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Abstract:

Industrialization has driven intensive exploitation of fossil carbon resources, resulting in surging
atmospheric CO2 concentrations. Restoring global carbon cycle balance now demands effective
decarbonization strategies. Yet despite rapid growth in renewable energy, spatiotemporal
mismatches between supply and demand prevent electricity from fully displacing fossil fuels.
Hydrogen energy faces similar obstacles, including variable production costs and geographic
imbalances between sources and consumers. Here, we propose an integrated pathway for
synthesizing sustainable carbon-cycle fuels that enables long-duration, high-capacity
spatiotemporal regulation of renewable energy. This approach couples renewable electricity-
driven water electrolysis for green hydrogen production with COz captured via direct air capture
(DAC) or industrial carbon capture, utilization, and storage (CCUS) technologies. The captured
COz2 and hydrogen then undergo photosynthesis-inspired catalytic conversion to yield carbon-
neutral liquid fuels. This strategy leverages advanced catalysis, promotes carbon cycling, and
remains compatible with existing refining infrastructure. Although challenges persist in catalyst
longevity, system efficiency, and production economics, continued technological progress should
enable large-scale chemical storage of renewable energy—offering a viable pathway toward global
deep decarbonization.

Keywords: Renewable energy; CO2 hydrogenation; Deep decarbonization; Energy storage; Green
hydrogen
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1. Introduction:

Carbon, a fundamental element of Earth's life-support system, links the inorganic and organic
realms through complex biogeochemical cycling. It is exchanged among major reservoirs—
including the atmosphere, terrestrial biosphere, oceans, sediments, and Earth’s interior—via
diverse pathways (Fig. 1)[1-3]. The carbon cycle comprises two distinct components: a fast
(biological) cycle and a slow (geological) cycle. The fast cycle operates within the biosphere over
years to decades. Through photosynthesis, plants convert atmospheric CO: into organic carbon
within the terrestrial biosphere. This organic carbon is then returned to the atmosphere as CO:2 or
CHa4 via respiration, microbial decomposition, root metabolism, and soil fauna activity[4, 5]. The
slow cycle, by contrast, involves deep carbon exchanges across the lithosphere, atmosphere, and
hydrosphere through sedimentation, tectonic activity, and other geological processes, unfolding
over millions of years[6, 7]. Without anthropogenic interference, carbon fluxes between these
reservoirs maintain dynamic equilibrium and relatively stable global carbon levels[8].
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Fig. 1. Sustainable carbon cycle model in nature driven by precise, accelerated
deoxygenation processes in green chemical industries.

The industrialization-triggered energy paradigm shift initiated exploitative extraction of fossil
carbon from geological reservoirs. Between 1750 and 2020, anthropogenic activities cumulatively
released approximately 450 + 20 Gt of fossil carbon into the atmosphere—comparable to the total
carbon stored in all terrestrial biomass—marking the first time in history that human-induced
disturbances have surpassed natural geological forces in the global carbon cycle[9-11] (Fig. 2a).
This trans-temporal carbon transfer is largely irreversible: carbon stored over millions of years in
sedimentary rocks via the slow carbon cycle is now being released into the atmosphere at a rate of
8—10 Gt C per year.

However, Earth's intrinsic negative feedback mechanisms—including silicate weathering and
oceanic carbonate pumps—operate on timescales of 10°-10° years, far exceeding the century-scale
pace of industrial emissions (Fig. 1). Consequently, atmospheric CO2 concentrations surged from
pre-industrial levels of 280 ppm to 424 ppm in 2023[12] (Fig. 2b), disrupting the intergenerational
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equilibrium of the carbon system and triggering cascading environmental consequences. The
enhanced greenhouse effect has attracted particular attention: global mean surface temperature in
2024 rose 1.55 £ 0.13 °C above pre-industrial levels (1850-1900 baseline), approaching the 1.5 °C
threshold set by the Paris Agreement[13] .
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Fig. 2. Exploitative extraction of geological carbon reserves following the Industrial
Revolution. (a) Regional anthropogenic CO2 emissions from 1750 to 2020, showing cumulative
emissions of approximately 450 + 20 Gt—comparable to Earth's entire terrestrial biomass carbon
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stock[11]. (b) Atmospheric CO2 concentration since 1850, rising from ~280 ppm to 424 ppm by
2023, with corresponding global mean surface temperature changes. (¢) Impact of multilevel
environmental policies on projected global greenhouse gas (GHG) emissions.

In response to this carbon imbalance crisis, a multilayered policy framework has been developed
globally (Fig. 2c). Under its "Fit for 55" package, the EU aims to cut emissions by 55% from 1990
levels by 2030 through renewable energy expansion, tighter industrial emission limits, and the EU
Emission Trading System spanning power and aviation sectors[14]. The United States has
leveraged the Inflation Reduction Act to accelerate clean energy innovation and deployment via
tax credits and R&D investments. China’s “Carbon Peaking and Carbon Neutrality” initiative
established a comprehensive policy network encompassing renewable energy planning, industrial
efficiency upgrades, and a nationwide carbon market. Nevertheless, International Energy Agency
(IEA) projections suggest that under current trajectories, global warming could reach 2.5-2.9 °C
by 2100—well above the Paris Agreement target[15].

To achieve transformative carbon mitigation, a dual-paradigm shift is required: first, replacing
fossil fuels with alternative energy carriers (e.g., wind, solar, electricity, and heat) to halt rapid
release of geological carbon while minimizing perturbations to existing biological and geological
carbon cycles; second, developing deoxygenation pathways with enhanced water-use efficiency
and accelerated kinetics to overcome the water dependency of photosynthesis in biological cycle
and the rate-limiting steps of geological cycles. This would establish a fast artificial
deoxygenation-carbon pathway, ultimately forming a novel closed carbon loop.

The first paradigm, based on renewable electricity and electricity-based energy storage, has
achieved remarkable progress in technologies such as batteries and pumped hydro storage,
enabling renewable power balancing. However, their limited energy density, resource
requirements, and geographical constraints remain challenges for long-duration, large-scale, and
cross-regional energy storage. Meanwhile, chemical energy carriers based on artificial carbon-
cycle pathways have emerged as a promising complement by storing renewable energy in stable
chemical bonds while enabling carbon recycling. Nevertheless, their technological readiness,
economic viability, and scalability require further evaluation. Therefore, a comprehensive
understanding of the advantages and limitations of both paradigms is essential for identifying
optimal pathways toward deep decarbonization. This study systematically evaluates the technical
readiness, energy-storage economics, and scalability of both paradigms to identify optimal deep
decarbonization pathways.

2. Renewable clean energy
2.1 Rapid development of renewable clean energy

The pursuit of alternative clean energy sources has garnered significant global attention in recent
years amid the ongoing energy consumption transition. Electricity has increasingly emerged as a
dominant energy carrier, driven by growth in electricity-intensive clean energy manufacturing,
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rising air conditioning usage, widespread electric vehicle (EV) adoption, and expansion of data
centers and 5G infrastructure.

Global renewable power generation has experienced remarkable growth (Fig. 3a). Over the past
decade, renewable electricity generation increased consistently, with an additional 858 TWh
generated in 2024 alone, accounting for 40.9% of global electricity production. By 2024, global
installed renewable capacity reached 4,448 GW, with 585 GW added that year. This represented
92.5% of total newly installed capacity and achieved a record annual growth rate of 15.1%.[16,
17] Solar and wind power have been the primary drivers of this expansion.[18, 19]

China has emerged as a pivotal force in the global renewable energy landscape. Between 2014 and
2024, China's installed wind power capacity increased sixfold (from ~96 GW to 521 GW), while
solar power capacity expanded thirty-twofold (from ~28 GW to 887 GW) (Fig. 3b-c). In 2023,
China's renewable energy installations exceeded 50% of total power capacity for the first time,
reaching 1.45 billion kilowatts (Fig. 3d)[20]. By 2024, China generated 3.46 trillion kWh of
renewable electricity, representing 35% of total output[21]. China’s global impact is also striking:
it accounted for 60% of newly added renewable capacity worldwide in 2024[19], contributed 50%
of global solar photovoltaic additions, and supplied 60% of exported wind turbine equipment.

This rapid growth has driven significant reduction in solar power generation costs, catalyzed by
economies of scale, favorable policies, and continuous technological advances
in Passivated Emitter and Rear Cell(PERC), Tunnel Oxide Passivated Contact (TOPCon), and
Heterojunction Technology(HJT) solar cells. Empirical studies reveal a strong learning curve in
solar photovoltaics[22-27], with a learning rate of 23.5%[28-30]—meaning that photovoltaic
module prices decrease by 23.5% with every doubling of global cumulative installed capacity (Fig.
3e). Consequently, commercial photovoltaic module prices dropped from USD 6.41/W in 2000 to
USD 0.31/W in 2023, significantly lowering the levelized cost of electricity (LCOE), defined as
the lifetime-average system-level cost per unit of electricity generated, including generation,
storage, transmission, and distribution [31, 32]. In 2024, the global average LCOE of fixed-tilt
photovoltaic systems declined to USD 66/MWh. In China, the global center of photovoltaic (PV)
manufacturing, LCOE has fallen to 0.15-0.24 RMB/kWh, below coal-fired electricity generation
costs (0.30-0.35 RMB/kWh), marking a historic shift in solar power's economic
competitiveness[33].

Wind power has also demonstrated significant cost improvements[32]. Through aerodynamic
blade optimization (e.g., adaptive airfoil designs), turbine scaling, and intelligent operation and
maintenance systems, the global weighted-average LCOE for onshore wind dropped from USD
0.111/kWh in 2010 to USD 0.033/kWh in 2023, signaling growing economic viability[34].
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Fig. 3. Rapid development of renewable clean energy. (a) Growth trends in installed capacity
for hydropower, wind, solar, and other renewable energy sources globally over the past four
decades. (b-¢)Global and China’s growth trends in solar (b) and wind (¢) electricity generation
over the past four decades. (d) China's renewable energy installed capacity growth over the past
decade, with wind and photovoltaic capacities increasing 6-fold and 32-fold, respectively; in 2023,
renewables exceeded 50% of total installed capacity. (e) Learning curve effect on photovoltaic
electricity generation costs.

2.2 Spatial-temporal mismatch between renewable electricity supply and demand

Despite rapid renewable energy advancement, relying on electricity as the primary vector for
energy transition faces multiple structural challenges. First, the rising share of electricity is
constrained by the gap between total energy consumption and power generation capacity. China’s
total energy consumption reached 5.96 billion tons of standard coal equivalent in 2024, while total
electricity production stood at 10.1 trillion kWh—equivalent to only 1.24 billion tons of standard
coal— only meeting approximately 20% of overall energy demand (Fig. 4a)[21]. This disparity
highlights near-term limitations in electricity's ability to fully replace direct fossil fuel
consumption.

Second, renewable energy's inherent intermittency increasingly conflicts with continuous
electricity demand. In China, the average annual effective utilization hours for wind and solar PV
are approximately ~2,100 and 1,250 hours respectively[35, 36], while the power system must
ensure reliable supply for 8,760 hours yearly (Fig. 4b). This temporal mismatch becomes
particularly critical under extreme weather. For example, drought in India during August 2024
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caused hydropower output to decline sharply, forcing coal-fired power to surge to 66.7% of the
energy mix—revealing the vulnerability of renewable energy to meteorological fluctuations.

Due to diurnal variation in solar irradiance, renewable power generation typically peaks at midday
but drops sharply at night, necessitating support from conventional or alternative power sources.
Subtracting real-time renewable output from total electricity demand yields the net load curve, a
metric reflecting operational stress on the power grid. This curve, colloquially termed the “duck
curve” due to its shape, poses increasing challenges as solar capacity expands. As shown in Fig.
4c, California's power system demonstrates deepening midday demand troughs and even negative
net loads during extreme periods, demanding advanced energy storage technologies to stabilize
the grid[37, 38]. Currently, California flexibly meets its daily electricity demand by integrating
solar, wind, hydro, and nuclear power, supplemented by battery storage and electricity
imports/exports(Fig. 4d).[39]

On longer timescales—monthly and seasonal—the cyclical nature of wind and solar power
continues to cause supply-demand mismatches (Fig. 4e)[40], necessitating seasonal load-
balancing mechanisms for grid stability. These phenomena underscore the critical importance of
developing electricity systems with temporal flexibility to absorb and utilize renewable energy
efficiently while maintaining reliability.
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Fig. 4. Supply-demand mismatch in renewable energy systems caused by temporal
imbalances. (a) Current electricity share in the overall energy system accounts for only 20% of
total consumption. (b) Mismatch between annual effective utilization hours of wind and solar
generation and electricity demand patterns. (¢) Net load curve illustrating grid supply pressure due
to daily solar radiation variations. (d) California's electricity generation breakdown by source on
October 26, 2025[39] (e) Monthly and seasonal fluctuations in wind and solar generation creating
supply-demand mismatches; seasonal peak-shaving measures are urgently needed.

Beyond temporal imbalance, electricity exhibits pronounced geospatial heterogeneity, which
imposes higher demands on power storage and long-distance transmission infrastructure[41]. In
China, western regions possess abundant wind and solar resources, contributing a
disproportionately large share of national renewable capacity yet exhibiting relatively low
electricity consumption. Eastern provinces, characterized by dense populations and robust
economic activity, face high demand but limited renewable potential. Fig. 5a demonstrate the
relationship between electricity production and consumption across provinces, as well as
prevailing electricity transmission patterns. When China is divided by the Hu Line (the "Heihe—
Tengchong Line", a demographic boundary), this spatial mismatch becomes even more apparent:
electricity resources concentrate in the west, while demand centers lie predominantly in the east
(Fig. 5b)[42]. This necessitates long-distance transmission from resource-rich regions to high-
demand load centers, significantly increasing the average transmission distance.

Given the intermittent nature of renewable generation and the spatial decoupling between energy
supply and demand, storage and transmission costs have become crucial components in renewable
electricity economics. Studies show that when considering full lifecycle costs—including
generation, storage, transmission, and distribution—the levelized cost of electricity (LCOE) may
increase by 2- to 30-fold depending on distance and system configuration (Fig. 5c¢)[43-45].

Notably, with the advancement of renewable energy production, storage, and transportation, there
is growing recognition that issues such as supply inadequacy, intermittency, and variability of
renewable energy are largely localized. On a global scale, renewable energy reserves are
remarkably substantial. Globally interconnectable solar and wind generation potential reaches 237
x 10> TWh per year—approximately three times the projected electricity demand for 2050[46].
Furthermore, mid- and high-altitude wind resources above 300 meters, characterized by high speed,
stable direction, and high energy density, possess a theoretical reserve capable of meeting global
demand more than a hundred times over[47]. However, technological limitations have prevented
extensive exploitation. These observations indicate that the core challenge for renewable energy
substitution lies not in reserves but in establishing efficient, responsive regional—or even global—
interconnections that enable flexible demand matching. Therefore, identifying intermediate energy
forms offering superior economics in storage, transportation, and end-use becomes crucial.
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Fig. 5. Spatial distribution imbalances of renewable energy resources in China. (a) Provincial
electricity generation, consumption, and inter-regional transmission relationships. (b) Regional
mismatch between electricity resources and demand in western and eastern China. (¢) Average
levelized cost of electricity (LCOE), accounting for full life-cycle factors including production,
storage, transportation, and distribution costs.

2.3 Hydrogen as a key carrier of zero-carbon energy

As a crucial carrier in a zero-carbon energy system, hydrogen has emerged as a key direction in
the global energy transition, owing to its high gravimetric energy density (142 MJ/kg) and
environmentally benign combustion product—pure water. Depending on production-associated
carbon footprint, hydrogen is typically categorized as grey (fossil fuel-derived), blue (fossil fuel-
derived with carbon capture and storage, achieving 60—80% emission reductions), or green (water
electrolysis powered by renewable energy, near-zero emissions).[48]

In 2023, global hydrogen demand reached 97 million tons, with grey hydrogen supplying the
majority. Low-carbon hydrogen (blue and green) production remained under 1 million tonnes
annually, indicating minimal presence in the global energy mix (Fig. 6a).[49] According to IEA
projections, meeting Paris Agreement climate goals requires replacing 30% of grey hydrogen
demand with low-carbon alternatives by 2030. By 2050, grey hydrogen must be completely phased
out, requiring approximately 690 million tons of low-carbon hydrogen annually—of which green
hydrogen is expected to constitute ~70%[50]. By 2024, global installed electrolysis capacity
reached 2.3 GW, an eightfold increase from 2020, with China accounting for 46% of new
capacity.[51] Projections suggest global annual electrolyzer installation capacity could reach 9.3
GW by 2027, with China contributing 7.3 GW (~80% of global additions).[52]

The current levelized cost of hydrogen (LCOH) for green hydrogen comprises three primary
components: electrolyzer depreciation (7-30%), electricity costs (50-70%), and operation and
maintenance (O&M) costs (10-20%) (Fig. 6b).[53] Substantial potential exists for cost reduction
(Fig. 6d)[54]. With technological advancement, electrolysis capital costs are projected to decline
at a 16% learning rate (Fig. 6¢).[55] As of 2024, electricity pricing remains the dominant factor in
green hydrogen economics. Modeling indicates that when renewable electricity prices fall below
RMB 0.2/kWh, green hydrogen production costs can drop below RMB 15/kg, achieving cost-
competitiveness with blue hydrogen (RMB 12-18/kg) (Fig. 6¢). In northwest China, integrated
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wind—solar—hydrogen projects have achieved green hydrogen costs in the range of RMB 15-20/kg
(approximately twice the price of grey hydrogen) in 2024, with expectations of reaching under
RMB 12/kg by 2026, thus achieving cost parity with grey hydrogen.[56]
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Fig. 6. Hydrogen as a key carrier of zero-carbon energy. (a) Growth trends in different
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electricity price on the Levelized Cost of Hydrogen (LCOH) for green hydrogen.

Beyond high production costs, large-scale green hydrogen deployment is severely limited by
transportation expenses. Pronounced geographical mismatch between production sites and demand
centers makes storage and transport unavoidable—accounting for over 40% of final hydrogen
price (Fig. 7a). These costs rise considerably with distance, representing a key obstacle to a
sustainable hydrogen economy.

Hydrogen is transported primarily in three forms: high-pressure gas, cryogenic liquid, and
pipelines (Fig. 7b)[57]. High-pressure gaseous hydrogen—typically delivered by tube trailers at
20 MPa—is the dominant mode, covering 92% of shipments, though it remains economical only
under 300 km. Liquid hydrogen, liquefied at —253°C, suits medium- to long-distance transport
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(500—-1000 km), yet high liquefaction energy costs remain a major drawback. Pipeline transport
generally offers the lowest levelized transportation cost for long-distance (>400 km) and large-
scale (>100,000 tons/year) delivery, with transportation costs incorporating annualized capital
investment and operating expenses, but faces technical and infrastructural hurdles alongside
stricter safety and material requirements due to hydrogen's inherent properties.Notably,
hydrogen’s low volumetric energy density—about 12.7 MJ/m? under standard conditions, roughly
one-third that of natural gas (39 MJ/m?*)—combined with lower pipeline flow velocities results in
significantly reduced transport efficiency compared with conventional natural gas systems.
Although China has accelerated its pipeline network development—with over 7,000 km of
pipelines under development by March 2025 and growing market investment—core challenges in
efficiency and safety remain (Fig. 7c). Overcoming these bottlenecks will require fundamental
technological advances to enable a future integrated and large-scale hydrogen transport
infrastructure.
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3. Hydrocarbon Energy Storage
3.1 Energy-dense hydrocarbon liquids

As chemical energy carriers, hydrocarbons maintain an irreplaceable position in global energy
systems owing to well-established storage and transportation infrastructure and high energy
density [58] (Fig. 8a). Common energy-type hydrocarbons include methane (50-55 MJ/kg),
methanol (19.9 MJ/kg), gasoline (46.4 MJ/kg), diesel (45.6 MJ/kg), and sustainable aviation fuel
(SAF, 43-48 MJ/kg). These values represent the intrinsic gravimetric energy densities of fuels and
are substantially higher than the practical cell- or pack-level specific energies of lithium-ion
batteries (0.36-0.95 MJ/kg), highlighting the high mass-based energy-carrying capability of
hydrocarbons for transportation applications. Complete system-level comparisons require
additional considerations, including storage infrastructure, conversion efficiency, and auxiliary
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components. Additionally, hydrocarbons offer advantages in power output capacity and long-term
storage stability—up to several decades (Fig. 8b).

—
1Y
N

(b)

8-, Hydrocarbon Liquid Fuel Storage — *
S  1year 200004 C.H, ()
&5 Hydrogen Energy Storage — 15000 1 . °
= 1 month < CHs (e Diesel
2 1week = 100004 .$ +Crude Oil
= > Gasoline SAF -
- 1 day| Electrochemical ﬁ Coal (s)
8 Energy Storage S 5000
1 hour . S 500]
% Supercapacitor a Liquid
o Energy Storage S 100+
I 1 min Compressed Air Y C,H, (9)
n Energy Storage < o 38
- / gy g W Gas o C,H, ()
o 1sec 101 PNG
2 100 ms >
w 1kWh 1MWh 1GWh 1TWh 0 1 10 100 1000
Energy Storage Capacity Carbon Number
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These characteristics endow liquid fuels with irreplaceable advantages in system economics,
temporal stability, and spatial flexibility, despite rapid advances in electricity and hydrogen.
Hydrocarbon liquid fuels feature low production costs, high energy density, and low storage and
transportation costs, supported by comprehensive infrastructure (Table 1). However, traditional
production pathways—relying heavily on fossil fuels and generating high carbon emissions—
constrain their long-term viability. Developing sustainable, low-carbon production pathways for
liquid fuels is therefore crucial.

The Global Energy Interconnection Development and Cooperation Organization (GEIDCO)
forecasts that electricity consumption for power-to-hydrogen and other power-to-fuel technologies
will reach 2,000 TWh and 2,800 TWh by 2050 and 2060, respectively, accounting for 13% and
16% of total global electricity demand (Fig. 9a)[59]. In mobile energy supply sectors like aviation,
shipping, and heavy transportation, liquid fuels remain difficult to replace directly with
electrochemical storage or hydrogen. For example, achieving over 80% reduction in life-cycle
carbon emissions and contributing to 60% of the global aviation industry’s carbon reduction target
by 2050 will likely depend on SAF (Fig. 9b) [60].
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Fig. 9. The Irreplaceability of Liquid Fuels. (a) Comparative analysis of hydrocarbon liquids,
hydrogen, and electricity as energy carriers across production cost, energy density, storage cost,
transportation cost, and infrastructure requirements. (b) Contribution of sustainable aviation fuel
(SAF) to carbon emission reduction in the aviation sector.
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Table 1: Comparison of Energy Carriers and Their Infrastructure in China

Indicator Liquid Fuels Hydrogen Electricity
Gasoline Diesel  Biodiesel SAF Cryogenic Liquid High-Pressure Power Battery
Hydrogen Gaseous Transmission
Hydrogen
Production Cost 8.5-9.5 6.5-7.6 9 16-20 20-40/kg —_—
(CNY/Kkg)
Production Cost ~0.7 ~5.5 ~0.85 ~1.5 0.6-1.2 0.2-0.3
(CNY/kWh)
Mass Energy 12.2 12.6-12.8 10.5-10.8 11.9-12.2 333 0.15-0.35
Density (kWh/kg)
Volumetric 31-32 35.8-36 32-33 352 8.6 4.8(700bar) —_—
Energy Density
(MJ/L)
Storage Tank Maintenance: 0.1 CNY/ton/day 7.9-19.2 CNY/kg (-253°C) —
Transportation Long Distance (1000+ km): Pipeline, Tanker, Medium-Long Short Distance Long Distance: Short
Distance Railway Distance (>500 km): 2000-3000 km, Distance
Liquid Hydrogen or Ultra-High (<500 km)
Pipeline Voltage
Transmission
Transportation Road Transport: 0.3-0.5 CNY/ton-km 28-34 CNY/ton-km 500km:>20 <0.01 Affected by
Cost Maritime Transport Cost: 0.1 CNY/ton-km CNY/kg CNY/kWh-1000 Battery
km Life,
Existing e Over 100,000 gas stations o Over 540 hydrogen refueling stations e Over 18.5 million charging
Infrastructure o About 26,000 km of crude oil pipelines, with e 400 km pure hydrogen pipelines ,with piles

a mature storage and transportation system.

most hydrogen pipeline transportation still
in the demonstration stage.

e High energy consumption for liquid
hydrogen

® 40 lines, including 20 AC and
20 DC lines, with a total length of

about 54,000 km

e The construction cost of ultra-
high voltage is high (over 20

billion CNY per line).
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Low-carbon hydrocarbon production pathways can be categorized into two main types based on
carbon sources: biomass synthesis and sunlight to fuel(STF) synthesis. Biomass synthesis converts
organic waste into fuels through various processes, including anaerobic digestion (methane
production), gasification (e.g., biomass-to-methanol)[61-63], transesterification (biodiesel)[64-
66], or pyrolysis (bio-crude 0il)[67, 68]. These processes can reduce carbon emissions by 60-90%.
Global biodiesel annual production has increased from 16 million tons in 2010 to 76.3 million tons
in 2024 (Fig. 10a)[69]. However, further development faces significant constraints from feedstock
supply limitations (competition with food crops for arable land and uneven distribution),
conversion efficiency challenges, and economic viability concerns.

An alternative approach is Sunlight to Fuel (STF), which combines carbon capture technologies
with artificial rapid deoxygenation processes and precise carbon—carbon coupling. This method
stores clean energy as chemical energy in hydrocarbons. When these synthetic fuels combust, they
release the same amount of COz captured during production, theoretically achieving zero lifecycle
carbon emissions. This artificial rapid deoxygenation pathway would help balance carbon cycle
disruption caused by massive human energy consumption, creating a new fast-cycling equilibrium.

This approach utilizes renewable electricity from photovoltaics, wind power, and the promising
solar-thermal/ultra-supercritical(with prospective higher-efficiency) power generation for water
electrolysis to produce hydrogen. Concurrently, it employs CO2 from industrial point sources,
biomass, and future direct air capture as carbon feedstock. Through CO: hydrogenation, solar
energy is stored chemically within synthetic renewable fuels (Fig. 11). Different hydrogenation
products require varying hydrogen consumption (Fig. 10b), enabling different levels of hydrogen
utilization and addressing storage and transportation challenges for various clean energy sources.
This reaction approach has rapidly gained significant attention, with researchers implementing it
through photo-, electro-, or thermos-catalysis[70-73].
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Fig. 10. (a) Annual global biodiesel production volumes. (b) Theoretical hydrogen consumption
requirements for different products.
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Fig.11 Schematic illustration of the integrated process for converting sunlight into
sustainable hydrocarbon fuels.

3.2 Sustainable carbon-cycle fuel

Among these approaches, thermos-catalysis represents industrially advanced and technologically
mature direction for converting COz to liquid fuels through hydrogenation, primarily utilizing
catalysts under high-temperature and high-pressure conditions[74-76]. Based on this technology,
we propose the concept of "sustainable carbon-cycle fuel".

Sustainable carbon-cycle fuels provide a promising strategy to simultaneously address two key
challenges in future energy systems: the utilization of renewable energy and the recycling of
anthropogenic CO2. By converting intermittent renewable electricity into stable chemical energy
carriers while consuming CO: as a carbon feedstock, this pathway offers a potential route for long-
term energy storage and carbon circulation. In recent years, extensive studies have investigated
CO2 hydrogenation using renewable H2, with major advances in catalyst development, reaction
mechanisms, and product selectivity control. These catalyst innovations, including improved
active-site regulation, catalyst—support interactions, and tandem catalytic architectures, have
substantially enhanced CO: conversion efficiency, product selectivity, and resistance to
deactivation. Beyond these catalytic advances, we envision that the deeper significance of this
pathway lies in its ability to integrate sequential chemical transformations at the catalyst level.
Through rational catalyst coupling and controlled molecular transfer between catalytic domains,
multiple reaction steps can be organized into an integrated molecular-scale conversion network,
resembling the spatially coupled yet functionally coordinated energy conversion processes in
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biological systems. This perspective provides new inspiration for designing future carbon-cycle
energy systems.

The complete CO2 hydrogenation process demonstrates remarkable thermodynamic and functional
parallels with natural photosynthesis (Fig. 12). Photosynthesis uses CO2, H20, and light energy as
inputs, coupling light reactions (water splitting and ATP/NADPH generation on thylakoid
membranes) with dark reactions (Calvin cycle in chloroplast stroma) to achieve carbon fixation
and produce organic compounds such as glucose. Similarly, CO2 hydrogenation systems use CO2
and Ha (derived from renewable energy-powered water electrolysis) as raw materials. Through
"light—electric—thermal" multi-energy coupled catalysis, these systems reduce CO2 to methanol,
aromatics, or long-chain hydrocarbon fuels. Both processes utilize CO: as a carbon source and
H20 as a hydrogen source (directly or indirectly), converting light or electrical energy into
chemical energy stored in C—H bonds, thus completing the deoxygenation and reconstruction
phases of the carbon cycle.

Furthermore, modular energy conversion pathways in both systems show striking similarities.
Green hydrogen production through clean energy and water electrolysis corresponds to thylakoid
membrane light reactions, simultaneously achieving water deoxygenation and energy form
conversion. Meanwhile, catalyst-mediated CO2 hydrogenation parallels photosynthetic dark
reactions by forming reaction cycles (Calvin cycle in photosynthesis; aromatic cycle, phenol cycle,
and aldol cycle triple coupling in artificial systems) to achieve target product enrichment through
selective and functional regulation.[77-79]

This artificial CO2 synthesis pathway significantly enhances solar-to-chemical energy conversion
efficiency. Due to improvements in water electrolysis and photovoltaic conversion, current
photovoltaic technologies achieve solar-to-electricity conversion efficiencies of approximately 20-
25% at the commercial module level, while advanced tandem and multijunction solar cells can
exceed 30%][80]. The electricity-to-hydrogen efficiency of industrial water electrolysis typically
ranges from ~60-80%, with advanced systems approaching higher efficiencies[81]. Under
optimized catalytic conditions, CO2 hydrogenation can achieve energy conversion efficiencies of
approximately 80%. Based on these component-level efficiencies, the integrated solar-to-chemical
conversion efficiency of this pathway could theoretically approach approximately 16%,
representing an advanced upper-bound scenario rather than current industrial performance.
Nevertheless, this projected efficiency exceeds the upper range reported for natural photosynthesis
(~1-7%) [82], highlighting the potential of artificial carbon-cycle pathways for highly efficient
renewable energy storage. Moreover, the fundamentally different mechanisms of water
consumption result in a substantial disparity in their water use efficiency. In photosynthesis,
transpirational water loss dominates (~97-99%)[83], driven by the unavoidable coupling between
COz uptake and water vapor loss through stomata. Only ~1-3% of absorbed water participates in
photolytic reactions[84]. In contrast, the artificial CO2 synthesis pathway employs water
exclusively as a chemical feedstock for electrolytic hydrogen production, with reaction-generated
water recoverable for recycling. This mechanistic distinction-eliminating transpirational losses
entirely-accounts for the over two orders of improvement in water use efficiency.

Similar processes have been extensively researched domestically and internationally. Our team at
Tsinghua University has completed hundred-ton-scale pilot verification of green CO2
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hydrogenation conversion technology. On May 6, 2022, the inauguration ceremony for the world's
first 10,000-ton industrial demonstration project for CO2 hydrogenation was held in Ordos, Inner
Mongolia[54, 85]. Furthermore, in 2025, we completed the construction and operational validation
of a hundred-ton-scale pilot facility in Ordos and a kiloton-scale demonstration project in Meishan,
Sichuan, providing further engineering evidence for the scalability and practical feasibility of this
technology.

Light reaction Dark reaction
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Energy utlllzahcn Water consumption per unit carbon fixed
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Fig. 12. Thermodynamic and functional parallels between CO; hydrogenation for carbon-
cycle fuel production and natural photosynthetic processes.

4. Conclusions and Suggestions

In the context of the current energy transition, renewable power generation has achieved
significant advantages over coal-fired power in both cost and carbon emission intensity, laying an
economic and environmental foundation for large-scale deployment. Concurrently, advances in
water electrolysis technology have positioned hydrogen as a highly competitive large-scale energy
storage carrier. However, green hydrogen production depends entirely on green electricity, while
mainstream technologies such as wind and photovoltaic power remain constrained by the
intermittent nature of near-surface wind and solar resources—Ileading to severe spatiotemporal
mismatches between energy supply and demand. Developing long-duration energy storage
technologies has therefore become central to advancing high-quality renewable energy
development.

Against this backdrop, we emphasize the technological pathway of synthesizing liquid fuels via
COz reduction using electrolysis-derived green hydrogen—the "solar-to-liquid fuels" route. This
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pathway converts intermittent renewable energy into liquid fuels suitable for long-term storage
and cross-regional transportation, fundamentally addressing spatiotemporal mismatch challenges.
Moreover, the resulting products are highly compatible with existing refining, storage,
transportation, and utilization infrastructure, offering considerable industrial cost advantages and
enabling smooth fossil fuel substitution.

Notably, the energy conversion efficiency of this artificial synthesis pathway is projected to be 4—
10 times higher than natural photosynthesis, while water utilization efficiency improves by over
two orders of magnitude. This substantial advantage creates engineering possibilities for
establishing fossil fuel-independent energy systems in vast, water-scarce regions such as deserts
and the Gobi, indicating exceptionally broad development prospects.

To date, this pathway has achieved promising progress in laboratory research and preliminary
industrial demonstrations. However, realizing large-scale commercialization still requires
addressing several key challenges. Recent advances in catalyst engineering have significantly
improved CO:2 hydrogenation activity, selectivity, and stability[85-88]; however, maintaining
long-term catalytic performance under industrially relevant conditions while simultaneously
achieving high efficiency and economic viability remains an important challenge.

Beyond core technical hurdles related to rapid deoxygenation and precise catalysis, the sustainable
sourcing of CO: represents another critical challenge for carbon-cycle fuel synthesis. Although
DAC and CCUS technologies provide promising approaches for supplying carbon feedstocks,
their large-scale deployment may introduce additional energy consumption, water requirements,
material demands, and economic burdens, which should be carefully considered to ensure net
carbon benefits. Integrating CO2 capture processes with renewable energy, developing low-energy
and recyclable capture materials, utilizing low-carbon process heat, and conducting
comprehensive life-cycle assessments will be essential for minimizing these potential
environmental impacts. Together, these strategies will be critical for realizing truly sustainable
carbon-cycle fuel systems by ensuring efficient carbon recycling and minimizing environmental
burdens across the entire energy conversion pathway.

Translating these technological advances into industrial deployment will also require supportive
policy frameworks and market mechanisms. Global carbon neutrality initiatives are increasingly
creating favorable conditions for low-carbon fuel deployment. For example, global initiatives
including the European Union’s ReFuelEU Aviation Regulation, the United States Sustainable
Aviation Fuel Grand Challenge and clean fuel incentives under the Inflation Reduction Act, as
well as China’s carbon neutrality strategy and emerging sustainable aviation fuel development
initiatives, are creating supportive policy environments for the deployment of low-carbon and
synthetic fuels. Continued alignment between technological innovation, carbon markets, and fuel
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policies will be critical for enabling large-scale carbon recycling and accelerating the transition
from fossil-based fuels toward sustainable carbon-cycle energy systems.

Despite these challenges, this pathway represents a pivotal direction for fundamentally resolving
renewable energy's spatiotemporal mismatch and achieving complete fossil fuel substitution.
Technological breakthroughs and engineering progress in this area are expected to profoundly
impact the global transition toward carbon-neutral energy systems.
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