved through heat integration.

comparative indicator of energy-driven variable OPEX. A comprehen-
sive economic assessment would additionally require consideration of 
capital expenditure and fixed operating costs. 

5. Conclusions

The integration of Direct Air Capture (DAC) with co-electrolysis 
(SOEC) and Fischer–Tropsch (FT) synthesis for e-diesel production 
offers substantial performance advantages in both energy efficiency 
and cradle-to-gate CO2 emissions. Simulation results show that tight 
coupling of these subsystems enables a high degree of internal en-
ergy recovery that significantly reduces external utility requirements. 
For instance, system-wide heat recovery increases from 32% in the 
non-integrated case to 78% with integration (Table  6), while internal 
electricity generation offsets up to 26% of DAC power demand. These 
benefits are visually reinforced by the Sankey diagrams, which high-
light the shift in thermal load from fossil-derived heat toward internally 
recycled by-product energy streams.

Crucially, this integrated design achieves net-negative cradle-to-
gate emissions, i.e., it removes more CO2 from the atmosphere than 
it emits during fuel synthesis. In Canada and Japan, the integrated 
configuration yields –1.20 kg-CO2eq/kg-diesel and –1.56 kg-CO2eq/kg-
diesel, respectively, driven by improved thermal coupling and better 
utilization of region-specific electricity mixes.

A key innovation in this configuration is the valorization of FT by-
products, notably naphtha, gasoline, and purge gas, as internal fuel for 
the DAC calciner. These are carbon-neutral from a system accounting 
perspective, since their combustion releases previously captured bio-
genic or atmospheric CO2, avoiding additional emissions burdens. This 
closed-loop fuel strategy eliminates the need for external fossil-derived 
heat, further lowering the system’s carbon intensity.

Despite these advantages, the SOEC unit remains the dominant 
electricity consumer, accounting for over 95% of the system’s power 
demand. While heat integration reduces auxiliary loads and increases 
available energy for electrolysis pre-heating, the absolute renewable 
electricity requirement for SOEC remains a critical challenge for large-
scale deployment. Nonetheless, the presented results demonstrate that 
high-efficiency integration can help ease this burden and improve the 
feasibility of net-negative fuel production.

Overall, this study highlights that deep integration of DAC, SOEC, 
and FT technologies enables strong synergistic behavior, with cascading 
benefits in energy reuse, emissions performance, and process flexibility. 
These findings underscore the importance of holistic system design in 
advancing sustainable, carbon-negative fuels for hard-to-decarbonize 
sectors such as aviation, shipping, and heavy transport.
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