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Coal’s Electrochemical Second Act - Al-Accelerated Direct
Carbon Fuel Cells and the 2026 Energy Security Shock

Paul Brook, 29 April 2026
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The Iran-US conflict and the resulting 2026 energy crisis have exposed a structural vulnerability
many policymakers assumed was behind us: the belief that rapidly scaled renewables and flexible
gas capacity alone could underwrite global energy security while legacy coal capacity was retired
on a fixed decarbonization timetable. Price spikes, supply interruptions, and emergency
life-extensions of aging thermal plants have instead revealed that dispatchable, fuel-secure
baseload remains a strategic asset, not an anachronism. Against this backdrop, a new class of
coal-based electrochemical technologies deserves to be reassessed on technical rather than
ideological grounds.

Zero-carbon-emission direct coal fuel cells (ZC-DCFCs) and related direct carbon fuel cell (DCFC)
architectures reframe coal not as a fuel to be burned, but as a high-energy-density solid feedstock
for electrochemical conversion with inherently higher efficiency and tightly controlled carbon
handling. Coupled with rapid advances in Al-driven materials discovery, stack design, and process
optimization, they offer a credible medium- to long-term pathway to transform stranded coal
resources into low-carbon, security-enhancing baseload capacity. The question is no longer
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whether coal will return in its old form—it should not—but whether we are prepared to develop and
deploy technologies that can turn an existing, politically sensitive resource into part of a resilient,
decarbonizing system.

At the forefront of this re-evaluation is the ZC-DCFC work led by Professor Xie Heping at Shenzhen
University under the Chinese Academy of Sciences. Instead of burning coal to produce steam and
drive turbines, these systems convert coal’s chemical energy directly into electricity through
electrochemical oxidation. In the ZC-DCFC concept, coal is pulverized, dried, purified, and
surface-treated to enhance reactivity, then introduced into the anode compartment of a
high-temperature fuel cell, while oxygen (or oxygen-enriched air) is supplied at the cathode. Inside
the cell, coal particles are oxidized across an ion-conducting membrane, generating electron flow
through an external circuit and producing electric power on the spot.

Because the primary energy conversion step is electrochemical rather than thermomechanical, the
theoretical efficiency is not bound by the same Carnot constraints that limit the steam cycles of
conventional coal plants, which struggle to exceed roughly 40% net electrical efficiency under real
operating conditions. Downstream of the anode, the product stream is a concentrated mixture of
CO, (and possibly CO), at elevated temperature and pressure, that can be directed into chemical
synthesis (for example, syngas and derivative fuels), reacted into stable mineral forms such as
bicarbonates or carbonates, or compressed for pipeline transport and geological storage. In
principle, this architecture offers higher potential efficiency, inherently concentrated CO,, streams,
and the replacement of large boilers and turbines with modular electrochemical stacks.

Since 2018, Xie’s group and other teams working on DCFCs have incrementally addressed the
long-standing obstacles that kept direct carbon fuel cells in the realm of laboratory curiosity:
electrode and electrolyte degradation at high temperature, ash and mineral-matter management,
fuel-feed complexity for heterogeneous solids, and the difficulty of achieving sustained high power
density with acceptable cost per kilowatt. Recent ZC-DCFC designs claim improvements in stack
scalability, long-term stability, and carbon conversion efficiency. More ambitiously, a major Chinese
national project launched in 2025 targets in-situ deployment in deep coal seams—on the order of
two kilometres underground—so that coal can be converted to electricity where it lies, with only
power exported to the surface.

The implications of deep in-situ conversion are profound, especially when viewed through the lens
of the 2026 crisis. Traditional coal utilization depends on extensive surface infrastructure: mines or
pits, haulage systems, bulk transport by rail or barge, stockyards, and large surface power stations.
Each element is capital-intensive, environmentally disruptive, and often politically contested. An
in-situ electrochemical model replaces much of this with subsurface fuel-cell modules accessed
via wells or shafts, analogous in some respects to underground coal gasification (UCG) but with a
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fundamentally different conversion mechanism. Instead of creating a high-temperature gasification
cavity and producing syngas to the surface, ZC-DCFC-type systems aim to oxidize carbon
electrochemically in place, exporting only electricity via cables.

Such an approach offers a set of strategic advantages. Surface footprints can be dramatically
reduced, limiting new disturbance and easing permitting constraints. Dependence on long,
vulnerable coal transport corridors—rail lines, ports, shipping routes that can be disrupted in
conflict or by sanctions—is diminished, because coal never leaves the seam. Concentrated CO,
streams can potentially be processed and stored within the same geological complex, reducing the
need to site controversial surface capture and storage infrastructure in populated areas. Deeper
seams that are uneconomic or geotechnically challenging to mine conventionally become
accessible as in-situ fuel reservoirs. For coal-rich regions with existing grid connections and
workforce capacity—Appalachia, the Powder River Basin, parts of Central and Eastern Europe, India,
China, and beyond—this turns what is currently treated as a static liability into an option on firm,
domestically sourced, lower-carbon power.

The obvious rebuttal is that DCFCs, including ZC-DCFC variants, have been “the technology of the
future” for decades. The challenges are well known: thermo-mechanical and chemical degradation
of cell components in hot, ash-laden environments; the complexity of feeding heterogeneous solid
fuels; managing char and slag; and scaling from neat laboratory cells to megawatt-scale stacks with
multi-year durability. The energy community has heard 10-20-year commercialization timelines
before. What makes the current moment differentis notjust geopolitical pressure, but the pervasive
integration of artificial intelligence across every phase of materials and systems engineering.

In materials discovery, machine-learning models trained on large experimental and computational
datasets can propose new electrolyte chemistries, electrode compositions, and protective
coatings with targeted combinations of ionic conductivity, redox stability, ash tolerance, thermal
expansion compatibility, and manufacturability. Generative models analogous to those used in
protein and catalyst design are being adapted to crystalline and amorphous materials, enabling
rapid screening of candidates that would have been prohibitively slow to identify in traditional lab
programs. In stack and cell architecture, multi-physics simulations of heat, mass, charge transport,
and mechanical stress are being wrapped in Al-based surrogate models, enabling exploration of
channel geometries, flow fields, and current collector designs across vast design spaces, with
reinforcement-learning and optimization algorithms homing in on configurations that balance
performance, manufacturability, and robustness.

Operationally, Al-enabled control systems can manage temperature gradients, fuel distribution,
and load-following behaviour in real time, mitigating degradation drivers such as thermal cycling,
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local hot spots, or carbon deposition. Predictive maintenance models, trained on high-frequency
sensor data, can anticipate failure modes and guide intervention timing, improving lifetime and
availability. At the system level, integrated techno-economic frameworks can co-optimize plant
design, supply chains, CO, utilization or storage pathways, and grid dispatch strategies under
uncertain price, policy, and demand trajectories. For in-situ configurations, Al-assisted
geomechanical and reservoir simulations can inform well placement, module density, and CO,
handling designs tailored to local geology and regulatory constraints.

The net effect is a compression of the R&D and scale-up cycle. Where past generations of fuel-cell
development required multiple decades of expensive trial-and-error, Al-augmented workflows can
iterate more rapidly and cheaply. In the context of the 2026 shock, that difference in timescale
matters. Strategic planners cannot wait half a century for a new class of firm-power technologies to
mature. But a 10-15-year horizon—with meaningful pilots in the next 5-10 years—fits within the
planning cycles of utilities, grid operators, and national energy strategies that are already being
rewritten in light of recent events.

ZC-DCFCs also sit within a broader ecosystem of coal-related technologies aimed at similar
objectives: higher efficiency, lower emissions, and preserved or enhanced system flexibility. Direct
carbon fuel cells more generally—including solid oxide DCFCs and molten carbonate DCFCs—
have demonstrated high theoretical efficiencies, often targeting 60-80% fuel-to-electricity
conversion under idealized conditions, and have made progress on ash handling, reaction kinetics,
and fuel preprocessing at the kilowatt scale. Molten carbonate fuel cells (MCFCs), already deployed
commercially on natural gas and other fuels, can be integrated with coal plants to generate
additional power while concentrating up to a large fraction of flue-gas CO,, effectively turning
capture into a co-generation opportunity rather than a pure parasitic load.

Underground coal gasification offers another complementary pathway, thermochemically
converting coal in situ into syngas for power, hydrogen, or chemical production. Historically, UCG
has faced serious challenges around cavity control, groundwater protection, and environmental
monitoring, but recent pilots supported by improved geophysical imaging and Al-assisted reservoir
modelling are revisiting those challenges with better tools. Integrated Gasification Combined Cycle
(IGCC) plants, meanwhile, convert coal into syngas, clean it of impurities, and feed high-efficiency
gas turbines and steam cycles; when combined with carbon capture and storage, IGCC offers a
relatively mature, if capital-intensive, route to lower-carbon coal-based power. Viewed together,
these technologies define a continuum from combustion-based systems with advanced capture,
through thermochemical in-situ conversion, to direct electrochemical conversion. Al-accelerated
innovation is relevant along the entire continuum, not solely at the fuel-cell end.
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What the 2026 energy crisis has driven home is that climate policy and energy security are joint
constraints, not sequential stages. In many advanced economies, the dominant narrative of the
pastdecade held that coal must be driven out of power generation on an accelerated schedule, with
gas and renewables filling the gap. That narrative is now colliding with realities: volatile and
concentrated gas markets, where pipelines and LNG supply chains can be weaponized; renewable
fleets whose variability and seasonal patterns demand substantial backup capacity or storage to
maintain reliability; and accelerating demand growth from electrification, re-industrialization, and
Al/data-centre loads that make firm, dispatchable capacity more valuable, not less.

Under these conditions, domestic coal resources—even if never again burned in legacy boilers—
take on renewed strategic significance. The relevant question is no longer “Should coal be used?”
in a binary sense, but “Under what technological, environmental, and economic constraints can
coal be converted into low-carbon, security-enhancing power?” ZC-DCFCs and related
technologies answer that question by transforming the coal proposition: from bulk commodity to
high-energy-density feedstock for electrochemical and gasification systems; from high-emission
incumbent to candidate for performance-based low-carbon classification, provided stringent
lifecycle metrics are met; from stranded asset to option on future firm capacity contingent on
successful R&D and demonstration.

For policymakers and industry decision-makers, this implies several shifts. First, regulation should
evolve from fuel-based to performance-based frameworks: what matters is emissions per
megawatt-hour, local environmental impact, and reliability contribution, not the historical identity
of the fuel. A ZC-DCFC facility with near-zero direct emissions and high efficiency should, in
principle, qualify for the same support mechanisms as other low-carbon assets, including tax
credits for carbon capture and clean power, so long as lifecycle performance is verified. Second,
energy-transition strategies should treat legacy coal regions and infrastructure not only as liabilities
to be remediated, but as potential platforms for advanced conversion technologies that can
support a “just transition” in practice: preserving skilled employment, leveraging existing grid
connections and rights-of-way, and reducing the need for entirely new infrastructure elsewhere.

Third, capital allocators—utilities, independent power producers, infrastructure funds, and
sovereign entities—should recognize the option value embedded in coal resources. If ZC-DCFCs,
DCFCs, MCFC retrofits, and UCG/IGCC hybrids reach commercial viability sooner than
conventional timelines suggest, thanks in part to Al-driven acceleration, the prevailing assumption
that most coal reserves will remain permanently stranded may prove too conservative. That does
not mean indiscriminate investmentin any project labelled “clean coal,” butrather targeted support
for R&D, pilots, and early-stage demonstrations that can clarify which configurations are technically
and economically robust.
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None of this obviates the challenges. Full lifecycle emissions accounting—including upstream
activities, materials, and end-of-life handling—will be essential. Ash and impurity management in
high-temperature electrochemical systems remains non-trivial. Long-term durability under harsh
subsurface and thermal conditions must be proven, not assumed. And any advanced coal-based
technology must ultimately compete with an evolving cost curve for renewables, storage, nuclear,
and demand-side flexibility. Scepticism rooted in past experience is understandable. What is no
longer defensible, after the 2026 wake-up call, is ignoring the possibility that coal can be
re-engineered into a low-carbon, firm resource using tools that did not exist when previous
judgments were made.

Energy transitions are not morality plays; they are large-scale engineering and capital-allocation
problems conducted under political, social, and security constraints. As Al simultaneously drives
up electricity demand and accelerates innovation in materials and systems, it makes little sense to
declare one of the world’s largest energy resources permanently off-limits, regardless of how
cleanly it might be used. Zero-carbon-emission direct coal fuel cells, supported by Al-accelerated
innovation and complemented by a portfolio of advanced coal-conversion technologies, offer one
of the few pathways that speaks directly to deep emissions reduction, domestic fuel security, and
the productive reuse of stranded assets and infrastructure.

The technology is notready to deploy at scale today, and not every concept will survive contact with
economic and operational reality. But the appropriate response to the 2026 crisis is not to retreat
from climate ambition; it is to expand the set of tools capable of delivering it. Treating ZC-DCFCs
and their kin as serious candidates for that toolbox—backed by rigorous science, transparent
demonstration, and performance-based policy—is a pragmatic step toward an energy system that
is both cleaner and more secure.
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