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Abstract

Industrial decarbonization is widely regarded as one of the most difficult and costly challenges,
or “hard-to-abate”, in achieving net-zero emissions. Recently in Joule, Dai and colleagues
demonstrated accelerated decarbonization pathways at lower costs for China’s industrial
sector. Here we argue that coordinated, system-wide transitions can accelerate learning, lower

costs, strengthen competitiveness, and offer implications for global industrial decarbonization.
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Main Text

Industrial decarbonization is increasingly recognized as one of the persistent challenges of the
global energy transition. While remarkable progress has been made in accelerating the deployment
of renewable energy technologies and decarbonizing electricity systems, emissions from heavy
industry, including steel, aluminum, cement, chemicals, and other energy-intensive sectors, remain
stubbornly difficult to eliminate (Bashmakov et al., 2022). These sectors account for roughly a
quarter of global energy-related carbon dioxide emissions and are deeply embedded in modern
economies through long-lived capital assets, complex supply chains, and process emissions that
cannot be addressed through fuel switching alone (Gailani et al., 2024).

As governments and industries pursue pathways toward net-zero emissions, industrial emis-
sions are often portrayed as the “hard-to-abate” (Meng et al., 2025) sectors of climate mitigation:
technologically challenging, capital intensive, and inevitably expensive. Against this backdrop, a
recent study by Dai and colleagues in joule demonstrates that accelerated industrial decarboniza-
tion may save costs (Liu et al., 2026). Through a system-wide assessment of China’s five major
industrial sectors, which captures interactions across multiple industrial subsectors and energy
carriers using IMED|TEC (Integrated Model of Energy, Environment and Economy for Sustainable
Development | Technology Evaluation and Choice) model, the study assesses how technology
choices, deployment timing, and infrastructure development jointly shape long-term outcomes.

The results show that faster transitions can reduce cumulative system costs from 2020 to 2060
by approximately 8% (saving USD 1.8 trillion) while preserving 10-20% of the remaining 1.5°C
global carbon budget constraints. Their findings challenge the conventional view that deeper and
faster decarbonization necessarily entails economic burdens. By avoiding delayed transitions that
require more abrupt and expensive structural changes later, accelerated deployment of low-carbon
technologies can lower cumulative system costs. Ultimately, the cost of decarbonization depends

not only on where emissions ultimately end up, but also on how they get there (Figure 1).


https://doi.org/10.1016/j.oneear.2026.101784

He and Lin (2026), doi: 10.1016/j.oneear.2026.101784

A.Two Decarbonization Pathways B. Cost Dynamics: Marginal Abatement Cost Over Time

Delayed Transition Accelerated Transition Accelerated pathways require more investment upfront
but achieve lower costs in the long run through learning and coordination.
Delayed @ Early Delayed
deployment deployment Transition
v v - Delayed Transition
- Marginal Costs escalate
[ Fossil lock-in Technology Abatement —— Accelerated Transition due to lock-in,
learning Cost bottlenecks, and
) ) ($/tC0) compressed
transition
Late infrastructure Afﬁ* Infrastructure Accelerated
build-out = coordination ) celera
Higher upfront Transition
¥ investment
Compressed Transition Industrial
f /A pr pathway h ecosystem
transition shapes
fut development
ure
v costs v
q 7 Lower
/a Higher cumulative AN .
M| bt  cost Iz cumuative .
abstementicosts abatement costs Early Years Middle Years Later Years ime
(Investment (Deployment & (High Abatement
Phase) Leaming Phase) Phase)

C. Outcomes of Accelerated Pathways

Faster Emissions Lower Cumulative Greater System ﬁ@(q\ Stronger Economic
Reductions System Costs Resilience “ “ Opportunities
Reduce cumulative Lower marginal abatement Coordinated infrastructure @fﬁ\@i\@ Jobs, competitiveness,
emissions and costs lead to lower total and supply chains reduce and innovation drive

overshoot risk. transition costs. wvulnerability. long-term growth.

Figure 1: Why Faster Can Be Cheaper: Cost Dynamics of Accelerated Industrial Decarbonization

Note: A) Comparisons between two transition pathways. Delayed transition can lead to fossil lock-in,
infrastructure bottlenecks, and compressed deployment schedules that increase cumulative abatement costs.
Accelerated deployment enables technology learning, infrastructure coordination, and industrial ecosystem
development that lower mitigation costs over time. B) Conceptual evolution of marginal abatement costs
under the two pathways. Although accelerated pathways may require greater upfront investment, they
can reduce long-term costs through learning-by-doing, economies of scale, and coordinated infrastructure
expansion. C) Broader system benefits, including faster emissions reductions, lower cumulative transition
costs, greater resilience, and stronger economic opportunities.

Rather than viewing industrial decarbonization as a collection of isolated technology substitu-
tions, the authors frame it as a coordinated system transformation involving energy, infrastructure,
industry, and policy. This perspective has implications well beyond China and raises a fundamental
question for policymakers and industrial stakeholders worldwide: Are hard-to-abate sectors
inherently expensive to decarbonize, or have we been underestimating the value of coordinated

action and early investment and deployment?

Why Faster Could Be Cheaper

At first glance, the idea that accelerated decarbonization could reduce costs appears counterin-

tuitive. Faster transitions typically require larger upfront investments, more rapid technology
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deployment, and significant infrastructure expansion. Yet several mechanisms help explain why
earlier action can produce lower cumulative costs. Those mechanisms have been observed in the
power sector (He et al., 2020), and are now revealed in the industry sectors.

One primary mechanism is endogenous technological learning. Historical experience across
clean energy technologies has consistently demonstrated that costs decline as production and
deployment scales. Solar photovoltaics provide perhaps the most prominent example. Global
solar costs have fallen by more than 90% over the past decade, driven largely by manufacturing
scale, innovation, and globalized supply-chains (Nemet, 2026). Similar dynamics are emerging for
electrolyzers, batteries, hydrogen-based direct reduced iron (H2-DRI), and other breakthrough
technologies expected to play critical roles in industrial decarbonization. By accelerating deploy-
ment, countries can move technologies down learning curves more rapidly, significantly reducing
capital costs for future investments. The Joule study highlights that early policy support can
bring emerging technologies to cost parity with conventional processes years ahead of schedule,
ensuring that by 2060, over 88% of annual emission reductions can be delivered by technologies
costing less than 200 USD per ton of CO2.

China has been particularly influential in driving these cost reductions. Previous studies
showed that globalized supply chains supported by large-scale manufacturing expansion and
deployment contributed substantially to the decline in solar photovoltaic costs, saving installation
costs worldwide and creating climate and health co-benefits (Helveston et al., 2022; Qiu et al.,
2025). The same logic now extends to industrial decarbonization: by scaling up production of
electrolyzers, electric arc furnaces, and other breakthrough equipment, China’s manufacturing
ecosystem can accelerate learning and compress the timeline to cost competitiveness for the global
market (Meng et al., 2025).

A second mechanism involves avoiding stranded assets and carbon lock-in (van der Ploeg and
Rezai, 2020). Industrial facilities often operate for several decades. Delayed decarbonization risks
locking economies into carbon-intensive infrastructure that either continues emitting for years or

requires premature retirement. Both outcomes impose significant economic penalties. The Joule
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study identifies the 2035-2040 period as a critical window for China; missing this window sharply
increases reliance on costlier end-of-pipe options like CCUS. Accelerated decarbonization can
prevent these lock-in effects and reduce the need for disruptive transitions later.

A third mechanism arises from systems integration (Davis et al., 2018). Industrial decarbon-
ization depends not only on industrial technologies themselves but also on electricity systems,
hydrogen production, and carbon transport networks. Coordinated planning can unlock synergies
that are unavailable when sectors develop independently. For example, expanding renewable elec-
tricity capacity simultaneously supports industrial electrification and green hydrogen production.
The Joule study projects that industrial electricity demand alone could reach approximately 4,300
TWh, and green hydrogen demand could reach approximately 66 Mt by mid-century. Shared

infrastructure for carbon transport and storage can reduce costs across multiple industries.

What Applies Globally, and What Does Not

China occupies a unique position in the global industrial transition. It produces more steel, cement,
chemicals, and clean energy technologies than all other countries combined and its industry alone
accounts for about 20% of global energy-related carbon emissions. At the same time, it possesses
an unparalleled capacity to deploy infrastructure at scale and mobilize coordinated industrial
policies.

These characteristics make China an important demonstration for exploring industrial de-
carbonization pathways. The country’s extensive and intensive manufacturing capacity creates
opportunities for rapid learning and cost reductions. Strong industrial supply chains facilitate
deployment of emerging technologies. Intense regional and domestic competition ensures the
survival of capable market players. Long-term planning frameworks enable coordination across
sectors.

Several insights from the study are broadly applicable across countries.

First, industrial decarbonization requires integrated planning across energy and industrial

systems. Decisions regarding power generation, hydrogen production, industrial investments, and
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transport infrastructure are increasingly interconnected. Treating these domains separately risks
creating bottlenecks and inefficiencies.

Second, early investment matters. Delaying action may appear economically attractive in the
short term, but it can increase long-term costs by locking in carbon-intensive assets and slowing
technological learning thus ceding industrial competitiveness in the future.

Third, policy coordination is essential. Industrial decarbonization cannot be achieved through
carbon pricing alone. It requires coordinated policies supporting innovation, infrastructure,
deployment, workforce transition, and market creation.

Fourth, global supply chains remain critical. The dramatic cost declines observed in renewable
energy technologies demonstrate the value of international specialization, trade, and technology
diffusion. Emerging industrial decarbonization technologies may benefit from similar dynamics.

However, China should not be viewed as a universal template, as many important factors and
conditions differ across regions. For example, institutional capacity varies substantially between
countries. Access to affordable capital remains a major barrier in many emerging economies.
Resource endowments influence the competitiveness of renewable electricity, hydrogen production,
and carbon storage opportunities. Geopolitical tensions and trade disputes increasingly shape
technology flows and supply-chain structures.

Consequently, the pace and configuration of industrial transitions will inevitably differ across
countries. The challenge for policymakers elsewhere is not to replicate China’s approach directly,
but to identify which lessons are transferable and which depend on context-specific conditions.
Successful strategies must account for local conditions while drawing upon broader system-level

insights.

Remaining Questions and Looking Ahead

Dai and colleagues offer a different perspective, suggesting that the design of decarbonization
pathways, not simply the stringency of climate targets, plays a decisive role in determining costs.

Despite important insights and implications, substantial uncertainties remain.
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Technology uncertainty persists. The future costs and performance of hydrogen, CCUS, long-
duration energy storage, and industrial electrification technologies remain uncertain. Demand
trajectories, geopolitical developments, and trade policies may further alter optimal pathways.

One key challenge concerns governance. How can the system coordination envisioned in
the study be achieved in mixed and diverse markets where investment decisions are distributed
among numerous actors? Identifying institutional mechanisms that align diverse incentives with
system-wide objectives remains a major challenge.

Infrastructure development presents another challenge. Large-scale deployment of hydrogen
networks, carbon transport systems, and expanded transmission infrastructure will require
significant planning, permitting, and public acceptance. Delays in these enabling systems could
slow industrial transitions even when technologies are commercially available.

Finally, industrial decarbonization has important social dimensions. The distribution of costs,
benefits, socio-economic impacts, and competitiveness outcomes will influence political feasibility.
Ensuring that industrial transitions are both effective and equitable remains an essential task.

China’s experience, as discussed, should not be interpreted as a universal blueprint. Rather,
it serves as a proof of concept demonstrating that accelerated industrial decarbonization can be
technically feasible and economically viable when approached as a coordinated system transform-
ation. The challenge is to translate these insights into diverse national contexts while maintaining
the benefits of global cooperation.

Achieving this goal will require deeper collaboration across countries, sectors, and institutions.
Engineers, economists, policymakers, infrastructure planners, and industry leaders must work
together to align technology development, policy and market design, and deployment strategies.
As the global community enters the most difficult phase of decarbonization, the central question
may no longer be whether hard-to-abate sectors can be transformed, but how quickly societies

can organize themselves to make that transformation as fast as possible at manageable costs.
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