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Economic and sustainable revolution to
facilitate one-carbon biomanufacturing

Chenyue Zhang 1,6, Qiang Fei 1,6 , Rongzhan Fu2, Maximilian Lackner3,
Yongjin J. Zhou 4 & Tianwei Tan 5

One-carbon (C1) biomanufacturing serves as a substitute for fossil-based
feedstocks, aiming to de-fossilize chemical production and foster a circular
carbon economyby recyclingwaste greenhouse gases. Here,we review the key
economic and technical barriers associated with the commercialization of C1
biomanufacturing through case studies. Additionally, a viable roadmap to
enhance cost competitiveness is unveiled, underscoring its potential to facil-
itate carbon neutrality as scalable and sustainable alternatives to traditional
chemical production.

The historical development of chemical engineering has been funda-
mental to industrial advancement. Pioneering chemical engineers
significantly advanced the field by founding large-scale chemical
facilities. These plants have grown essential in several sectors of
society, acting as a foundational element of the industry. They have
facilitated the commercial manufacture of a diverse range of chemi-
cals, materials, and products that are vital for modern society1. How-
ever, the current chemical production processes rely heavily on fossil
resources, resulting in a surge of carbon dioxide (CO2) emissions and
resource depletion2. The global economy is connected by fossil fuels,
operating under a linear model: from extraction to production, fol-
lowed by consumption, and ultimately disposal (Fig. 1). In light of
growing environmental awareness, it is imperative to pursue alter-
native circular pathways for a smoother transition from traditional
petroleum-based processes to renewable and sustainable routes that
can yield the same products. A strategic shift towards recycling of
wastes, notably one-carbon (C1) feedstocks, can pave the way for bio-
based chemical production, supporting the de-fossilization of chemi-
cal processes and enhancing production safety3.

Biomanufacturing utilizes biological systems, including microbes
and enzymes, to produce valuable compounds, presenting the
potential to substitute fossil-derived chemicals and materials with
renewable and drop-in alternatives, while simultaneously sequestering
carbon. C1 substrates have emerged as preferred feedstocks in the
biomanufacturing sector, gaining attention for their natural abun-
dance, cost-effectiveness, and potential to reduce the impacts of cli-
mate change, particularly when accessed as industrial by-products4.

This shift represents a promising strategy for achieving sustainable
and eco-friendly chemical production, as shown in Fig. 1. A sustainable
system employing C1 resources can be integrated into circular pro-
cesses with minimal waste. The formation of a circular bioeconomy
reliant on C1 feedstocks requires the development of entirely novel
industrial processes. However, the implementation of C1 resource
upcycling technologies is currently limited to laboratory or pilot
scales, hampered by various techno-economic challenges5. Addressing
these barriers requires the development of sustainable, cost-effective
solutions along with collaboration among key stakeholders6.

To effectively design a sustainable and economically viable future
based on the upcycling of C1 resources, it is essential to focus on two
primary objectives (Fig. 1): (1) identifying and addressing the techno-
economic driving forces that hinder the industrialization of bioma-
nufacturing from C1 substrates; and (2) developing strategies to miti-
gate the environmental risks associated with this technological
transition.

Feedstock resources
C1 feedstocks, which primarily include CO2, carbon monoxide (CO),
methane (CH4), and methanol (CH3OH), play a crucial role as carbon
substrates in biomanufacturing7. Third-generation (3G) biomanu-
facturing focuses on converting atmospheric CO2 and renewable
energy sources, such as waste streams and solar power, into valuable
products. For example, CH3OH can be electrochemically produced
from CO2 using renewable energy, while CO can be harvested from
syngas derived fromwaste gases, like those from steel mill. Nature has
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evolved numerous complex mechanisms for C1 bio-fixation, with
numerous established andproposed pathways8,9. C1 biomanufacturing
harnesses these feedstocks through the utilization of natural or
genetically engineered microorganisms to create valuable chemicals,
fuels, and materials. The typical process for C1 biomanufacturing, as
illustrated in Fig. 2a, involves various stages including feedstock pre-
treatment, bioconversion or electro-bio-conversion, product separa-
tion, and waste management10.

Recent advancements in metabolic engineering, synthetic biol-
ogy, and fermentation technologies are enhancing the feasibility of C1
biomanufacturing on larger scales11,12. Efforts have been dedicated to
transition these processes from laboratory researches to pilot and
ultimately industrial applications13. Achieving this goal requires the
implementation of techno-economic analysis (TEA) and life cycle
assessment (LCA) to evaluate the technical, economic, and environ-
mental aspects associated with the development of novel technolo-
gies. As outlined in Fig. 2b, we developed a systematic workflow for
synthesizing desired products from C1 feedstocks, integrating
advanced analytical tools and computational models. This framework
is further validatedby robust TEA and LCAcase studies,which evaluate
the feasibility and environmental impact (Supplementary Meth-
ods 1–3). To enable scalable commercialization, C1 biomanufacturing
will advance through iterative experimental validation phases. Each
phase incorporates TEA and LCA grounded in the nth-plant concept14,
ensuring economic viability and sustainability at industrial scale. This
study not only highlights the potential of C1 biomanufacturing but also
serves as a framework for guiding future research and
commercialization.

Economic barriers to industrialization
To assess and evaluate C1 biomanufacturing for producing platform
chemicals and to identify the principal economic obstacles to indus-
trialization, we selected established C1 biomanufacturing case studies
and conducted a comprehensive TEA and LCA, as depicted in Fig. 2b.

3-hydroxypropionic acid (3-HP) is a significant building block and
platform chemical, functioning as a valuable monomer and precursor
for bioplastic synthesis15,16. Numerous microbiological strains have
exhibited the capacity to synthesis 3-HP17,18, prompting several cor-
porations to develop pilot facilities for its production; however,
commercialization has not yet been realized15. The potential cost-
effectiveness and environmental benefits of bio-based 3-HP synthesis
make its practical implementation highly anticipated. Hence, we pro-
pose two sustainable synthesis routes for producing 3-HP from C1
feedstocks (Fig. 3): (1) a two-stage biological system utilizing steel mill
off-gas17, and (2) an integrated hybrid approach combining electro-
chemical conversion of atmosphericCO2 tomethanolwith subsequent
microbial conversion to 3-HP18 (Supplementary Figs. 1–3, Supplemen-
tary Tables 1–9, Supplementary Notes 1–2). The latter route employs
solar-driven renewable energy to power electricity-generating green
hydrogen, a key reactant for transforming CO2 into methanol. This
methanol then serves as the substrate for microbial biosynthesis of 3-
HP, establishing a fully renewable pathway19. Production parameters
for both routes are derived from validated laboratory or pilot-scale
data17–21, with detailed assumptions on yield, energy inputs, and costs
provided in Supplementary Tables 1 and 2.

Low carbon yield of C1 utilization
Despite noteworthy advancements in utilizing C1 feedstocks for bio-
manufacturing via engineered microorganisms or electrocatalyst
technologies, the overall carbon conversion rate remains inadequate
for meeting the techno-economic requirements essential for indus-
trialization. A number of reviews have thoroughly examined various
conversion technologies and provided examples for C1
valorization22–24. Our results derived from Aspen Plus, a widely recog-
nized process modelling software, demonstrate that the C1 feedstock-
to-chemical conversion efficiency for both bio-cascade and electro-
bio-cascade routes remains below 10% (Supplementary Fig. 4 and
Supplementary Note 3), relatively lower than the efficiency achieved

Fig. 1 | Transition from fossil-based chemical routes to circular one-carbon
(C1) biomanufacturing. Fossil-based chemical sectors follow a linear path
from resources to end of life, marked by fossil feedstocks, toxicity, and environ-
mental awareness. In contrast, circular C1 processes focus on low-toxicity,

recyclable, and sustainable practices. The transition to C1 involves identifying
economic parameters and reducing environmental risks, as depicted by the shift
from linear to circular processes.
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by conventional fossil-derived routes25. While C1 utilization offers
considerable potential, the challenges of low carbon yields must be
addressed for the successful transformation of traditional petroleum
refinery systems into 3G biomanufacturing.

From a techno-economic standpoint, the low carbon-to-product
yield in C1-to-chemical systems presents a major barrier to economic
viability. This issue leads to increased capital expenditures (CAPEX) by
requiring larger-scale infrastructure to offset productivity losses as
additional (Supplementary Figs. 2 and 3, Supplementary Note 4). For
example, the scale of sterilization infrastructure necessary for bior-
eactors and associated pipelines must expand proportionally to meet
the rising demand for increased bioreactor capacity driven by low
carbon yield. Moreover, limited carbon yields need a greater supply of
C1 raw materials to produce equivalent quantities of chemicals,

directly inflating total operating expenditures (OPEX). Economic ana-
lyses of converting C1 feedstocks into fuels or chemicals through
biological fermentation consistently underscore the need for sig-
nificant investment in bioreactors10,26–28, which represent the largest
expenditures in equipment and installation. For instance, the
fermentation-related equipment in our case study accounted for the
highest equipment costs in the production of acrylic acid from CO,
more than 92% (Supplementary Figs. 5 and 6, Supplementary
Tables 10 and 11, SupplementaryNote 5). The expenses associatedwith
fermentation systems are closely tied to the productivity of the target
product and the operational fermentation volume required. Optimiz-
ing the performance of cell factories to enhance carbon conversion
efficiency represents a promising avenue for improving yields and
minimizing costs related to bioreactor procurement26,29.

Fig. 2 | One-carbon (C1) industrial biomanufacturing with techno-economic
analysis (TEA) and life cycle assessment (LCA). a illustrates the process flow of
chemical production within a biomanufacturing setup with different sections of
pre-treatment, reaction, separation, and waste treatment, bounded by TEA and

LCA. b outlines the development stages from lab-scale experiments to commercial
scale-up, focusing on process design, economic viability evaluated by TEA, and
environmental impacts assessed through LCA. CAPEX capital expenditures, OPEX
operating expenditures.
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Variable and costly C1 feedstocks
Before advancing with the industrialization of C1 biomanufacturing, it
is crucial to assess the availability of feedstocks. In contrast to the
established supply chain for crude oil, C1 biomanufacturing encoun-
ters challenges due to the decentralized nature of C1 resources. A
thorough economic analysis is essential prior to scaling up operations
in order to address regional variations in availability and quantity
effectively. For instance, the production of stranded CH4 from various
industrial sources in the United States varies significantly, with was-
tewater treatment plants averaging less than one ton per day and
landfills averaging 31 tons per day10. The variations result in variable
market potentials for the same technology, driven by economies of
scale. Larger production capacities tend to be more cost-effective,
emphasizing that the variability in availability or composition of C1
feedstocks introduces greater economic risks compared to conven-
tional petrochemical refineries, which benefit from a centralized and
continuous supply chain.

In addition, the pricing of chemicals is sensitive to fluctuations in
rawmaterial costs, with fossil-based chemicals often following change
in the prices of their crude oil-derived precursors30,31. In traditional

biomanufacturing, the cost of raw materials, including sugar-based
feedstocks from the 1st generation and biomass-based feedstocks
from the 2nd generation, accounts for around 50%of the total OPEX of
a biomanufacturing32,33. Likewise, our research finds that the expense
of CO and CO2 feedstocks accounts for the predominant share
(exceeding 57%) ofOPEX (Supplementary Figs. 5 and6, Supplementary
Tables 12 and 13). The preceding discussion indicates that the
advancement of technology enabling the utilization of waste streams
as raw materials will enhance the economic viability of C1 biomanu-
facturing by providing a more cost-effective feedstock source34, such
as food waste26, municipal solid waste35,36, and biomass34,37.

Advancing forwards economic viability
The utilization of C1 feedstocks as carbon substrates for chemical
production holds significant potential for improving sustainability.
However, current investment priorities continue to favor conventional
petroleum refineries, which benefit from superior cost competitive-
ness, reliable material supply chains, and lower financial risks. Nowa-
days, chemicals derived from C1 feedstocks currently face a higher
minimum selling price than that of fossil-based alternatives

Fig. 3 | Comparative flowchart for producing acrylic acid from different one-
carbon (C1) feedstocks. Scenario 1 uses carbon monoxide (CO) to make acetic
acid, then producing 3-hydroxypropionic acid (3-HP) via fermentation. Scenario 2
utilizes carbon dioxide (CO2) and solar hydrogen (H2) to producemethanol, which

is bioconverted to 3-HP. Both employ the same purification process yielding high-
purity acrylic acid with considering wastewater treatment and utilities for efficient
operation. CHP combined heat and power.
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(Supplementary Fig. 7a and Supplementary Note 6). To overcome
these obstacles, we propose a roadmap to accelerate the transition
from lab-scale innovation to industrial-scale C1 biomanufacturing,
which structured around four strategic steps as detailed below (Fig. 4).

Technology advances to accelerate commercialization
Technological advancements aimed at improving carbon conversion
efficiency are critical for reducing both equipment and feedstock
costs, facilitating an accelerated shift from laboratory study to
industrial-scale application. A promising approach involves the
development of cell factories with industrial characteristics, con-
centrating on enhancing the efficiency of metabolic pathways and the
robustness of engineered strains as depicted in Supplementary
Figs. 7b, c. However, numerous challenges persist in improving carbon
conversion rates within synthetic biology. Notably, the effective inte-
gration of heterologous C1-utilization pathways into native systems is
essential38,39. Current limitations, such as inadequate acceptors,
cofactors, and enzymes, constrain the efficient use of feedstocks in
engineered strains40–43. Additionally, managing the tolerance of these
strains in the presence of toxic feedstocks and intermediates requires
attention44–46. Microorganisms should be capable of adapting rapid
changes in the environment of large bioreactors, which include ele-
vated levels of toxic products44. Besides, integrating the concept of
Industry 4.0, including artificial intelligence andmachine learning, into
C1 biomanufacturing is vital for advancing our understanding of
microbial cells and streamlining workflows for predicting optimized
strains47–49.

Building on the “liquid sunshine” concept, coupling electro-
catalysis with biocatalysis provides a practical way to enhance carbon
utilization efficiency, thereby increasing economic potential50. Our
TEA shows that electro-biocatalytic cascades could reduce production
costs by up to 39% compared to traditional bioprocesses (Supple-
mentary Fig. 7a and Supplementary Note 6). The potential for CO2-
based biomanufacturing is further amplified by advances in direct air
capture (DAC) technology. With commercial-scale DAC operations
entering the market, the sourcing cost of CO2 is expected to
decline51–53. Targeted R&D efforts focused on sorbent optimization,
energy demand reduction, and supporting policies will be crucial in
driving down costs51,54–56. In addition, developing new cathode mate-
rials, electrolytes, and modular reactor designs, along with gaining
mechanistic insights into reaction mechanisms, remains essential for
improving catalyst performance and product selectivity57,58.

Currently, the efficiency of microbial-based valorization pro-
cesses does not match the theoretical yields of traditional petroleum-
based alternatives22,59,60. For instance, in two different tandem systems
utilizing CO and electrocatalytically processed CO2, the production
yields of 3-HP are 0.21 g·g−1 and 0.23 g·g−1, corresponding to 21% and
25% of the theoretical yields, respectively (Supplementary
Tables 1 and 2). In contrast, sugar-based processes closely approach
their theoretical yields28,61. Our single-point sensitivity analysis (Sup-
plementary Fig. 7 and Supplementary Note 6) demonstrates that
increasing the CO-derived 3-HP yield from 0.21 g·g−1 to 0.35 g·g−1

reduces the minimum selling price from $6.09 kg−1 to $3.66 kg−1.
Similarly, elevating CO2-derived 3-HP yield from 0.23 g·g−1 to 0.29 g·g−1

Fig. 4 | Economic and environmental aspects of one-carbon (C1) biomanu-
facturing. Economic factors, shown in pink, include investment strategies, carbon
tax, collaboration, and technological advancements. Environmental considera-
tions, depicted in green, focus on achieving carbon-neutrality, managing

the redistribution of environmental impacts, and promoting low-carbon industrial
practices. Central to this is the goal of C1 biomanufacturing, which aims to balance
and manipulate these economic and environmental driving forces and concerns.
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decreases minimum selling price by 20%. These findings indicate that
higher yields can significantly improve the chances of successful
commercialization. Although the technologies explored thus far, along
with recent findings, remain a distance from our ideal targets, there is
strong optimism that continued advancements can help bridge this
gap in the near future.

Cooperate more for C1 feedstock supply stability
To improve the feedstock supply stability of C1 biomanufacturing and
overcome existing constraints, a key strategy is to encourage colla-
boration among stakeholders and research institutions to increase the
availability of carbon sources.While advancements in technology have
the potential to address issues concerning carbon conversion rates,
the inconsistency in the quantity and quality of C1 resources remains a
significant barrier to the effective implementation of C1 bioconversion
technologies. Gaining direct access to more affordable and reliable
carbon sources can help mitigate these challenges. Strengthening
partnerships between stakeholders and research institutions requires
three key components: feedstock supply, joint technology develop-
ment, and profit sharing. Industrial partners, particularly raw material
suppliers for C1 biomanufacturing, are essential for ensuring feedstock
reliability10. Academic andR&D institutions shoulddrive innovations in
process efficiency and carbon yield to advance industrial scalability.
Lastly, transparent profit-sharing mechanisms and non-financial
incentives are important to balance common interests. As technol-
ogy advances and productivity increases, the availability of carbon
resources will improve, which will attract more investment and create
a positive cycle, thus consequently accelerating the adoption of low-
carbon biomanufacturing platforms.

Strategic collaboration between investors and technology inno-
vators is essential for securing C1 feedstocks, such as syngas, mine gas,
abandoned petroleum-derived gas, and methane hydrates62–64. A
practical approach to maximize resource efficiency involves integrat-
ing underutilized streams from industry, agriculture, mining, and
urban waste management. Localized adaptation of these feedstocks,
particularly those discarded or scattered across regions, can stabilize
supply chains and improve the reliability of on-site conversion
technologies62–64. An example of this approach was developed by
Lanzatech, which leveraged anaerobic acetogens to transform syngas
into jet fuel65 and collaboratedwith China ShougangGroup Co. Ltd. on
a 10,000-ton commercial project in 2024 to biosynthesize ethanol
from steel mill gas, demonstrating a scalable model for industrial de-
fossilization. Besides, China’s “liquid sunshine” initiative, developed by
the Dalian Institute of Chemical Physics (Chinese Academy of Sci-
ences) and industrial partners, employs solarpower, water electrolysis,
and CO2-to-methanol catalysis to showcase renewable methanol pro-
duction, aligning with C1 biomanufacturing goals21. These successful
commercialization efforts underscore that addressing the sourcing
and availability challenges of C1 feedstocks through cooperation with
upstream industries can accelerate the industrialization of C1
biomanufacturing.

Leveraging carbon tax policies to raise income
Recent research in synthetic biology and fermentation engineering
indicates that C1 biomanufacturing is well-positioned to contribute to
carbon capture and sequestration66–68. For example, research indicates
that thephotoautotrophicmicrobes (suchasSynechococcus elongatus)
may convertCO2 into useful chemicals via biomanufacturing, resulting
in an overall reduction of −17.20 to −1219.03 tons CO2-equivalent to
produce 1 ton of end products69–71. Various studies have highlighted
the potential positive effects of carbon tax policies on the develop-
ment of biomanufacturing72–74. Under cap-and-trade systems, indus-
tries exceeding emissions limits need to purchase allowances, while
those operating below thresholds generate tradable credits through
carbon utilization initiatives75,76. This market-driven mechanism

enables cross-sector credit transfers, thereby enhancing the economic
viability of carbon-negative C1 biomanufacturing by turning revenue
streams for emission reductions.

The European Union’s Emission Trading System permits partici-
pating facilities to trade in CO2 allowances, with permit prices esca-
lating from €24 to over €100 per ton of CO2 between 2020 and 202372,
and the CO2 price is expected to rise rapidly in light of the imminent
worldwide de-fossilization objectives. The economic benefits of car-
bon pricing mechanisms are illustrated in Supplementary Fig. 8 and
Supplementary Note 7. As carbon credits increase from $0 to $1000
per ton, the break-even price of the final product decreases by more
than 22%, signifying considerable positive consequences. Hence, as C1
biomanufacturing improves its carbon conversion efficiency from
feedstocks to target products, the transition from laboratory research
to large-scale applications will gainmomentum due to the prospective
revenue from carbon tax policies. This progression underscores the
importance of supportive policy frameworks in realizing a sustainable
future for biomanufacturing.

Techno-economic analysis to decrease investment risks
In moving toward a viable industrial C1 biomanufacturing, it is neces-
sary to conduct a TEA to identify key factors that affect return on
investment. This analysis allows for adjustments to risk elements
during the early stages of project development, thereby facilitating the
incorporation of new technology into industrial production processes.
By pinpointing areas that require optimization or modification of
process parameters, TEA plays a crucial role in significantly reducing
investment risks77. One critical aspect of C1 biomanufacturing is the
variability of rawmaterials, including the supply volume, composition,
and cost. TEA can assess the influence of carbon source supply on
production investment. Through computational simulations, potential
risks can be identified and addressed before practical implementation,
enabling more informed decision-making regarding resource man-
agement (Supplementary Fig. 7). Additionally, TEA can assist in iden-
tifying the revenue-maximizing by-product obtained from the C1
biomanufacturing to reduce economic costs78–82. For example, cell
mass generated during fermentation can be marketed as single-cell
protein or transformed into fertilizer26. When determining the most
beneficial by-product to pursue, it is essential to consider not just its
market value but also the investment required for its treatment and
processing. Employing a TEA allows investors to effectively navigate
the downstream dimensions of the process and make informed choi-
ces that enhance value. By utilizing an “investment-return” framework,
stakeholders can better manage the economic variables intrinsic to C1
biomanufacturing operations, leading to more sustainable and prof-
itable practices in the industry.

Following the fundamental “investment-return” framework, the
integration of latest methodological advancements can make TEA
more precise. For example, integrating uncertainty analysis, such as
Monte Carlo methods77, could enable systematic assessment of para-
meter sensitivity and variability, thus improving the reliability of TEA
outcomes. Additionally, advanced data analysis techniques, like Pareto
curve analysis to identify the best balance between different perfor-
mance goals or targeted process optimization to maximize system
efficiency, could yield practical insights83. By adopting these tools, the
refined frameworkwouldelucidate complex relationships in scalingup
C1 biomanufacturing, supporting more informed strategic decision-
making.

Carbon footprint and environmental insights
C1 biomanufacturing holds promise for achieving carbon neutrality
and potentially becoming carbon-negative. Numerous prospective
chassis for chemical production from C1 feedstocks have been devel-
oped as viable options for carbon-neutral or even carbon-negative
biomanufacturing, such as Pichia pastoris (Komagataella phaffii)68,
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Cupriavidus necator84, Methylotuvimicrobium buryatense85, and Moor-
ella thermoacetica86. By permanently incorporating C1 feedstocks into
products, this approach could address global warming while creating
economicbenefits through carbon taxpolicies. Techniques suchasgas
fermentation and bio-electro conversion offer avenues for sequester-
ing anthropogenic carbon by capturing greenhouse gases (GHG) and
transforming them into valuable products, hence diminishing the
overall carbon footprint87. Our estimations also suggest that acrylic
acid production using C1 feedstocks could lead to a reduction of up to
3.09 tons of GHG emissions for every ton of acrylic acid produced,
compared to traditional fossil-based methods (Supplementary
Figs. 9 and 10, Supplementary Table 14, and Supplementary Note 8).
Overall, carbon-negative C1 biomanufacturing can reduce carbon
emissions by utilizing C1 rawmaterials for chemical production, hence
facilitating the transition of established industries to low-carbon
industrial chains.

The shift from traditional fossil-based production methods to
innovative recycling technologies that utilize waste C1 gases can lead
to a complex redistribution of environmental impacts. While this
transition may reduce risks in some areas, it could simultaneously
intensify challenges in others (Supplementary Table 14)88. LCA com-
paring C1-based products to their fossil-based counterparts provides a
substantial opportunity to mitigate carbon emissions. Nevertheless,
these assessments also reveal that some environmental effects may
surpass those associated with fossil alternatives. Therefore, it is
essential to carefully evaluate the sustainability of specific bio-based
chemicals during their development.

Conducting comprehensive LCA prior to the implementation of
novel technology is crucial for ensuring their safety, along with con-
sidering the entire value chain. For example, our analysis of DAC units
revealed that their reliance on natural gas significantly contributes to
fossil fuel depletion and emissions89,90. In light of these insights, there
is considerable promise in developing platform chemicals from CO2

using alternative, renewable energy sources. Harnessing solar, wind,
and geothermal energy could help mitigate environmental impacts,
potentially replacing or reducing the reliance on DAC units. This
alignment of innovative production methods with sustainable energy
sources presents an opportunity for a greener andmore economically
viable future in chemical production.

Outlook and perspectives
C1 biomanufacturing represents a revolutionary approach to sustain-
able chemical production. However, its commercial viability is cur-
rently hindered by ongoing technical, economic, and environmental
challenges. Continuous innovation in synthetic biology and electro-
catalysis will be crucial for addressing the current limitation of low
carbon conversion efficiency. Developing efficient cell factories and
improving electro-biocatalytic systems requires a comprehensive
investigation of metabolic pathways, enzyme engineering, and reac-
tion mechanisms. Furthermore, the establishment of stable C1 feed-
stock supply chains through cooperation between industries,
academia, and research institutions needs to break through geo-
graphical and resource limitations. This requires not only the devel-
opment of new technologies for feedstock utilization but also the
establishment of effective communication and cooperation mechan-
isms to ensure the stable supply of feedstocks and the sharing of
innovation benefits.

Moreover, the integration of C1 biomanufacturing into existing
industrial systems will bring new opportunities for industrial
upgrading and transformation, promoting the development of the
circular economy. The ongoing enhancement of carbon tax policies
and the creation of more favorable regulatory frameworks will be
pivotal in advancing C1 biomanufacturing. It is highly important to

enhance international collaboration in policy formulation, promote
the advancement and implementation of low-carbon and carbon-
negative technologies, and establish a more conducive market
environment for C1 biomanufacturing. By aligning technical
advancements with policy incentives and circular economy princi-
ples, stakeholders can accelerate the shift from laboratory innova-
tion to industrial application. These combined efforts will pave the
way for a sustainable chemical industry, balancing environmental
responsibility with economic needs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are includedwithin the paper
and its Supplementary Information files. A reporting summary for this
Article is available as a Supplementary Information file.
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