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Abstract

Industrial decarbonization requires technological pathways capable of reducing greenhouse-
gas emissions while maintaining the productivity, reliability and economic competitiveness
of modern manufacturing systems. Synthetic biology has emerged as a promising platform
for addressing this challenge by enabling the rational design, construction and optimisation of
biological systems for the conversion of renewable and waste resources into fuels, chemicals,
materials and other industrial products. Unlike conventional biotechnology, synthetic biology
increasingly combines genetic engineering, computational modelling, metabolic engineering,
automation and systems biology to create programmable biological production platforms.
This paper examines the potential of synthetic biology for industrial decarbonization,
focusing on engineered metabolic pathways, microbial cell factories, carbon-efficient
feedstocks, biological carbon utilisation, precision fermentation and bio-based materials. A
conceptual framework is proposed in which carbon sources, engineered biological pathways,
computational optimisation, bioprocess engineering and lifecycle assessment are integrated
into a closed-loop industrial system. Applications in sustainable chemicals, biofuels,
polymers, construction materials, food production and carbon capture and utilisation are
discussed. The paper also evaluates major challenges, including metabolic burden, feedstock
availability, process scale-up, energy requirements, downstream processing, biosafety,
economic competitiveness and lifecycle emissions. The analysis suggests that synthetic
biology can contribute significantly to industrial decarbonization when biological production
systems are designed around carbon efficiency, renewable energy integration, low-impact
feedstocks and whole-system lifecycle performance. Future progress will depend on
combining synthetic biology with artificial intelligence, automated biofoundries, advanced
fermentation, carbon capture technologies and circular manufacturing systems.

Keywords: Synthetic Biology, Industrial Decarbonization, Metabolic Engineering, Carbon Utilisation,
Sustainable Manufacturing, Bioeconomy, Precision Fermentation, Microbial Cell Factories, Carbon
Capture, Circular Economy.
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1. Introduction
Industrial production is responsible for a substantial share of global greenhouse-gas

emissions.

Major emission-intensive sectors include:
e Chemicals.

o Cement.

e Steel.

e Petrochemicals.

e Plastics.

« Transportation fuels.

« Food processing.

e Pulp and paper.

Many industrial processes depend on fossil carbon as both an energy source and a chemical
feedstock.

Decarbonization therefore requires more than replacing fossil-fuel electricity.

Industries must also rethink how carbon-containing products are manufactured.

Synthetic biology provides an emerging approach.

Instead of relying exclusively on petroleum-based chemical synthesis, engineered biological
systems can be designed to transform:

o Biomass.

o Agricultural residues.

e Industrial waste gases.

o Captured carbon dioxide.

e Methane.

e Renewable electricity-derived intermediates.

into useful products.

The resulting paradigm can be represented as:

Renewable/Waste Carbon — Engineered Biological Pathways — Sustainable Products
2. Industrial Decarbonization

Industrial decarbonization refers to reducing greenhouse-gas emissions associated with
industrial production.

It generally involves four major strategies:

1. Energy efficiency.

2. Electrification and renewable energy.

3. Carbon capture and utilisation or storage.

4. Low-carbon production pathways.

Synthetic biology primarily contributes to the fourth strategy while also creating new
opportunities for carbon utilisation.
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3. Why Synthetic Biology?

Synthetic biology treats biological systems as programmable platforms.
Researchers can modify:

o Genes.

e Metabolic pathways.

e Regulatory networks.

e Enzymes.

e Microbial hosts.

The objective is to produce desired outputs more efficiently.

A conventional biological system may produce a natural metabolite.
Synthetic biology attempts to redesign the system so that it produces a targeted industrial
product.

4. Metabolic Engineering

Metabolic engineering modifies cellular metabolism to direct resources toward desired
products.

A simplified pathway can be represented as:

Feedstock — Intermediate A — Intermediate B — Target Product
Researchers can:

e Introduce new enzymes.

e Remove competing pathways.

e Increase precursor availability.

o Modify regulatory systems.

o Improve product tolerance.

5. Microbial Cell Factories

Microorganisms can function as biological production platforms.

Common hosts include:

o Escherichia coli.

e Yeasts.

o Corynebacterium species.

o Bacillus species.

e Photosynthetic microorganisms.

These organisms can be engineered to convert renewable carbon into commercially valuable
compounds.

6. Carbon-Efficient Feedstocks
The environmental performance of biological production depends heavily on feedstock
selection.

AJAMRI Volume 7, Issue 4, July-August 2025 114



http://www.ajamri.com/

@i) American Journal of Advanced Multidisciplinary

\ Research and Innovation (AJAMRI)
==
AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

Potential feedstocks include:

e Agricultural residues.

o Forestry residues.

o Food waste.

e Industrial by-products.

o Waste gases.

e Captured COa.

e Methane.

e Non-food biomass.

Using waste resources can reduce competition with food production and improve circularity.

7. Biological Carbon Utilisation
One of the most important opportunities is converting captured carbon into useful products.
A conceptual pathway is:
Industrial CO:
l

Carbon Fixation

!

Metabolic Intermediates

!

Chemicals / Fuels / Materials
This approach transforms carbon from an emission problem into a potential feedstock.

8. CO:-Fixing Microorganisms

Certain microorganisms naturally assimilate carbon dioxide.
Synthetic biology can enhance these systems by engineering:
« Carbon-fixation pathways.

« Energy metabolism.

e Product synthesis pathways.

e Carbon-concentrating mechanisms.

Potential products include:

e Organic acids.

e Alcohols.
e Proteins.
e Polymers.

e Chemical intermediates.

9. Gas Fermentation
Gas fermentation uses microorganisms to convert gaseous feedstocks into useful products.
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Potential inputs include:

e COo..

e Carbon monoxide.
e Hydrogen.

e Methane.

This approach may allow industrial waste gases to become biological feedstocks.

10. Methane Bioconversion
Methane is a potent greenhouse gas.
Biological systems capable of consuming methane could potentially convert it into:

e Proteins.

e Chemicals.
e Fuels.

e Materials.

This creates opportunities for methane mitigation and resource recovery.

11. Precision Fermentation

Precision fermentation uses engineered microorganisms to produce specific molecules.
Applications include:

« Alternative proteins.

e Enzymes.

e Specialty chemicals.

o Nutraceutical ingredients.

« Functional materials.

Its potential decarbonization benefit depends on feedstock, energy source, process efficiency
and land-use implications.

12. Sustainable Chemicals

Petrochemical production generates significant emissions.
Synthetic biology can produce bio-based alternatives to:

e Organic acids.

e Alcohols.
¢ Amino acids.
¢ Solvents.

e Chemical intermediates.
Engineered organisms can potentially produce these compounds under relatively mild
conditions.

13. Bio-Based Polymers
Synthetic biology can support production of biodegradable or bio-derived polymers.
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Examples include:

e Polyhydroxyalkanoates.

o Polylactic acid precursors.

e Bio-based monomers.

The environmental advantage depends on the complete lifecycle of the material.

14. Sustainable Plastics
Plastics require both carbon feedstocks and energy.
Biological manufacturing could reduce dependence on fossil carbon by producing:

Renewable Carbon — Bio-Based Monomer — Polymer
Synthetic biology can improve the efficiency of microbial production of these intermediates.

15. Biofuels

Engineered microorganisms can produce:

o Ethanol.

e Butanol.

« Biodiesel precursors.

o Sustainable aviation fuel intermediates.

However, biofuel sustainability depends strongly on feedstock, land use, energy requirements
and lifecycle emissions.

16. Sustainable Aviation Fuel

Aviation is difficult to electrify because of the energy density requirements of long-distance
flight.

Synthetic biology can contribute to the production of biological intermediates that can
subsequently be converted into aviation fuels.

Potential pathways include:

Waste Carbon — Engineered Microbe — Hydrocarbon Intermediate — Aviation Fuel
17. Biological Hydrogen Production

Microbial systems can potentially contribute to hydrogen production through biological
processes.

Synthetic biology may improve:

e Hydrogenase activity.

« Electron transfer.

o Metabolic efficiency.

e Hydrogen tolerance.

However, large-scale economic competitiveness remains an important challenge.
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18. Enzyme Engineering
Enzymes act as biological catalysts.
Synthetic biology and protein engineering can create enzymes with improved:

o Activity.
o Selectivity.
o Stability.

o Temperature tolerance.
« Solvent tolerance.
This can reduce energy requirements in certain industrial processes.

19. Biocatalysis

Biocatalytic processes can replace conventional chemical reactions.
Potential benefits include:

« Mild reaction conditions.

o High selectivity.

e Reduced toxic reagents.

o Lower energy consumption.

Biocatalysis can therefore support greener chemical manufacturing.

20. Industrial Waste Valorisation

Industrial waste streams often contain valuable carbon.

Examples include:

o Organic waste.

e CO..

e Syngas.

o Wastewater nutrients.

e Agricultural residues.

Synthetic biology can convert these waste streams into commercially useful products.
This creates a circular manufacturing model.

21. Circular Bioeconomy

A circular bioeconomy seeks to minimise resource loss.

The concept can be represented as:

Waste — Biological Conversion — Product — Use — Recovery — Biological Conversion
This differs from a linear model based on:

Extract — Manufacture — Use — Dispose

22. Synthetic Biology and Carbon Capture
Carbon capture and synthetic biology can be integrated.
A combined system may involve:
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Industrial Emissions

!

Carbon Capture

l
CO: Purification

!

Biological Conversion

!

Product Formation

This could provide an alternative pathway for captured carbon that would otherwise require
storage.

23. Carbon Capture and Utilisation

Carbon utilisation does not automatically guarantee decarbonization.

The carbon source, energy inputs and product lifetime must be evaluated.

For example, converting CO: into a short-lived product may eventually release the carbon
again.

Therefore, lifecycle analysis is essential.

24. Life-Cycle Assessment

The environmental performance of a biological process should be evaluated across its entire
lifecycle.

Relevant factors include:

« [Feedstock production.

e Transportation.

o Fermentation.

e Electricity consumption.

« Water consumption.

o Downstream processing.

e Product use.

o Waste management.

A biological product is not automatically low-carbon.

25. Energy Requirements

Biological production can require significant energy during:
« Fermentation.

e Cooling.

e Aeration.

o Sterilisation.
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e Separation.
« Purification,
Renewable electricity can therefore substantially influence the overall carbon footprint.

26. Downstream Processing

Downstream processing can represent a major portion of manufacturing cost and energy
consumption.

Challenges include:

e Product separation.

e Solvent recovery.

« Purification,

e Drying.

e Waste treatment.

Improving product secretion and process selectivity can reduce downstream requirements.

27. Computational Synthetic Biology

Computational tools can accelerate pathway design.

Al and machine learning can predict:

e Enzyme activity.

« Protein stability.

e Metabolic flux.

e Gene interactions.

e Product yield.

This can reduce the number of experimental iterations required.

28. Al-Driven Metabolic Engineering
A future workflow could be:
Target Product
l

Pathway Generation

!

Al-Based Enzyme Selection

!
Metabolic Model

!

Genetic Design

!

Automated Experiment

!

Performance Measurement

AJAMRI Volume 7, Issue 4, July-August 2025 120



http://www.ajamri.com/

Research and Innovation (AJAMRI)

@\) American Journal of Advanced Multidisciplinary
S? ’,-l__-’

AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

l
Model Updating
This creates a closed-loop engineering process.

29. Genome-Scale Metabolic Models

Genome-scale metabolic models represent biochemical reactions within an organism.
They can be used to estimate:

e Metabolic flux.

e Growth.

e Product yield.

« Nutrient requirements.

Combining these models with machine learning may improve pathway optimisation.

30. Automated Biofoundries

Biofoundries integrate:

o Laboratory robotics.

o DNA assembly.

o High-throughput screening.

e Automated cultivation.

« Data analysis.

They can rapidly test large numbers of biological designs.

31. Design—Build-Test—Learn
Synthetic biology commonly follows the DBTL cycle:
Design
l
Build

!
Test

!

Learn
Al can accelerate the learning stage and help select the next biological design.

32. Industrial Scale-Up

A major challenge is translating laboratory performance to industrial scale.
Factors that change during scale-up include:

o Oxygen transfer.

e Heat transfer.

e Mixing.
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o Nutrient gradients.

e Shear stress.

o Contamination risk.

A microorganism that performs well in a laboratory flask may not perform identically in a
large bioreactor.

33. Bioreactor Engineering
Industrial biological production requires carefully controlled:
o Temperature.

° pH

o Oxygen.

« Nutrient concentration.
e Agitation.

o Feed rates.
Advanced sensors and Al-based process control can optimise these parameters.

34. Real-Time Process Optimisation

Sensors can continuously monitor:

o Biomass.

e Metabolites.

« Dissolved oxygen.

e pH.

o Temperature.

Machine-learning models can use these signals to predict process outcomes and adjust
operating conditions.

35. Adaptive Bioprocessing
An intelligent bioprocess could continuously learn from production data.
Sensor Data

!
Al Prediction

!

Process Adjustment

!
Improved Yield

!

New Data

This can improve stability and productivity.
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36. Sustainable Food Production

Synthetic biology can contribute to lower-carbon food production through:

o Alternative proteins.

o Precision fermentation.

e Improved enzymes.

e Sustainable ingredients.

Potential benefits include reduced land use and improved resource efficiency.

However, the total environmental impact must be assessed across the complete supply chain.

37. Bio-Based Construction Materials

Engineered biological systems may contribute to:

o Bio-based binders.

e Polymer alternatives.

e Biocomposites.

e Mycelium-based materials.

These materials could potentially reduce dependence on fossil-derived inputs.

38. Textile Manufacturing

Synthetic biology can support production of:

o Bio-based fibres.

« Engineered pigments.

« Enzymatic processing agents.

e Alternative textile materials.

Biological manufacturing may reduce the need for certain energy-intensive chemical
processes.

39. Sustainable Agriculture Inputs

Engineered microorganisms may produce:

o Biofertilisers.

« Biopesticides.

e Soil amendments.

e Plant-growth-promoting compounds.

Such systems could contribute indirectly to industrial decarbonization by reducing
dependence on energy-intensive agricultural inputs.

40. Proposed Integrated Framework
The proposed framework combines six major layers:

Layer 1 — Carbon Feedstock
Renewable biomass, waste carbon, CO: or other low-carbon sources.
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Layer 2 — Biological Engineering
Engineered microorganisms and metabolic pathways.

Layer 3 — Computational Intelligence
Al, metabolic modelling and pathway optimisation.

Layer 4 — Bioprocess Engineering
Fermentation and process optimisation.

Layer 5 — Lifecycle Assessment
Carbon, energy, water and resource evaluation.

Layer 6 — Industrial Integration
Connection with existing manufacturing infrastructure.

41. Conceptual Architecture
Renewable/Waste Carbon

l
Carbon Conditioning
l
Engineered Biological System
l
Metabolic Conversion
l
Bioreactor
l
Product Recovery
l
Industrial Product
l
Lifecycle Assessment
l

Process Optimisation
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42. Comparative Assessment

. Ener .
Production Approach Carbon Dependence . 9y Main Advantage
Requirement
Conventlo_nal High fossil-carbon High Mature infrastructure
Petrochemical dependence
Conventional Biomass Renewable carbon . Established bio-based
. . Moderate—High
Conversion possible pathways
N Potentially low fossil- Process Programmable biological
nth Biol .
Synthetic Biology carbon dependence dependent production
Biological . ) Electrici .
0. Bio ogica Potentially circular carbon ectricity Carbon utilisation
Conversion dependent
. . Ren le f k . I
Precision Fermentation enewable feedstoc Moderate High product specificity

possible

43. Key Performance Indicators

Industrial synthetic biology should be evaluated using multiple metrics.
Important indicators include:

o Carbon yield.

e Product yield.

e Productivity.

o Energy intensity.

o Water intensity.

« Feedstock efficiency.

e Waste generation.

« Lifecycle greenhouse-gas emissions.

« Production cost.

Optimising only product yield can produce misleading conclusions.

44. Carbon Efficiency

A key objective is maximising the percentage of feedstock carbon incorporated into the
desired product.

High carbon efficiency can reduce:

o [Feedstock requirements.

e Waste production.

e Carbon losses.

Metabolic pathway engineering is central to achieving this objective.

AJAMRI Volume 7, Issue 4, July-August 2025 125



http://www.ajamri.com/

(\-- American Journal of Advanced Multidisciplinary
,Q/@ Research and Innovation (AJAMRI)
==

AJAMRI

E-ISSN: XXXX-XXXX e Website: www.ajamri.com e Email: editor@ajamri.com

45. Resource Efficiency
Sustainable biological manufacturing should minimise:

o Water.

e Nutrients.
e Energy.

e Land.

e Raw materials.
This is particularly important when biological production is scaled globally.

46. Economic Competitiveness

Synthetic biology must compete with conventional industrial technologies.
Important cost drivers include:

o Feedstock.

o Fermentation.

« Bioreactor infrastructure.

e Enzyme costs.

« Downstream processing.

o Energy.

Technological feasibility alone is insufficient for industrial adoption.

47. Biosafety

Engineered organisms require appropriate containment and monitoring.
Potential risks include:

o Accidental release.

o Horizontal gene transfer.

o Ecological effects.

« Unintended biological behaviour.

Industrial deployment therefore requires robust biosafety frameworks.

48. Biosecurity

Synthetic biology can also create dual-use concerns.

Advanced biological engineering capabilities require responsible governance covering:
e Design tools.

o Biological materials.

o Automated systems.

o Data access.

e Screening procedures.

49. Standardisation
Industrial adoption would benefit from standardised approaches for:
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« Biological parts.

e Measurement.

e Process reporting.

o Lifecycle assessment.

e Carbon accounting.

Standardisation can improve comparison between technologies.

50. Research Questions

How can synthetic biology maximise carbon efficiency in industrial production?
Which biological pathways are most suitable for converting captured CO- into chemicals?
How can Al optimise metabolic pathways for low-carbon manufacturing?

What feedstocks provide the lowest lifecycle emissions?

How can engineered microorganisms be made more robust at industrial scale?
How can downstream processing energy be reduced?

Can automated biofoundries accelerate industrial pathway development?

How should lifecycle emissions be incorporated into biological pathway design?
What economic conditions are required for industrial adoption?

10 How can biosafety and biosecurity be integrated into large-scale synthetic biology?

090.\‘.@.0".#90!\’!—‘

51. Future Research Directions
Future research should focus on:

o Al-assisted pathway engineering.

e Carbon-fixing microbial platforms.
e COs-to-product bioconversion.

e Methane valorisation.

o Automated biofoundries.

« High-throughput enzyme engineering.
« Low-energy fermentation.

« Biological carbon utilisation.

« Sustainable polymers.

e Circular biomanufacturing.

52. Discussion
Synthetic biology provides a fundamentally different approach to industrial decarbonization.
Traditional industrial chemistry often begins with:

Fossil Feedstock — Chemical Processing — Product
Synthetic biology can enable:
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Renewable/Waste Carbon — Engineered Biology — Product

The second pathway has the potential to reduce fossil-carbon dependence, but its success
depends on the entire industrial system.

A biological pathway with high productivity may still have a large carbon footprint if it
requires carbon-intensive electricity, energy-intensive purification or unsustainable
feedstocks.

Consequently, system-level optimisation is more important than simply optimising biological
yield.

53. From Biotechnology to Industrial Bioengineering
The future of synthetic biology is moving beyond laboratory-scale biological experiments.
Industrial systems will increasingly combine:

Biology + Engineering + Al + Automation + Renewable Energy
This convergence can create scalable manufacturing platforms capable of responding
dynamically to feedstock availability, energy conditions and market demand.

54. Industrial Symbiosis
Synthetic biology can also connect previously separate industrial sectors.

For example:
Steel Plant — COx/Waste Gas
l
Biological Conversion
l
Chemical Production
Similarly:

Agricultural Waste — Bioprocessing — Industrial Chemicals
This creates industrial symbiosis and increases resource circularity.

55. Policy and Infrastructure

Large-scale adoption requires supportive infrastructure.
Important areas include:

e Renewable electricity.

o Carbon capture.

e Biomanufacturing facilities.

e Waste-stream collection.

« Biotechnology regulation.

« Sustainable finance.

e Carbon accounting.
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Technological development must therefore be accompanied by industrial and policy
innovation.

56. Conclusion

Synthetic biology offers a promising technological pathway for industrial decarbonization by
enabling biological systems to convert renewable, waste and captured-carbon feedstocks into
valuable products.

Its major opportunities include:

« Sustainable chemicals.

e Biofuels.

o Alternative proteins.

o Bio-based polymers.

« Carbon utilisation.

e Enzyme-based manufacturing.

o Circular production systems.

The integration of metabolic engineering, computational modelling, artificial intelligence,
automated biofoundries and advanced bioprocess control could significantly accelerate the
development of low-carbon manufacturing platforms.

However, biological production should not automatically be considered sustainable.
Feedstock origin, energy consumption, water requirements, process efficiency, downstream
processing and product lifecycle must all be considered.

The strongest future model is therefore:

Synthetic Biology + Al + Renewable Energy + Carbon-Efficient Feedstocks + Advanced
Bioprocessing + Lifecycle Assessment

Together, these technologies can help move industrial manufacturing from a fossil-dependent
linear model toward a programmable, circular and carbon-efficient bioeconomy.
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