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1. Introduction

Achieving net-zero greenhouse gas emissions requires profound transformations across energy, industrial, and transport systems, particularly
in sectors where direct electrification remains technically or economically constrained. In this context, CO, Capture and Utilization (CCU)
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and Power-to-X (PtX) technologies have emerged as strategically important elements of future energy systems, enabling the conversion of
captured carbon dioxide and renewable electricity into low-carbon fuels, chemicals, and energy carriers. By linking carbon management
with renewable power, CCU-PtX pathways provide a means to decarbonize hard-to-abate sectors while simultaneously supporting sector
coupling and long-duration energy storage [1].

A rapidly growing body of literature has examined individual components of this value chain, including advances in CO, capture
processes, catalytic and electrochemical utilization routes, and hydrogen-based fuel synthesis. However, most existing reviews remain
technology-centric, focusing on isolated performance metrics such as capture efficiency, catalyst selectivity, or electrolyzer efficiency. These
studies often employ inconsistent system boundaries and assumptions, making it difficult to assess the broader system-level implications of
CCU-PtX deployment. As a result, reported performance indicators are frequently non-comparable, and conclusions regarding sustainability
and scalability are highly context dependent [2].

This fragmentation contrasts sharply with the integrated perspective adopted in net-zero transition pathways developed by the International
Energy Agency under the Paris Agreement. In these scenarios, CCU and PtX are not treated as stand-alone technologies but as interconnected
elements within a larger energy system, in which renewable electricity, hydrogen production, CO; sources, and end-use sectors are tightly
coupled. Within such a framework, overall climate performance is governed less by the peak efficiency of individual components than by
system-level factors, including electricity carbon intensity, CO, source characteristics, and the degree of integration across conversion stages
[3].

This system perspective is illustrated conceptually in Figure 1, which defines the boundaries of an integrated CCU-PtX system and
traces the associated carbon and energy flows from CO; sources through capture, conversion, and end use. By explicitly depicting renewable
electricity as a shared input to capture, electrolysis, and synthesis processes, Figure 1 emphasizes its role as the dominant control variable
influencing both environmental and economic performance. The figure further clarifies what is included within the analytical boundary and
what lies outside it, addressing a recurring source of inconsistency in the existing literature.

Against this backdrop, the objective of this review is to provide a system-level synthesis of CO; capture, utilization, and Power-to-X
technologies for sustainable fuels and energy systems. Building on the integrated framework introduced in Figure 1, the review critically
evaluates CCU-PtX pathways under harmonized assumptions, with particular attention to energy demand, net CO, reduction, and sensitivity
to electricity carbon intensity. The scope encompasses major capture routes, utilization pathways, and synthetic fuel options, with an
emphasis on how their interaction within integrated systems determines overall climate relevance. By moving beyond component-level
assessments, this review aims to clarify where and under what conditions CCU-PtX technologies can contribute meaningfully to net-zero
energy transitions.
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Figure 1: Integrated CCU-Power-to-X system boundary and carbon—energy flows

This presents a conceptual representation of an integrated CCU-PtX system, illustrating the flow of carbon and energy from CO, sources
through capture, conversion, and final fuel or chemical products. Distinct from conventional schematic diagrams, the figure explicitly
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defines system boundaries and highlights renewable electricity as the controlling variable governing overall environmental performance.
By simultaneously depicting CO, sources, capture processes, hydrogen production, synthesis routes, and end-use applications, the figure
provides a unified framework for interpreting the diverse technologies discussed throughout the review. As such, it serves as an anchoring
reference that replaces multiple descriptive diagrams and enables consistent, system-level analysis across subsequent sections.

Distinct from prior CCU and Power-to-X reviews, this work provides a harmonized, system-level and decision-oriented synthesis that
evaluates integrated CCU-PtX pathways under consistent boundaries to identify when, where, and under what conditions they deliver
meaningful net-zero climate benefits.

2. Literature Review

The literature on CO; capture, utilization, and Power-to-X technologies has expanded rapidly in response to growing interest in net-zero
energy systems. While this body of work provides valuable insights into individual processes and components, it remains highly fragmented.
Most review studies focus on specific segments of the CCU-PtX value chain, often employing disparate system boundaries and evaluation
metrics. As a result, the collective literature offers limited guidance on the system-level performance and climate relevance of integrated
CCU-PtX pathways [4].

2.1. CO; Capture Technologies

Existing reviews of CO; capture technologies predominantly assess performance as a function of separation mechanism and process
configuration, with particular emphasis on post-combustion, pre-combustion, oxy-fuel combustion, and direct air capture routes. A consistent
finding across these studies is the strong dependence of capture performance on CO, concentration and source characteristics. High-purity
industrial streams are associated with comparatively low specific energy demand, whereas capture from dilute flue gases or ambient air
incurs substantially higher energy penalties [5].

Despite continued advances in solvents, sorbents, and process integration, energy consumption associated with regeneration, compression,
and auxiliary systems remains a dominant constraint on large-scale deployment. Moreover, scalability challengessuch as material degradation,
solvent losses, and integration with existing infrastructureare frequently acknowledged but rarely evaluated in a system context. Importantly,
most capture-focused reviews adopt process-level or plant-level system boundaries, limiting their ability to assess how capture energy
demand affects downstream utilization or Power-to-X pathways [6].

2.2. CO;, Utilization Pathways

Reviews of CO; utilization technologies typically categorize pathways into thermochemical, electrochemical, biological, and mineralization
routes, with performance assessed in terms of conversion efficiency, selectivity, and product yield. A recurring theme in this literature is
the trade-off between carbon efficiency and product permanence. Utilization routes that convert CO, into fuels or short-lived chemicals
exhibit high turnover rates but limited long-term carbon storage, whereas mineralization pathways provide permanent sequestration but are
constrained by market size and economic value [7].

While many studies highlight the theoretical potential of CO, utilization to absorb large quantities of captured carbon, fewer critically
evaluate whether such pathways deliver net emissions reductions once upstream energy inputs are considered. In particular, utilization
routes with high electricity or hydrogen demand may offer limited climate benefits under carbon-intensive power systems [8]. Furthermore,
utilization-focused reviews often implicitly assume readily available CO, streams, with limited discussion of capture energy, purity
requirements, or competition among end-uses.

2.3. Power-to-X Technologies

The Power-to-X literature largely centers on the conversion of renewable electricity into hydrogen via electrolysis and its subsequent
transformation into synthetic fuels or chemicals. Reviews in this domain consistently identify electrolysis as the principal contributor to both
energy losses and system costs, with reported efficiencies and economic projections varying widely depending on assumed electricity prices,
capacity factors, and operating strategies [9].

A notable limitation of many PtX reviews is the treatment of hydrogen production and fuel synthesis as decoupled processes, despite
their strong thermodynamic and operational interdependence. Temporal variability in renewable electricity supply and its implications for
electrolyzer utilization and synthesis reactor operation are frequently simplified or neglected. Moreover, CO; supply is often treated as an
external input, with capture energy requirements and constraints excluded from the analysis. This abstraction limits the applicability of PtX
assessments to real-world, integrated energy systems [10].

2.4. Critical Gaps in Existing Reviews

Taken together, the existing literature reveals several persistent gaps that hinder system-level understanding of CCU-PtX pathways. First,
system boundaries vary widely across reviews, ranging from gate-to-gate process analyses to partial or inconsistent life-cycle assessments.
Second, sustainability metrics are non-harmonized, with energy efficiency, greenhouse gas intensity, and cost indicators often reported
under incompatible assumptions. Third, CCU and PtX technologies are predominantly reviewed as separate domains, despite their inherent
interdependence in net-zero energy systems [11].

These limitations are synthesized in Table 1, which compares representative CCU and Power-to-X review studies in terms of scope,
technologies covered, system boundaries, sustainability metrics, and key limitations. Rather than summarizing performance data, the
table highlights conceptual and methodological differences across the literature, making explicit the sources of fragmentation and non-
comparability.

Unlike many existing system-level energy reviews that emphasize aggregate cost or emissions outcomes, the present review explicitly
links technology performance to deployment-critical system conditions such as electricity carbon intensity, CO, source quality, and hydrogen
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demand. This framing improves decision relevance by enabling comparison of CCU-PtX pathways based on their robustness across
real-world energy system contexts, rather than on idealized or technology-specific performance metrics.

Table 1: Comparison of major CO, Capture, Utilization, and Power-to-X review studies

Review Technologies System Sustainability Key limitations identified
scope covered boundary metrics used
CO; capture— Post-combustion,  Process- or Energy penalty,  Downstream utilization and
focused pre-combustion, plant-level capture energy system impacts not
reviews oxy-fuel, DAC efficiency, cost considered [12]
CO; utilization—  Thermochemical,  Partial life Conversion Net CO, mitigation often
focused electrochemical, cycle efficiency, yield, not assessed [13]
reviews biological, and selectivity
mineralization
Power-to-X Electrolysis, Electricity-to-  Energy CO, supply and capture
fuel reviews synthetic fuels fuel pathway efficiency, energy are treated as fixed
levelized cost or external [14]
CCU reviews Selected capture Variable GHG intensity, Strong dependence on
with LCA and utilization (cradle-to-gate  cumulative boundary definition [15]
focus routes or grave) energy demand
Integrated Sector coupling, Whole energy ~ System cost, Limited technological
energy hydrogen systems  system emissions resolution of CCU-
system reduction PtX [16]
reviews
This review CO; capture, Harmonized Normalized Focus on integration and
utilization, and system-level energy decision relevance
PtX fuels boundary efficiency and
net CO,
reduction

By explicitly situating the present review within this landscape, Table 1 clarifies both the limitations of existing work and the distinct
contribution of a harmonized, system-level assessment of CCU-PtX technologies. This integrated perspective provides the foundation for
the methodological framework and comparative analysis developed in the subsequent sections.

3. Methodology

This review adopts a structured and transparent methodological approach to synthesize the literature on CO, capture, utilization, and
Power-to-X technologies, to enablesystem-level comparability across diverse studies. Emphasis is placed on harmonizing assumptions and
evaluation metrics to ensure that conclusions drawn are robust and relevant to net-zero energy system analysis.

3.1. Literature Selection Criteria

The literature considered in this review was identified through a systematic search of major scientific databases, including peer-reviewed
journal articles, authoritative review papers, and selected reports from international energy and climate organizations. Keywords related
to CO, capture, carbon utilization, electrolysis, synthetic fuels, and Power-to-X systems were combined to capture studies spanning the
full CCU-PtX value chain. Priority was given to publications that report quantitative performance, cost, or environmental metrics and that
explicitly state underlying assumptions. Studies focusing solely on laboratory-scale materials development without system-level relevance
were excluded, as were analyses lacking sufficient methodological transparency.

The reviewed literature primarily spans publications from approximately 2010 to 2025, reflecting the period during which CCU and
Power-to-X technologies matured from conceptual studies to system-level assessments relevant to net-zero energy transitions. Earlier
foundational studies were included selectively where they informed methodological framing or boundary definitions.

3.2. Technology Classification Logic

To enable consistent comparison, technologies were classified according to their functional role within the CCU-PtX system rather than by
disciplinary convention. CO, capture technologies were grouped based on source type and concentration (e.g., point sources versus ambient
air), while utilization pathways were categorized by conversion mechanism and carbon retention characteristics. Power-to-X routes were
classified according to the hydrogen production method and the downstream synthesis pathway. This functional classification facilitates
evaluation of how individual technologies interact within integrated systems and avoids artificial separation between capture, conversion, and
fuel synthesis stages [17].

3.3. Normalization of Performance, Cost, and Emissions
Reported data on energy efficiency, costs, and greenhouse gas emissions were normalized to a common set of reference units and system

boundaries wherever possible. Performance metrics were expressed on an energy- or mass-specific basis, enabling comparison across
different products and pathways [18]. Economic indicators were interpreted as levelized or specific costs, recognizing that absolute values
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vary widely across studies due to regional and temporal factors. Environmental performance was assessed primarily in terms of net CO,
reduction, accounting for both direct and indirect emissions associated with energy inputs. Where necessary, values were recalculated or
qualitatively adjusted to ensure consistency across the reviewed literature [19].

In cases where numerical normalization was not possible due to inconsistent reporting or missing data, qualitative judgments were made
by comparing relative performance trends, boundary assumptions, and dominant system drivers as reported across multiple studies, rather
than relying on absolute values.

3.4. Assumptions on Electricity Carbon Intensity

Given the central role of electricity in CCU-PtX systems, particular attention was paid to assumptions regarding electricity carbon intensity.
Studies were interpreted within the context of low- or zero-carbon electricity supply, consistent with long-term decarbonization scenarios.
Sensitivity to electricity carbon intensity was explicitly considered when comparing results, recognizing that this parameter exerts a dominant
influence on both environmental and economic outcomes. By foregrounding this assumption, the review aligns its analytical framework with
net-zero energy system perspectives and avoids misleading conclusions derived from fossil-based electricity inputs [20].

4. Results

4.1. Comparative Performance of CCU-PtX Pathways

When evaluated under harmonized assumptions and consistent system boundaries, clear relationships emerge between CO, capture energy
demand, utilization efficiency, and downstream Power-to-X fuel production. Across all pathways, capture energy requirements scale strongly
with CO; concentration, confirming that CO, source characteristics dominate system performance. High-purity industrial point sources
consistently enable lower total energy input per unit of carbon processed, while dilute flue gas streams and direct air capture impose
substantial energy penalties that propagate through utilization and fuel synthesis stages [21].

Joint consideration of capture and utilization reveals trade-offs that are obscured in technology-specific assessments. Fuel-oriented CO,
utilization pathways typically achieve high carbon conversion efficiencies but require large quantities of hydrogen, thereby amplifying total
system energy demand. Conversely, pathways with lower hydrogen intensity exhibit reduced energy input but offer less flexibility in end-use
applications [8]. These interactions are explicitly captured in Figure 2, which consolidates capture, utilization, and PtX stages into a single
comparative framework.

Normalized energy efficiency vs net CO, reduction for CCU-PTX pathways
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Figure 2: Normalized energy efficiency versus net CO, reduction for CCU-PtX pathways
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Under identical assumptions for electricity supply and system boundaries, differences among PtX fuel pathways are driven less by
synthesis chemistry than by hydrogen demand per unit of delivered energy [22]. This finding indicates that many discrepancies reported in
the literature arise from inconsistent boundary definitions rather than from intrinsic technological advantages. By normalizing assumptions,
the present analysis highlights the structural determinants of performance that are relevant at the system scale [23].

4.2. System-Level Sustainability Outcomes

System-level sustainability outcomes are most clearly understood by examining the relationship between net CO, reduction and total energy
input, rather than isolated efficiency metrics. As illustrated in Figure 2, CCU-PtX pathways occupy a broad performance space, with some
configurations achieving substantial net CO; reductions at moderate energy input, while others exhibit diminishing returns despite high
energy consumption. Pathways combining low-energy capture with efficient hydrogen utilization consistently deliver the most favorable
outcomes [24].

Sensitivity to electricity carbon intensity emerges as the dominant driver of environmental performance. Electricity-intensive pathways,
particularly those involving direct air capture or hydrogen-rich synthetic fuels, show steep declines in net CO, benefit as electricity carbon
intensity increases. In contrast, systems based on high-purity CO, sources display greater robustness, maintaining positive mitigation
outcomes across a wider range of electricity supply conditions. These trends underscore that CCU-PtX pathways cannot be evaluated
independently of the surrounding power system [25].

While Figure 2 provides a quantitative synthesis of these trade-offs, their implications for real-world deployment are further clarified in
Figure 3, which translates performance outcomes into a decision-oriented framework. By mapping pathway suitability against electricity
carbon intensity and CO, source characteristics, Figure 3 highlights that no single CCU-PtX configuration is universally optimal. Instead,
pathway selection is inherently context-dependent, varying across regions, sectors, and stages of the energy transition [26].

Figure 2 presents a quantitative comparison of integrated CCU-PtX pathways by plotting normalized energy efficiency against net CO,
reduction under harmonized assumptions. Each data point represents a complete pathway encompassing CO, capture, hydrogen production,
and utilization or fuel synthesis. By consolidating multiple stages into a single performance space, the figure reveals trade-offs between
energy input and climate benefit that are not apparent from tabulated data or component-level assessments.

Decision matrix illustrating the suitability of CCU-PTX pathways under varying

electricity carbon intensity and CO, source characteristics

~———————————— Electricity Carbon Intensity

Low-carbon Moderate High
(<50 g CO,/kWh) (50-200 g/kWh) (>200 g CO/kWh)

(Point Source)

co, Moderate Conditionally Unfavorable
Soiirea. ~ (Flue Gas) Favorable
Dilute CO, Conditionally ~ Unfavorable
(Atmosphere) Favorable -

{ . Favorable . Conditionally Favorable . Unfavorable w

Figure 3: Decision matrix for CCU-PtX deployment under varying system conditions

Figure 3 contextualizes the quantitative outcomes shown in Figure 2 by mapping CCU-PtX pathway suitability as a function of electricity
carbon intensity and CO; source quality. The figure provides a decision-oriented perspective, illustrating how pathways that perform well
under low-carbon electricity and high-purity CO, conditions may become unfavorable in less optimal system contexts. Together, Figures 2
and 3 link normalized performance metrics with deployment-relevant insights, enabling a more nuanced evaluation of CCU-PtX pathways in
net-zero energy systems.
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5. Discussion

The discussion below distinguishes between near-term deployment insights, which are relevant to current policy and investment decisions,
and longer-term research directions, which inform future technological development and system evolution. While Figure 2 provides a
quantitative synthesis of these trade-offs, their implications for real-world deployment are further clarified in Figure 3 The results presented
in Section 4 demonstrate that the performance of CCU-PtX pathways cannot be meaningfully interpreted through isolated efficiency or cost
metrics. Instead, outcomes are governed by a limited set of dominant system drivers and by trade-offs that only become visible when capture,
utilization, and Power-to-X stages are evaluated as an integrated whole.

5.1. Dominant System Drivers

Among all parameters examined, electricity carbon intensity emerges as the single most influential determinant of environmental performance.
As shown quantitatively in the results and summarized in Figure 3, electricity-intensive pathways exhibit strong sensitivity to electricity-
related emissions. This effect is particularly pronounced for hydrogen-rich fuels and dilute CO; sources [27]. This reinforces the conclusion
that CCU-PtX systems are not inherently low-carbon; their climate benefit is conditional on access to low- or near-zero-carbon electricity
[28, 29].

Hydrogen availability represents a second, closely coupled driver. Hydrogen demand dominates total energy input across most PtX
pathways, making both cost and availability critical constraints on scalability. Even pathways with favorable capture and utilization
characteristics may face deployment limits in regions where hydrogen production is constrained by electricity supply, water availability, or
infrastructure readiness. These constraints are often underrepresented in technology-focused assessments, but are central to system-level
feasibility [30].

The quality and availability of CO, sources further shape pathway viability. High-purity point sources consistently outperform dilute
streams in terms of overall energy demand and robustness to electricity carbon intensity. As illustrated in Figure 3, pathways relying on
concentrated CO; sources remain favorable across a broader range of system conditions, whereas those dependent on dilute sources rapidly
become unfavorable as electricity carbon intensity increases [31, 32]. This highlights the importance of spatial and sectoral context in
CCU-PtX deployment.

5.2. Deployment-Relevant Trade-Offs

The integration of these system drivers gives rise to deployment-relevant trade-offs that are frequently obscured in component-level studies.
One such trade-off is efficiency versus scalability. Pathways optimized for high conversion efficiency often rely on energy-intensive inputs or
tightly coupled process configurations, which may limit their scalability under real-world electricity and hydrogen constraints. Conversely,
pathways with lower efficiency but simpler integration may prove more deployable at scale, particularly in regions with abundant renewable
resources [33].

A second critical trade-off concerns carbon utilization versus permanence. Fuel-oriented CCU-PtX pathways enable large-scale carbon
recycling but operate within short carbon cycles, with CO, re-emitted upon end use. In contrast, pathways offering longer-term carbon
retention, such as mineralization, exhibit greater permanence but limited flexibility and market size. Figure 3 captures this distinction by
illustrating how pathway suitability depends not only on technical performance but also on the intended role within broader decarbonization
strategies.

These trade-offs underscore that no single CCU-PtX pathway can be universally optimal. Instead, pathway selection must be aligned
with regional energy system characteristics, sectoral demand profiles, and temporal stages of the energy transition [1, 34].

5.3. Implications for Industry and Policy

The decision matrix presented in Figure 3 translates these system-level insights into a form directly relevant to industry and policymakers. It
illustrates where CCU-PtX deployment is most likely to deliver meaningful climate benefits, namely in regions with low-carbon electricity
and access to concentrated CO, sourcesand where deployment risks yield marginal or unfavorable outcomes. This framing moves beyond
binary assessments of technological feasibility and instead supports context-sensitive decision-making [35].

From an industrial perspective, the results suggest that early CCU-PtX deployment should prioritize integration with existing point-source
CO; emitters and renewable electricity hubs, rather than diffuse or electricity-intensive configurations. For policymakers, the findings
highlight the importance of aligning CCU-PtX incentives with electricity system decarbonization and hydrogen infrastructure development.
Promoting utilization pathways in isolation is unlikely to deliver sustained climate benefits [36].

Finally, the interaction between CCU—-PtX, carbon capture and storage (CCS), and bio-based routes warrants careful consideration.
In some contexts, CCS may deliver greater near-term emissions reductions than CO; utilization, particularly where electricity remains
carbon-intensive. Bio-based pathways may offer complementary advantages but face their own sustainability constraints. The framework
articulated in Figure 3 provides a basis for evaluating these options not as competitors, but as components of a portfolio approach to net-zero
transitions [37].

Overall, this discussion reinforces a central conclusion of the review: the viability of CCU-PtX technologies is fundamentally system-
dependent. By explicitly linking performance outcomes to electricity carbon intensity, hydrogen availability, and CO; source characteristics,
the decision-oriented synthesis presented here offers a pathway toward more informed and effective deployment strategies. While near-term
insights emphasize deployment under existing electricity and hydrogen constraints, longer-term research directions focus on improving
system integration, reducing hydrogen intensity, and expanding viable CO; sourcing options under deeply decarbonized power systems.
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6. Conclusions

This review has evaluated CO, capture, utilization, and Power-to-X technologies from a system-level perspective, emphasizing their
combined role in producing sustainable fuels and energy carriers. A central finding is that the climate relevance of CCU-PtX pathways
is inherently context-dependent, governed primarily by electricity carbon intensity, hydrogen availability, CO, source characteristics, and
system integration rather than by isolated component efficiencies. As a result, pathways that perform well under idealized assumptions may
deliver limited or unfavorable outcomes when deployed under less suitable system conditions.

The analysis further demonstrates that effective integration across the CCU-PtX value chain is more important than incremental
optimization of individual technologies. Well-integrated configurations that align capture, hydrogen production, and utilization within low-
carbon electricity systems consistently outperform more efficient but poorly integrated alternatives. Consequently, CCU-PtX technologies
are unlikely to serve as universal decarbonization solutions, but can play a complementary role alongside direct electrification, carbon capture
and storage, and sustainable bio-based pathways.

Looking ahead, progress will depend on standardized system-level metrics, integrated pilot-scale demonstrations, and improved
understanding of the role of PtX technologies in long-duration energy storage. The framework developed in this review can be extended
to future comparative studies by incorporating region-specific electricity scenarios and evolving hydrogen supply pathways, providing a
transferable basis for decision-relevant assessment across net-zero energy transitions.
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