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Abstract—Semi-synthetic electromicrobial systems 

represent a transformative approach to CO₂ 

valorization, coupling electrochemical reduction with 

microbial biosynthesis to produce fuels, chemicals, and 

materials from renewable electricity and waste carbon. 

These hybrid platforms transcend the efficiency limits 

of natural photosynthesis by integrating fast, selective 

electrocatalysis with the metabolic versatility of 

engineered microorganisms. Recent advances 

demonstrate that C2 intermediate relay strategies—

where electrochemically generated ethanol or acetate 

feeds microbial fermentation—achieve 6–8× higher 

biomass productivity than C1 or H₂-mediated routes 

(Zhang et al., 2022). Flow electrolyzers with gas 

diffusion electrodes now operate at industrially relevant 

current densities (100–200 mA cm⁻²) with ~15% 

Faradaic efficiency for soluble C2 products in 

biocompatible electrolytes (Zhang et al., 2022). 

However, significant challenges remain: electron 

transfer bottlenecks at bio-abiotic interfaces, oxygen 

toxicity from conventional anodes, biofilm community 

instability, and insufficient techno-economic validation. 

This review synthesizes mechanisms of CO₂ reduction, 

interface engineering strategies, conductive scaffold 

materials, reactor design principles, and pathways 

toward industrial decarbonization, identifying critical 

research directions for realizing scalable 

electromicrobial biorefineries. 

 

Index Terms—electromicrobial systems, biosynthesis, 

electrocatalysis, microbial fermentation, biocompatible, 

industrial decarbonation. 

 

I. INTRODUCTION 

 

Semi-Synthetic Electromicrobial Systems for CO₂ 

Valorization 

The urgent need to mitigate anthropogenic CO₂ 

emissions while transitioning to sustainable chemical 

manufacturing has catalyzed the development of 

semi-synthetic electromicrobial systems—hybrid 

platforms that integrate electrochemical CO₂ 

reduction with microbial biosynthesis (Tan & 

Nielsen, 2022; Zhang et al., 2022). These systems 

exploit the complementary strengths of abiotic 

electrocatalysis (fast kinetics, tunable selectivity) and 

biological conversion (high product specificity, 

metabolic diversity) to transform CO₂ and renewable 

electricity into value-added chemicals, fuels, and 

materials (Tan & Nielsen, 2022; Zhang et al., 2023). 

Unlike purely electrochemical or biological 

approaches, electromicrobial hybrids can overcome 

fundamental limitations of each domain: 

electrochemistry struggles with C–C coupling for 

complex molecules, while biology faces slow 

electron uptake and limited energy efficiency (Lai et 

al., 2023; Rowe et al., 2021; Weliwatte & Minteer, 

2021). 

The Pivot Toward Decarbonization 

Industrial chemical production currently relies on 

fossil carbon feedstocks, contributing approximately 

10% of global CO₂ emissions (M. & A., 2024). 

Electromicrobial biorefineries offer a pathway to 

circular carbon economies by capturing CO₂ from 

point sources or the atmosphere and converting it into 

drop-in fuels, platform chemicals, and biopolymers 

using renewable electricity (Abel et al., 2022; 

Chandrasekhar et al., 2021; Mustafa et al., 2025). 

This electrification of biosynthesis decouples 

chemical manufacturing from fossil resources and 

enables modular, distributed production that can be 

co-located with renewable energy generation or 
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industrial CO₂ sources (Chandrasekhar et al., 2021; 

Zhang et al., 2022). Recent techno-economic 

analyses suggest that electromicrobial routes could 

become competitive with conventional petrochemical 

processes as renewable electricity costs decline and 

carbon pricing mechanisms mature (Abel et al., 2022; 

Sheppard et al., 2022). 

Fusion of Electrochemistry and Synthetic Biology 

The convergence of electrochemistry and synthetic 

biology has enabled unprecedented control over 

electron flow and metabolic pathways in 

electromicrobial systems (Guo et al., 2024; Lai et al., 

2023; Zhang et al., 2023). Electrochemical CO₂ 

reduction generates C1 intermediates or C2 products 

(ethanol, acetate) that serve as electron and carbon 

sources for engineered microbes (Boto et al., 2023; 

Tan & Nielsen, 2022; Zhang et al., 2022). Synthetic 

biology tools—including CRISPR-based genome 

editing, heterologous expression of electron transfer 

proteins, and metabolic pathway optimization—allow 

researchers to tailor microbial chassis for efficient 

uptake of electrochemical products and channeling of 

carbon flux toward target molecules (Lai et al., 2023; 

Mustafa et al., 2025; Zhang et al., 2023). This bio-

abiotic integration creates modular "plug-and-play" 

systems where electrochemical and biological 

modules can be independently optimized and 

reconfigured for different products (Bakonyi et al., 

2022; Boto et al., 2023; Liu et al., 2022). 

Transcending Natural Photosynthesis 

Natural photosynthesis converts solar energy to 

biomass with theoretical maximum efficiencies of 

~11% but typically achieves <1% in practice due to 

light saturation, photorespiration, and metabolic 

constraints (Mirea et al., 2025; Weliwatte & Minteer, 

2021). Electromicrobial systems bypass these 

limitations by directly supplying electrons at 

controlled potentials, eliminating light-harvesting 

inefficiencies and enabling operation at higher 

volumetric productivities (Mirea et al., 2025; 

Rohbohm et al., 2024). Hybrid photo-

bioelectrocatalytic systems that combine light-driven 

water splitting with microbial CO₂ fixation have 

demonstrated solar-to-chemical efficiencies 

exceeding 10%, surpassing natural photosynthesis 

(Weliwatte & Minteer, 2021). Moreover, 

electromicrobial platforms operate continuously 

regardless of diurnal cycles and can be scaled 

vertically in compact bioreactors, offering land-use 

advantages over crop-based biofuel production 

(Mirea et al., 2025; Sheppard et al., 2022). 

 

II. MECHANISMS OF CO₂ VALORIZATION 

 

Electron Transfer Pathways 

Electromicrobial CO₂ valorization proceeds through 

three primary electron transfer mechanisms: (a) direct 

electron uptake from cathodes, (b) H₂-mediated 

electron transfer, and (c) chemical intermediate relay 

via C1 or C2 compounds (Boto et al., 2023; J. Zhang 

et al., 2023; P. Zhang et al., 2022). Each pathway 

exhibits distinct mass-transfer characteristics, 

energetic efficiencies, and compatibility with 

different microbial chassis. 

Direct electron uptake involves microbial cells 

accepting electrons directly from cathode surfaces 

through extracellular electron transfer proteins, 

conductive pili, or biofilm matrices (Song et al., 

2021; Xue et al., 2024). While this mechanism 

minimizes intermediate losses, it suffers from low 

electron flux per cell and requires intimate electrode-

microbe contact, limiting volumetric productivity 

(Guo et al., 2024; Liu et al., 2022). Recent work has 

identified inward EET pathways in Shewanella 

oneidensis involving multiheme c-type cytochromes 

and quinone pools, though electron uptake rates 

remain orders of magnitude lower than outward EET 

for electricity generation (Rowe et al., 2021; Zhang et 

al., 2023). 

H₂-mediated electron transfer uses electrochemically 

generated hydrogen as a soluble electron carrier that 

microbes oxidize via hydrogenases to drive CO₂ 

fixation through pathways like the Wood-Ljungdahl 

pathway (Boto et al., 2023; Kracke et al., 2021). This 

approach decouples electrode surface area from 

microbial growth but faces gas-liquid mass transfer 

limitations and H₂ escape losses (Zhu et al., 2022). 

Optimized 3D-printed cathode geometries with high 

surface areas have achieved volumetric methane 

productivities of 2.2 L CH₄ L⁻¹ day⁻¹ with ~99% 

coulombic efficiency by improving in situ H₂ 

delivery and reducing bubble formation (Kracke et 

al., 2021). 

C1/C2 intermediate relay strategies employ 

electrochemical CO₂ reduction to generate soluble 

intermediates—CO, formate (C1) or ethanol, acetate 

(C2)—that microbes metabolize aerobically or 

anaerobically (Tan & Nielsen, 2022; J. Zhang et al., 
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2023; P. Zhang et al., 2022). C1 carriers have lower 

energy content per carbon and can limit aerobic 

fermentation efficiency, while C2 intermediates 

support faster microbial growth and higher 

productivities (Zhang et al., 2022). Integrated electro-

microbial conversion systems using C2 relay 

demonstrated ~6× and ~8× higher biomass 

productivity compared to C1 and H₂ routes, 

respectively (Zhang et al., 2022). 

Faradaic Efficiencies and Performance Metrics 

Electrochemical CO₂ reduction to C2 products on 

copper catalysts in flow cells with gas diffusion 

electrodes has achieved current densities of 100–200 

mA cm⁻² with total Faradaic efficiencies for soluble 

C2 products around 15% in biocompatible phosphate 

electrolytes (Zhang et al., 2022). While lower than 

the >60% C2 Faradaic efficiencies reported in 

alkaline electrolytes, phosphate-buffered systems 

maintain pH stability and ionic strength compatible 

with downstream microbial cultivation (Zhang et al., 

2022). Acetate selectivity in CO₂ electroreduction on 

copper is strongly influenced by local mass transport 

and pH, with 30–60% acetate selectivity observed 

under specific conditions (Pan, 2025). 

For microbial electrosynthesis systems, acetate 

production rates range from 5.1 ± 0.2 mmol L⁻¹ day⁻¹ 

in baseline systems to 7.4 ± 0.4 mmol L⁻¹ day⁻¹ with 

artificial mediators, achieving volumetric titers of 

8.1–13.3 g L⁻¹ and coulombic efficiencies of 87–92% 

(Song et al., 2021). Current densities in MES reactors 

typically range from 3.4 to 14.5 A m⁻², substantially 

lower than electrochemical systems but sufficient for 

continuous operation (Song et al., 2021). Methane 

production via electromethanogenesis has achieved 

coulombic efficiencies exceeding 90% in optimized 

systems (Horváth-Gönczi et al., 2023; Rohbohm et 

al., 2024). 

EMC2 Systems and Quantitative Performance 

Electro-microbial conversion systems integrate 

electrochemical CO₂ reduction with microbial 

fermentation in tandem or single-pot configurations 

(Cui et al., 2025; Zhang et al., 2022). In a 

representative EMC2 system for bioplastic 

production, electrochemical generation of C2 

intermediates (ethanol, acetate) at 100–200 mA cm⁻² 

with ~15% Faradaic efficiency supplied sufficient 

carbon flux to support rapid microbial growth and 

polyhydroxyalkanoate accumulation (Zhang et al., 

2022). The C2 relay strategy enabled aerobic 

fermentation with higher ATP yields compared to 

anaerobic acetogenesis, accelerating biomass 

accumulation and product synthesis (Zhang et al., 

2022). 

Comparative studies demonstrate that C2 

intermediates outperform C1 and H₂ routes across 

multiple metrics. Formate and methanol present 

kinetic and energetic integration challenges with 

cellular cofactors, while H₂ routes are constrained by 

gas-liquid transfer and hydrogenase kinetics (Boto et 

al., 2023; Zhang et al., 2022). The superior 

performance of C2 relay systems stems from higher 

energy content per carbon, compatibility with aerobic 

metabolism, and elimination of gas-phase mass 

transfer limitations (Zhang et al., 2022). 

 

III. BIO-ABIOTIC INTERFACE ENGINEERING 

 

Extracellular Electron Transfer Mechanisms 

The bio-abiotic interface—where electrons transfer 

from electrodes to microbial cells—represents a 

critical bottleneck in electromicrobial systems (Guo 

et al., 2024; Liu et al., 2022). Inward extracellular 

electron transfer relies on multiheme c-type 

cytochromes, conductive appendages (pili or 

nanowires), and redox-active biofilm matrices (Rowe 

et al., 2021; Song et al., 2021; Zhang et al., 2023). In 

Shewanella oneidensis, the Mtr pathway comprising 

outer membrane cytochromes MtrC, MtrA, and MtrB 

facilitates bidirectional electron transfer, though 

inward flux rates remain 10–100× lower than 

outward transfer (Rowe et al., 2021; Zhang et al., 

2023). Recent identification of electron uptake 

pathways in Shewanella revealed quinone-mediated 

electron entry coupled to menaquinone pools, 

providing molecular targets for engineering enhanced 

electron uptake (Rowe et al., 2021). 

Biofilm matrices composed of extracellular 

polymeric substances, proteins, and conductive 

minerals can facilitate electron transfer between 

planktonic cells and electrodes (Song et al., 2021; 

Zhang et al., 2023). Biofilm-driven microbial 

electrosynthesis models indicate that biofilm 

thickness, porosity, and conductivity significantly 

influence current density and product formation rates 

(Cabau-Peinado et al., 2021). Tip-enhanced electric 

fields at electrode surface features have been shown 

to facilitate microbe-electrode interactions during 
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CO₂-fed MES, suggesting that electrode topography 

influences EET efficiency (Xue et al., 2024). 

Multiheme c-Type Cytochromes and Protein 

Engineering 

Multiheme c-type cytochromes serve as biological 

electron conduits, shuttling electrons across cell 

membranes through sequential redox reactions (Rowe 

et al., 2021; Zhang et al., 2023). Engineering 

strategies to enhance inward EET include: 

overexpression of native EET complexes 

heterologous expression of EET proteins in non-

native hosts directed evolution to improve electron 

transfer kinetics, and optimization of cytochrome 

maturation pathways (Lai et al., 2023; Zhang et al., 

2023). Expression of Shewanella Mtr proteins in 

Escherichia coli enabled electron uptake for CO₂ 

reduction, though rates remained suboptimal due to 

incomplete cytochrome maturation and membrane 

integration (Zhang et al., 2023). 

Protein engineering of electron conduit proteins aims 

to lower interfacial overpotentials and increase 

electron flux (Guo et al., 2024). Rational design and 

directed evolution of cytochromes have improved 

midpoint potentials and electron transfer rates in 

some systems, but systematic engineering 

frameworks for inward EET remain underdeveloped 

compared to outward EET for microbial fuel cells 

(Lai et al., 2023; Zhang et al., 2023). 

Mediator Systems: Neutral Red and HNQ 

Artificial redox mediators—small molecules that 

shuttle electrons between electrodes and cells—offer 

an alternative to direct EET (Song et al., 2021; Xu et 

al., 2021). Neutral red and 2-hydroxy-1,4-

naphthoquinone have demonstrated significant 

improvements in acetate synthesis by facilitating 

electron transport between suspended cells and 

electrodes (Song et al., 2021). In MES systems, 

addition of NR or HNQ increased acetate production 

rates from 5.1 to 7.4 mmol L⁻¹ day⁻¹, with volumetric 

titers reaching 13.3 g L⁻¹ and coulombic efficiencies 

of 92% (Song et al., 2021). These mediators bind to 

cell membranes and exchange electrons with 

intracellular enzymes and cofactors, bypassing the 

need for direct electrode contact (Song et al., 2021). 

Tuning the redox potential of mediators through 

chemical modification can optimize electron transfer 

thermodynamics (Xu et al., 2021). Anthraquinone-2-

sulfonate derivatives with tailored redox potentials 

have shown improved electron transfer kinetics in 

Shewanella oneidensis, demonstrating the potential 

for rational mediator design (Xu et al., 2021). 

However, mediator stability, toxicity, and cost remain 

challenges for large-scale implementation (Song et 

al., 2021). 

Surface Functionalization and Synthetic Biology 

Targets 

Electrode surface functionalization with redox-active 

polymers, immobilized mediators, or biomolecules 

can enhance electron transfer and microbial 

attachment (Agee et al., 2023; Song et al., 2021). 

Conductive polymers based on poly-3-

hexylthiophene (P3HT), including 

methylimidazolium-functionalized variants, exhibit 

both electronic and ionic conductivity and improve 

mediated electron transfer in Shewanella oneidensis 

(Agee et al., 2023). These polymers enhance current 

generation and show improved biocompatibility 

compared to bare electrodes (Agee et al., 2023). 

Synthetic biology targets for interface engineering 

include: overexpression of c-type cytochromes and 

EET complexes engineering quinone and methanol 

dehydrogenase pathways for improved C1 handling 

rewiring central carbon fixation pathways (e.g., 

Calvin-Benson-Bassham, Wood-Ljungdahl, or 

synthetic glycine pathways) to enhance CO₂ 

assimilation, and coupling electron uptake to redox 

sinks that drive biosynthesis (Lai et al., 2023; 

Mustafa et al., 2025; Zhang et al., 2023). Integration 

of these strategies with electrode engineering 

promises to overcome current electron transfer 

bottlenecks (Guo et al., 2024; Liu et al., 2022). 

 

IV. CONDUCTIVE SCAFFOLD MATERIALS 

 

Carbon-Based Materials 

Carbon-based electrode materials—including 

graphite, carbon felt, carbon cloth, carbon nanotubes, 

and graphene—dominate electromicrobial systems 

due to their high electrical conductivity, tunable 

porosity, chemical stability, and biocompatibility 

(Chen et al., 2022; Herkendell, 2021; Langsdorf et 

al., 2021). Graphene and reduced graphene oxide 

offer exceptional surface areas (>1000 m² g⁻¹) and 

conductivity, boosting bacterial loading and electron 

transfer rates (Chen et al., 2022). Composites such as 

RGO-tetraethylenepentamine, platinum nanoparticles 

on RGO (PtNPs/RGO), and MnO₂/RGO enhance 

https://jenni.ai/citation?d=z%3AfVXNbuM2EA4Weyj6CD3NpUB%2FIsV2Ujft1UaxKHYToC2wuVLkSGJMkQJJOVZP2VsL9NRbHyUP0BfZJ9mPkh07u%2FEChg2Jw5lvvu%2Bb8buHkxel87rS9oW6c371cPJlLYoQvZCxf%2Fn%2FGy29K7QwxIZl9C70NtYcdCB8hFoLG0XFrsOzpdY71UltK1oL03EmlGJFC5p%2BT43D%2Fc5woNK7hhbXNKNTkq5pDTdsY7q0LSFFFKZPJWItYqrDZamlRtTTIkh8kDd0siYRSApfOIsD6zZaMQmrCC02InJOr9wdr9mfkqCyM4Y6q9iHiJiU0JXUDA1ztsWC%2B9pGTmxoZ9FxBCimQieU9XAcyAi5wvVTMiyGPNEBTeHaqJs9c5ZAqg0l%2B8d%2BZJ%2FTH0g3lCiFPOD5IDo1gIKlNs22EUAhfAT4s5CqkxE0ny%2FxWAgTM6vlik1W6IbBpNEyC50pwUUmHVhQO4pKNpG%2BWbgrnS1%2B%2BfawqTv2TLxpjfOsEmuWe2hVZEavmHZpyQrrpO%2FBnwkJ0DZVkmg9UJ%2FUpcTdminomNR3%2B%2FbjM82Cuq0EIacr5Ecx9lnQfwJ31O1QZ4802S6yDbrsyeDljj%2BAKzUbFU6JrSjMYK%2FHsrIWvuKnDL%2BCJc%2Fp%2FV%2F%2F0tlgTtTYmQAcgGKQntMy1Yo9zGOHNygIPzjfI8fWtKF2d8m6DJoHI8fBwMgEFkyPxKhW98q7iqFhdA1ASoiY1E%2F0JCMYHSEzQB9a42PYGAagNK7SqfGkSuGMDg2YS65yMDp0Qj4PW8oD1yWjC4n4OI4HY9CsM%2BRZSAw3%2FTTJL78m1aGWGzs58Nme%2FFQmNRw7hf7TLpC4%2FMlICdyIMOH484zmDaMzm4CfIh5v0sXWQde442Sv3eiOZzcSagE%2BApId92smx3wCWGC1RMPVbDKbZ5MfDXqCT4ouOh%2F%2BxhpUVjSc1mEpGm16edMxV5DMqivggVyGT54Je627MYxf6wbSHo%2BzY1z5mwbKo4H19fv7%2F36vWYzRVYoWXh0LV3BktcW5%2BExaddOJHYAbLdymO4oUx7vazlab4z2pt7DXtvmlwMQfCyzfdL6t%2BzG0%2FpU95mWZj9FSq%2FBw8lIqpzdfTSf5dDKdn93mG%2BnbHFJd4MVsNp8pHQp7j%2B9g3%2BnZfD7Pzi%2FnF7VrMd6GN6u3FxeT88vZD9P59BZB3Sj2bcqQTSfZ7LLCRo59C1QnHHXEnX%2FGP7eju%2F6jRSOwEh9HMy2j2ruuqtNSytBVMj8m6en2wQwNZl5cz7ISx8fNW0bXahnuVcL4hey82XxXx9iGn8%2FOQE3ufHV2nJ0P
https://jenni.ai/citation?d=z%3AhVLBahsxEDWBQulXiN5ta72uHfdWSEopKaX0UOhNK82uxpGlrUaKvbe00GM%2FyN%2FTH%2BkodmiCCTnsCjFv3rx5ej%2F3o7M2ROzQn5ltiNf70SurGkpR6bT7%2BzlHEeEGYSssdtbxl0iUaoIOgQT3CvDcDRDRdwIc6BSDFwzx1EIUDaQtgBeX7z6RUN7cQwx3l6tB0pmIb8mC0FY5x4THYh8D9QwnEdpSJ3g4HL1olUaHSaX%2Fw1Erx5ogdoPoyslFFlTotIVNKfMKgy90SBOntAaeby4K7UzOFmO5dDp4ZmpyCpF%2Bs0fGqw0Ur1q1QTfAd6tYZIc3POBj9j%2FQxOBgdIpsrvAAM%2B95radQ%2BgrzAWYveJMhs9pnoe0XXDP4KaD5Gu4l6g8qHGAaDe1HL7QJGCs5qWS9mppak5Rv6mXDb9H4W%2F6T%2F4WylmyFrGZYzRdyPF%2FO5zb04JWD3fW3eb3i2qJe1abfoLH1eVUtq%2FNqzc35YOaazazH1Ww8kx3lJg09qxtBwsQMfy4fpmZX8gbOZac4TycZ6lWyWzXcpeBY5XjyZoKfM4YQO%2BWRNiSa4fiyCbVoMLjAIThk9C4Pj0PA6TKZeYJvU%2BhR060pIl%2FqHN3utU2pp7fTKVs14QnTU7v%2BAQ%3D%3D
https://jenni.ai/citation?d=z%3AjVXdbtxEFI4qkJB4iREXFUix17vZ3aS0FAGVAKmAhIJKJW7G42P7JOMZd2bs3c1VK255obwd34x320C2UCmKNs7xd873c86%2BuT15UFvHDZsH1ca669uTT1tZ%2BuCkCruP%2F3qow%2BP%2BYRMef8uWNKngrGqpYyW18DsfqPOitboSvbMdexIAE6El4QcfJBtZahIAMx7%2F6GRga4SthZKuxKeK7ZYrEp9%2F90ts5IcytlrEz7P9H1%2BIwbNphLEm61sbrN8Z4AdWosSI5Fjm4hn5ngMaoTEGaRx5LzoJZEYTGknbPoLsGVTkhTSVAA1nSwaVXssQB%2FSnwnNjuAZBE4RqpdZkGtT35Dz7EAFtH7jjmzuAZk%2BRnJCARPM4Sck2k%2FgVZ2WDUWupKBc%2ForplLxyNTJtTsSGMqMc4a7B4qgidZTVKo9AX%2FWo2lIXBxIYHztlbKu%2Bg0dUKMm18MTb%2Ft1%2FvF1koa8ZIEEyiMMApKQBWDKbC85AegtJ9vh1BJMMeOcArGyLzH32ymreRxST83oV3puTiZxtSYqRqGbZ1kCJaMqhWSA9rTKMpk8F2SFCQGgGEdtGxU4FMkLPaNnbwgrZ9zMA%2BbT8FB4Zdr2lLgEvWDxom2gqyYP4Ydqh6M%2BVT9sgQJki1Du6wV4P3VOXiB7vBWO70iBDVzkjw8mkDOml2x7zqJTuQiOZ32A54N80VSO8OWltbnQrueqqiVFF1l%2BbCqBPXSAn27tcvF8%2BtvY6laLyRDi9LrKYh1yCviN6BDpqNVo%2BxsuWmzSCQ1UNifE%2BCAFcNvxqiBHHCIRxGgGakgTHJGKRrMDxMNLggBACgx%2FFsaO%2Bs1z9sToDWRGsF1gA24SOqcvFNcj1RARgUQeiBfXSPkJ2QxOksgActndBx0dM1mvbvcJLSVoF64so36Uzg8ZENeXsGcvGCwaAeHGrdYeOTBogjSqeUgtbdO%2FdhC9ZJRIMgAgZJMgMOXJNGKMPM04ORI2ieYNIJ1lKBN3L4TAZqFsVinRVrjVeC43II1vk%2Fcc0rxJDiVa8RR71T3w%2BWGh7J0MsBsaywI3Ryv658Pk5lzUtrmlf83kJ1Kc2%2B8pKl2RBPlYorf3vykaosbz%2BbF%2Fnq0fn8fHaVY%2BFNhu6u2eWYeZnPi6I4W2GpSvMav715w2dFsc6W84vfW9sTUkbb6xfLZTFfri7OlusrFA0T66uIkBVz%2FFzH%2FA5O0W9Ob39tQ%2Bj9l7PZZrPJYVmGpnZMfuXWNbMK12ImHRKkaYbjYF3I%2Bqr%2Bmquv1utytSzWi%2Fn5o7NzuV7XpVyVF6u6gXVh14P5Cb5tAmb64%2FIDbzCW11kc9KM3%2BAlwny6exGQ8vROLOuArSvnXVez5iRpAanEgBUkTi%2F9X9W8%3D
https://jenni.ai/citation?d=z%3AjVbBbhs3EDWCtmjRL%2BiNxxjwSlpJtuXebNeBkcZJG7lIc%2BSS3N2RueSG5FraHoo0h6LH3vsfBXLun%2FRL%2BrgrOYkdNQaMtUQNH2fevDfcN293HuTWUUHmgVxad%2FV25%2BuSZz44LkL72a8nZJVWIjgrSlWR4Jr51gdVefbw5Gzudxl3iqlKOSAUjHvGQ7eXrhVztgnKM%2BAz3%2FjAyfBMI9ogumVF%2FM8DWbOHpWty1lTKBJzggCdp%2FVNGNsm4V5LdZFA7KxscYQ3jRrJMtdbIATvrEzXMl00IGic%2F7DIU3CAGqNfKecp0y%2ByKJP0CyLjdKYDFz5VFBVWjA9XIEst2hWesxRq%2Fx0KpnMpa1OjJh1itWsVSldaN5o6teTIMi8bnyuH4s8vdmK1Q3jMyLDI2YOfA2WNLELGqtcU5EZqpPMd%2Bz2zO0ilDIAMUAOK%2BeamW3OAgjkVFUhmkwC6eJ%2BleV0JuGzxDyQO%2BhtLxVw0ZRCbjxDc6t4YHxR4e%2FzjfZToeZ7sTSypK5QP4CaWVJJhonEMHWIcfWpRsYztEyV2hbrPe0dZ9W%2F8Q%2B1x1TRuweZN59aoBmAYMSvWlXXaFIsV4NhlQtQFAycmzcwaZJE%2FP2ZgVEE4dQyxDzlAUqy0S6kKNYja7Jtt49JF3nAG3b1ZtA04krkHyJQ7B5iTtIdWqpIxiKGcaqbjbW7qaeM%2BJY6e20bbKwAnaQoKUES0Ttqqh9o4%2FQO91iuI6KuGmrti3JYUSUBVay4wqQAm88N5BWBYQbCPiOrAqMlRBjhtjaOs9xBsTogrkxihAvyMcfN2IjQuh6mDdgB1L2XHEdeQ87hBtgG2drYB2EdxxB4kPJ%2BgIknDoEMV6okFtHahCdpGz3n34IcoPh80Ht2UX%2BcVHHxrZol7defIaESh4yYRu1rbv%2FQ1YqTwVfeZrQkPHFcQNTzubRWbWRfkWGka8H%2BhYHciQ3yGdYjwaHySjQw3ygqOsQdX%2Bd8wvaXil4hzLeUW6zX5uVAFqjXyK1khntdq5GyVfcFP0ccUlp%2BQJmW2h2RPqA%2FMXyixI3QNSvATV28JOSzS6C6PHpP59%2FSee24LFE1pXIx7D412UIOnf7nwhpKXVN%2BloMJnMjoY55qQagKJ0cDjan6ZTST4zr%2FH05jcaj48Okmk62xcVLxaTdHZ0MDvAX2lrhfao1dWLd4uyrkiWk%2Bl0eng4HS%2BA0PQdWET4ZDRL0tGVU942TqifnF6dlCHU%2FtvhcLlcDnKoMlCctGZgXTHkLpDAMB5uzXRYy7zwTRbaGpXvqEAY3qu%2FLhsTrfW88%2BkPN%2FaBhI5vzbj5rRmHIQ2O%2B7viApMNgut0GM32iAvSFGLwzX1xuRnYj%2BCVzTIUu3X05sHWJPxrGVP%2BEmNTr3Y3HKArXd1by7174371aZ3%2F8REdzXFfrXX0EhdAwc42CrkbXFzYEguyj18cZ1JpV1bbVSq%2Bp6oPLk9L6PpeoXRBBnqeW%2FtpL83LZgk%2Bt8Qt5qgFbyH%2F%2FL2GlmeOxNbqTlTb6bgLVedcN1f3KAyOgr742ny9rT6%2FsVU6Sg%2BGi4FQi757KRwy23%2FPVm8oncz2k9nR9JDS2eEkmYzT8dpgR%2Fvp%2FmycTj4w2GbxY5Yaj%2B5agPD2lZOuGK5VR6v%2BioKd4gCFtPsxjSkbJ%2B27sfrhe0htXYg6Pn02%2Fp9Je09Bf5yS%2FwA%3D
https://jenni.ai/citation?d=z%3AjVbBbhs3EDWCtmjRL%2BiNxxjwSlpJtuXebNeBkcZJG7lIc%2BSS3N2RueSG5FraHoo0h6LH3vsfBXLun%2FRL%2BrgrOYkdNQaMtUQNH2fevDfcN293HuTWUUHmgVxad%2FV25%2BuSZz44LkL72a8nZJVWIjgrSlWR4Jr51gdVefbw5Gzudxl3iqlKOSAUjHvGQ7eXrhVztgnKM%2BAz3%2FjAyfBMI9ogumVF%2FM8DWbOHpWty1lTKBJzggCdp%2FVNGNsm4V5LdZFA7KxscYQ3jRrJMtdbIATvrEzXMl00IGic%2F7DIU3CAGqNfKecp0y%2ByKJP0CyLjdKYDFz5VFBVWjA9XIEst2hWesxRq%2Fx0KpnMpa1OjJh1itWsVSldaN5o6teTIMi8bnyuH4s8vdmK1Q3jMyLDI2YOfA2WNLELGqtcU5EZqpPMd%2Bz2zO0ilDIAMUAOK%2BeamW3OAgjkVFUhmkwC6eJ%2BleV0JuGzxDyQO%2BhtLxVw0ZRCbjxDc6t4YHxR4e%2FzjfZToeZ7sTSypK5QP4CaWVJJhonEMHWIcfWpRsYztEyV2hbrPe0dZ9W%2F8Q%2B1x1TRuweZN59aoBmAYMSvWlXXaFIsV4NhlQtQFAycmzcwaZJE%2FP2ZgVEE4dQyxDzlAUqy0S6kKNYja7Jtt49JF3nAG3b1ZtA04krkHyJQ7B5iTtIdWqpIxiKGcaqbjbW7qaeM%2BJY6e20bbKwAnaQoKUES0Ttqqh9o4%2FQO91iuI6KuGmrti3JYUSUBVay4wqQAm88N5BWBYQbCPiOrAqMlRBjhtjaOs9xBsTogrkxihAvyMcfN2IjQuh6mDdgB1L2XHEdeQ87hBtgG2drYB2EdxxB4kPJ%2BgIknDoEMV6okFtHahCdpGz3n34IcoPh80Ht2UX%2BcVHHxrZol7defIaESh4yYRu1rbv%2FQ1YqTwVfeZrQkPHFcQNTzubRWbWRfkWGka8H%2BhYHciQ3yGdYjwaHySjQw3ygqOsQdX%2Bd8wvaXil4hzLeUW6zX5uVAFqjXyK1khntdq5GyVfcFP0ccUlp%2BQJmW2h2RPqA%2FMXyixI3QNSvATV28JOSzS6C6PHpP59%2FSee24LFE1pXIx7D412UIOnf7nwhpKXVN%2BloMJnMjoY55qQagKJ0cDjan6ZTST4zr%2FH05jcaj48Okmk62xcVLxaTdHZ0MDvAX2lrhfao1dWLd4uyrkiWk%2Bl0eng4HS%2BA0PQdWET4ZDRL0tGVU942TqifnF6dlCHU%2FtvhcLlcDnKoMlCctGZgXTHkLpDAMB5uzXRYy7zwTRbaGpXvqEAY3qu%2FLhsTrfW88%2BkPN%2FaBhI5vzbj5rRmHIQ2O%2B7viApMNgut0GM32iAvSFGLwzX1xuRnYj%2BCVzTIUu3X05sHWJPxrGVP%2BEmNTr3Y3HKArXd1by7174371aZ3%2F8REdzXFfrXX0EhdAwc42CrkbXFzYEguyj18cZ1JpV1bbVSq%2Bp6oPLk9L6PpeoXRBBnqeW%2FtpL83LZgk%2Bt8Qt5qgFbyH%2F%2FL2GlmeOxNbqTlTb6bgLVedcN1f3KAyOgr742ny9rT6%2FsVU6Sg%2BGi4FQi757KRwy23%2FPVm8oncz2k9nR9JDS2eEkmYzT8dpgR%2Fvp%2FmycTj4w2GbxY5Yaj%2B5agPD2lZOuGK5VR6v%2BioKd4gCFtPsxjSkbJ%2B27sfrhe0htXYg6Pn02%2Fp9Je09Bf5yS%2FwA%3D
https://jenni.ai/citation?d=z%3AjZKxbtRAEIatSEjwCHTbUtjntbmcQ0dCJARESFyBKNe74%2FX41jvW7prcdQcVJU%2BDdDVvwpOwjiOliCylmWL0%2FaOZ%2Bf8fp%2BSsIYca7Zm6Jbc7JS%2BMkBK8B%2FVOBNBFXpyn%2BcZIssFhPQZy%2FldUKSt6mNSN6NEc1JasBo3fweI3Gq1m16NVjgwkj2F9Q21sqJnv3tYKjGt7sSiQH7Gf4faqFVY%2FCcUbtP%2BOv7dES2z9CWe02bbjLeAS123jLT64v3%2FuR6trh3Lxuks4gBVmRuG9MOPuCYd9mJ72RcCMSlT%2BlDyTinD%2FkucZz%2Fn5qsskdFl0hGe85FW1Vuhre4zV25%2FIy2qdVhevN8irTZmWBS9kL3RX8os1X1cFL1sa7hbb774%2BNLuoHmezu2l0mldpkWs%2F1uEwxFUTCBiiBi%2BRGjQ960UMwp5FC5hwARuUKAyLdqKI4WAxTgyaqQs2MDAggyPLghPWD%2BQCQ8uuPhesR%2BmonqT3jD%2FY0IJH3wQaUPqjmhZ4Lkdn9q%2FaEAb%2FZrWK%2F8jI6dXiS%2F4D
https://jenni.ai/citation?d=z%3AjZKxbtRAEIatSEjwCHTbUtjntbmcQ0dCJARESFyBKNe74%2FX41jvW7prcdQcVJU%2BDdDVvwpOwjiOliCylmWL0%2FaOZ%2Bf8fp%2BSsIYca7Zm6Jbc7JS%2BMkBK8B%2FVOBNBFXpyn%2BcZIssFhPQZy%2FldUKSt6mNSN6NEc1JasBo3fweI3Gq1m16NVjgwkj2F9Q21sqJnv3tYKjGt7sSiQH7Gf4faqFVY%2FCcUbtP%2BOv7dES2z9CWe02bbjLeAS123jLT64v3%2FuR6trh3Lxuks4gBVmRuG9MOPuCYd9mJ72RcCMSlT%2BlDyTinD%2FkucZz%2Fn5qsskdFl0hGe85FW1Vuhre4zV25%2FIy2qdVhevN8irTZmWBS9kL3RX8os1X1cFL1sa7hbb774%2BNLuoHmezu2l0mldpkWs%2F1uEwxFUTCBiiBi%2BRGjQ960UMwp5FC5hwARuUKAyLdqKI4WAxTgyaqQs2MDAggyPLghPWD%2BQCQ8uuPhesR%2BmonqT3jD%2FY0IJH3wQaUPqjmhZ4Lkdn9q%2FaEAb%2FZrWK%2F8jI6dXiS%2F4D
https://jenni.ai/citation?d=z%3AjZKxbtRAEIatSEjwCHTbUtjntbmcQ0dCJARESFyBKNe74%2FX41jvW7prcdQcVJU%2BDdDVvwpOwjiOliCylmWL0%2FaOZ%2Bf8fp%2BSsIYca7Zm6Jbc7JS%2BMkBK8B%2FVOBNBFXpyn%2BcZIssFhPQZy%2FldUKSt6mNSN6NEc1JasBo3fweI3Gq1m16NVjgwkj2F9Q21sqJnv3tYKjGt7sSiQH7Gf4faqFVY%2FCcUbtP%2BOv7dES2z9CWe02bbjLeAS123jLT64v3%2FuR6trh3Lxuks4gBVmRuG9MOPuCYd9mJ72RcCMSlT%2BlDyTinD%2FkucZz%2Fn5qsskdFl0hGe85FW1Vuhre4zV25%2FIy2qdVhevN8irTZmWBS9kL3RX8os1X1cFL1sa7hbb774%2BNLuoHmezu2l0mldpkWs%2F1uEwxFUTCBiiBi%2BRGjQ960UMwp5FC5hwARuUKAyLdqKI4WAxTgyaqQs2MDAggyPLghPWD%2BQCQ8uuPhesR%2BmonqT3jD%2FY0IJH3wQaUPqjmhZ4Lkdn9q%2FaEAb%2FZrWK%2F8jI6dXiS%2F4D
https://jenni.ai/citation?d=z%3AjVXLTiQ3FEWjKIqUL8jOS5CoftHDIzuYMEIjmCTTRCRLl32r6oLLrrFddFcWEbPJOvt8Cb%2BTL8mxu2EiopZGQkW36%2Fjce8599KfHnVeV81yzfaWXzt897nzbyDJEL1UcvvrjjB0ZUtE71VDLShoRhhCpDWL37HwR9oT0JKglD4ZayCBkzHf5noR3faQgwC9CH6JkK0sDtAV6EHX6LyM7u4%2Bje%2FbOtmQjInjwad68KtkVpQykxXMGnXe6RwhnhbRalDQ4q0fifJ2oFaHpYzSIvJszVNICA9Z78oFLMwi3Ys2%2FgzJd9wSy9Ll1UND2JnKHLHHsVngmLc6GfREb8lQO0Bg4xKSWVkkqGdMb6cXGJytwaENFHuHPr%2FdStopCEGxFcmwkLsCzL5YwYtUZhziJWlBV4X4QrhLTuQBQgAoE6d6ioaW0CCRxSKzJIgVx9aGY7mcJlevxjI2M%2BBobLz%2F2bIEsZkXoTeWsjCR2T39e7AmTwrkcseG6oRDhT2ycZiVU7z0qIDJ%2FHCDZpXKoRvqaXrqebcvfNi9SndtctJFY9GWgjz3IDGggNTRumYUixRSbLax6IoDk4scLgTYp3l%2BImajROF2COIGc0VGic0goQy0JV96z6wPqKLNn4F0Xq3MREVkamHyNILhcTNeUtGq45ASVwiAV%2F%2FJK1iTXnnjxxvXGtSU8QVlYMVk1COXaDt2e%2FQP1fu4oaVInPOtKdVtybEDVorTCUg1LMAv%2FCYRjhYbtVToHV8uWW7Tj02AYFwKaNyXELcxNKFB%2FNhx%2BPTebVIq66PxInGqdPZImeZ5uqCFibL1rwXYV%2FWmmxIczVARJeFSIk540oK6L3CK75Nl6%2BvAitR%2BCLUYv2y75i48h9nqAXpNn8h4ICF4KZfrN2K%2FnG7SaAtfrzDeGxuwVmhsz7V2ZnNmICgN6GPgwMkkdzNA%2FIJ16NpkdFpMjA%2FOi57KH6vAn9pe2sqW0xyrZshnKX3uqYa3V71Ea7Z2hnf%2Bj9I209RpXX0suLtlug5aXvAZWN2Rvmb6AUv0Gq7fB3jQodIbxO6Z%2FHv7CcxtYXfJGjXqHGc8oxTo87nyttOPVd9PJ6ODg%2BGRcYU%2FSCBZNR0eT1%2FPpXHMo7QOewX7i2ezksJhPj1%2BrVta3B9Pjk8PjQ%2Fw1riOUh1Z3N58Pddeybg7m8%2FnR0Xx2C4Z%2BXYHbRF9Mjovp5M5TcL1X9Is3q7Mmxi58Px4vl8tRha6MnDatHTlfj6WPrLCMx1szHXe6qkNfxqGD8h2KjOW9%2Bvu6t2m0PuQ5%2Fel5fNBCpy923OLFjsOShsfr34orbDY0XO7DNGxvpWLDMYGffy%2Bunxb2W8zK0zE6duvqraLrWIUHnVL%2BBmvTrPaePEBVsu6tcv8F
https://jenni.ai/citation?d=z%3AjVXLTiQ3FEWjKIqUL8jOS5CoftHDIzuYMEIjmCTTRCRLl32r6oLLrrFddFcWEbPJOvt8Cb%2BTL8mxu2EiopZGQkW36%2Fjce8599KfHnVeV81yzfaWXzt897nzbyDJEL1UcvvrjjB0ZUtE71VDLShoRhhCpDWL37HwR9oT0JKglD4ZayCBkzHf5noR3faQgwC9CH6JkK0sDtAV6EHX6LyM7u4%2Bje%2FbOtmQjInjwad68KtkVpQykxXMGnXe6RwhnhbRalDQ4q0fifJ2oFaHpYzSIvJszVNICA9Z78oFLMwi3Ys2%2FgzJd9wSy9Ll1UND2JnKHLHHsVngmLc6GfREb8lQO0Bg4xKSWVkkqGdMb6cXGJytwaENFHuHPr%2FdStopCEGxFcmwkLsCzL5YwYtUZhziJWlBV4X4QrhLTuQBQgAoE6d6ioaW0CCRxSKzJIgVx9aGY7mcJlevxjI2M%2BBobLz%2F2bIEsZkXoTeWsjCR2T39e7AmTwrkcseG6oRDhT2ycZiVU7z0qIDJ%2FHCDZpXKoRvqaXrqebcvfNi9SndtctJFY9GWgjz3IDGggNTRumYUixRSbLax6IoDk4scLgTYp3l%2BImajROF2COIGc0VGic0goQy0JV96z6wPqKLNn4F0Xq3MREVkamHyNILhcTNeUtGq45ASVwiAV%2F%2FJK1iTXnnjxxvXGtSU8QVlYMVk1COXaDt2e%2FQP1fu4oaVInPOtKdVtybEDVorTCUg1LMAv%2FCYRjhYbtVToHV8uWW7Tj02AYFwKaNyXELcxNKFB%2FNhx%2BPTebVIq66PxInGqdPZImeZ5uqCFibL1rwXYV%2FWmmxIczVARJeFSIk540oK6L3CK75Nl6%2BvAitR%2BCLUYv2y75i48h9nqAXpNn8h4ICF4KZfrN2K%2FnG7SaAtfrzDeGxuwVmhsz7V2ZnNmICgN6GPgwMkkdzNA%2FIJ16NpkdFpMjA%2FOi57KH6vAn9pe2sqW0xyrZshnKX3uqYa3V71Ea7Z2hnf%2Bj9I209RpXX0suLtlug5aXvAZWN2Rvmb6AUv0Gq7fB3jQodIbxO6Z%2FHv7CcxtYXfJGjXqHGc8oxTo87nyttOPVd9PJ6ODg%2BGRcYU%2FSCBZNR0eT1%2FPpXHMo7QOewX7i2ezksJhPj1%2BrVta3B9Pjk8PjQ%2Fw1riOUh1Z3N58Pddeybg7m8%2FnR0Xx2C4Z%2BXYHbRF9Mjovp5M5TcL1X9Is3q7Mmxi58Px4vl8tRha6MnDatHTlfj6WPrLCMx1szHXe6qkNfxqGD8h2KjOW9%2Bvu6t2m0PuQ5%2Fel5fNBCpy923OLFjsOShsfr34orbDY0XO7DNGxvpWLDMYGffy%2Bunxb2W8zK0zE6duvqraLrWIUHnVL%2BBmvTrPaePEBVsu6tcv8F
https://jenni.ai/citation?d=z%3AjZKxbtRAEIatSEjwCHTbUtjntbmcQ0dCJARESFyBKNe74%2FX41jvW7prcdQcVJU%2BDdDVvwpOwjiOliCylmWL0%2FaOZ%2Bf8fp%2BSsIYca7Zm6Jbc7JS%2BMkBK8B%2FVOBNBFXpyn%2BcZIssFhPQZy%2FldUKSt6mNSN6NEc1JasBo3fweI3Gq1m16NVjgwkj2F9Q21sqJnv3tYKjGt7sSiQH7Gf4faqFVY%2FCcUbtP%2BOv7dES2z9CWe02bbjLeAS123jLT64v3%2FuR6trh3Lxuks4gBVmRuG9MOPuCYd9mJ72RcCMSlT%2BlDyTinD%2FkucZz%2Fn5qsskdFl0hGe85FW1Vuhre4zV25%2FIy2qdVhevN8irTZmWBS9kL3RX8os1X1cFL1sa7hbb774%2BNLuoHmezu2l0mldpkWs%2F1uEwxFUTCBiiBi%2BRGjQ960UMwp5FC5hwARuUKAyLdqKI4WAxTgyaqQs2MDAggyPLghPWD%2BQCQ8uuPhesR%2BmonqT3jD%2FY0IJH3wQaUPqjmhZ4Lkdn9q%2FaEAb%2FZrWK%2F8jI6dXiS%2F4D
https://jenni.ai/citation?d=z%3AjZKxbtRAEIatSEjwCHTbUtjntbmcQ0dCJARESFyBKNe74%2FX41jvW7prcdQcVJU%2BDdDVvwpOwjiOliCylmWL0%2FaOZ%2Bf8fp%2BSsIYca7Zm6Jbc7JS%2BMkBK8B%2FVOBNBFXpyn%2BcZIssFhPQZy%2FldUKSt6mNSN6NEc1JasBo3fweI3Gq1m16NVjgwkj2F9Q21sqJnv3tYKjGt7sSiQH7Gf4faqFVY%2FCcUbtP%2BOv7dES2z9CWe02bbjLeAS123jLT64v3%2FuR6trh3Lxuks4gBVmRuG9MOPuCYd9mJ72RcCMSlT%2BlDyTinD%2FkucZz%2Fn5qsskdFl0hGe85FW1Vuhre4zV25%2FIy2qdVhevN8irTZmWBS9kL3RX8os1X1cFL1sa7hbb774%2BNLuoHmezu2l0mldpkWs%2F1uEwxFUTCBiiBi%2BRGjQ960UMwp5FC5hwARuUKAyLdqKI4WAxTgyaqQs2MDAggyPLghPWD%2BQCQ8uuPhesR%2BmonqT3jD%2FY0IJH3wQaUPqjmhZ4Lkdn9q%2FaEAb%2FZrWK%2F8jI6dXiS%2F4D
https://jenni.ai/citation?d=z%3AjVXLbhs3FDWCFGj7BS3QBVdFA1iyRrJjpTsncZu2MRJEQI0sKfJq5socckpyJE1WboACXXbZ%2FkgBr%2Fsn%2FpIezkixGltNNpZF3ce55xxevr3auzdznnO29%2FTS%2BYurvc8LOQ3RSxWb%2B%2FzC59KyEksZIgkckyyDUM5GyVZIETi3PGMlbRSydDU%2B3EwYGQn%2FkSWfNyIWMgoOQvMMkbWJIjpRSL%2BgEPvijJV3U5ZGkCEVvVMFlShoRGjQE92%2BOTudhAf7YlmwKgStWmybaBtQ37s6LwSy1pVKinLqDIdyX0hPwFl5V3Jgm4tIqrDOuATMCU%2FKLcijBgB2ePviKYWKMa7UC2kVBYFRY0GBbpKZwv5Www10GaVpAkohI6FG%2FRJEBWG4REUtpg1%2BosQDtwythxCYyYYZgEwpLoksEhYJrSJjgpBWb0I1hb54Rp7ABwlNJRhAchJnSwouMfCCytSjBd9CiuRnUm3h3eq7IRFzIlI5XzlUZYRAz014r0WCwx4coGsVeUGicqYpyQPWOUFWnAAjsGDajrRNgFhyLKDFVu5Uqoups6AadQNrEqpo%2BWo9U4I0BSZgQR0Sjo7fiEOFyVJJDOdJu1UPlkgFyb5BL2CZVKRaNoxpoBTFokkaaPkGvqhLkWPcKqxbgKzoLEjUAkxF1tAo4JQW0qwp7AqLdZsAMbuBQ%2BGWHdr3hg01bhG0AN2mQXqRrAQgmts%2BtxVIFCQvIl6o2vvUOE%2BW7GSAcyYFLaWFI6QAZ2DLwmpwONB11dboOl8SGMM1FHVAu7Uf%2B%2BJF7UW65xg0L0BtERPZ0LyE4MALjCC6BEYP5OlOYDUQvsCMsqoMJ1ldmzJlByl6svt85y%2FcErcxYJLT5zjZDAkcCN8Mj6z1Je8bqXDTAPUpWufDwfBhb3Bs0qLxPK2j8%2BE3rCptZUlpZc1kyabRJzkR5ZjZ6hPU1N4Z2rsj7iVgdXGz753XMOCuyNfS5l1k8TMr9GW5K7aYUC5NCUXaeH4lsbqMOOnvSqDvao9pu%2BonnhH8fB2sWIervftKO159lQ36w4eHo8ODtAr9ihc98DHqaftLpTWHqb3E32B%2F5eHR8ag3HD4aFa4iC6%2BuLs4PR9nxeDQ4Go3mCKo7QudtgUHWGx7mMGZsKsDao8gROadPbi7ky419oeH15Z%2Fn7On68q9W7ptFffpOviB%2B2Kg%2Bi67CwaVOxb%2F4Gg42q%2F0ixip8e3CAsfrO5wf%2FN9ntl%2BizD5vi9zsknLiNhPwaL1IuTuudeudnrsCB7uLnJ1NNxhfQdFeC%2BonLtYJPcKXzjwrlM7bXl39MnNsVO33Oa39OinqJu70jbj7BLFj4%2F%2Fy9Lq1PPe%2F0ff6YmtYXbSg9k6a%2B%2BIjBfkykvZK0bc1PWmt%2BCQGzQfbwYN5XNO9DkayfjbLx%2BGjLl285G42PeuNHh8ecjeHQ0TAbqlLm81H26Cg7Gg%2BzbcPeHL5n2Kw3GMMftw3Lj9nN2JRpTXletZtT%2BpjWfff6px3rvICdxK63Nm27tI2evBjefsdDY9M25%2FAfU3%2FaevrBHZ6%2Bm5J%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AfVTLbhs3FBWCrPoFXXRxV0ULWLIsOXHbndG4D6BBghqo0SWHvBremENOSY6kycpZ9B%2FaT%2FHv5Et6OKOJhSbOxrKo%2Bzgv8t397MkmRKnFPzG7EG%2FvZ19YVaUclc79U3kVa%2BVF006lzIRjVk0iHXxW4klRktrLRrTymVQTOnyEDTmVGf%2Bx51j3lK3KJImMbFDZuUw5kFVxyykv6KXoGCpRjtixzjFoyw0GOko9dmLbNy%2BvrtO3J7Szoi3xfsA2VfuE%2BTF0tSV0HSY1nFUVnKTmhFRk4GxjaCSJrymztj64UIAFiqzDliNmAOCId0EvOLUCuspsldecCFSz5cQPzcLp5GjhBF1l5fqEUegoqDG%2FgVCJnDSYaKjq8RMXHWRQ6ECCwMmnDYBUnHfMHg3bglazc4mUN1Op4bSgXzgy9GAy3EABNBdzjqyQBoS33JQdA%2FgBUua4UfoI79HeSUTwRKUOsQ2YKiiBn1P5fECCwzkSYDqdZcvUBtc3HAHrhmErToARWMB2FG0qoJ1kCy%2BOeiulb6vgITXmJjFM2g56DZlpIJqGEoigSQXHqG%2FGoQazMhLkIpuwnyMSZSD7t9gFLNct60EN53o4xdn2xQOj3iIXXUM16LbpsAJi5eAhoiEolcXAo4RT3ip3kHAcTIc1CWaOhJMNuxHt%2F8imDrcIXkBu16PdligBiJFhz8cOFAlKFlFPuouxLK5LJEcbkJxryzvlkQhF0AxqeUQNCQe6cdoB3ZhLhmK4htQlrDvkcUGvukjlnoNobSGtzUVseN7AcOAFRgjdAGME8nIn8DQwviCMqm2dFFvD0FJJgBVzNX5%2ByBduSZgCWOyMNU4mksCB8ok8ug6XfOGUxk0D1BdYXa%2BWq%2Bfz5YUrD02Uqsshpr%2FxVBmvGi5P1kY14npzWTNzDc7eXGKmicHx7BN1rwFrrNv8HKJBAB%2Br%2FFP5eqy0f4jGXlGP1dprrpVr4MhQL78rPF2OLhePNfBPXQTbcfplFBT%2FdijWYtL97Kk2QfZfnS0Xq%2Bfn6%2FPT8hTGvWzn0GM9N%2F6v1hhJlb%2FD3%2BTfyerZxXq%2BWn2%2FtqFlj6zub2%2FO12cX362Xz9brNyjqRkHfDAOWZ%2FPVeY1g5r4FrBlnyei5%2BvHhQr6e4gsP39%2F9cyOR39%2F9O9j98FBffbAv0a%2BT65scWhzcmTL8y6%2BRYLc%2FsTm36YfTU9BahFiffo7Zfw%3D%3D
https://jenni.ai/citation?d=z%3AfVTLbhs3FBWCrPoFXXRxV0ULWLIsOXHbndG4D6BBghqo0SWHvBremENOSY6kycpZ9B%2FaT%2FHv5Et6OKOJhSbOxrKo%2Bzgv8t397MkmRKnFPzG7EG%2FvZ19YVaUclc79U3kVa%2BVF006lzIRjVk0iHXxW4klRktrLRrTymVQTOnyEDTmVGf%2Bx51j3lK3KJImMbFDZuUw5kFVxyykv6KXoGCpRjtixzjFoyw0GOko9dmLbNy%2BvrtO3J7Szoi3xfsA2VfuE%2BTF0tSV0HSY1nFUVnKTmhFRk4GxjaCSJrymztj64UIAFiqzDliNmAOCId0EvOLUCuspsldecCFSz5cQPzcLp5GjhBF1l5fqEUegoqDG%2FgVCJnDSYaKjq8RMXHWRQ6ECCwMmnDYBUnHfMHg3bglazc4mUN1Op4bSgXzgy9GAy3EABNBdzjqyQBoS33JQdA%2FgBUua4UfoI79HeSUTwRKUOsQ2YKiiBn1P5fECCwzkSYDqdZcvUBtc3HAHrhmErToARWMB2FG0qoJ1kCy%2BOeiulb6vgITXmJjFM2g56DZlpIJqGEoigSQXHqG%2FGoQazMhLkIpuwnyMSZSD7t9gFLNct60EN53o4xdn2xQOj3iIXXUM16LbpsAJi5eAhoiEolcXAo4RT3ip3kHAcTIc1CWaOhJMNuxHt%2F8imDrcIXkBu16PdligBiJFhz8cOFAlKFlFPuouxLK5LJEcbkJxryzvlkQhF0AxqeUQNCQe6cdoB3ZhLhmK4htQlrDvkcUGvukjlnoNobSGtzUVseN7AcOAFRgjdAGME8nIn8DQwviCMqm2dFFvD0FJJgBVzNX5%2ByBduSZgCWOyMNU4mksCB8ok8ug6XfOGUxk0D1BdYXa%2BWq%2Bfz5YUrD02Uqsshpr%2FxVBmvGi5P1kY14npzWTNzDc7eXGKmicHx7BN1rwFrrNv8HKJBAB%2Br%2FFP5eqy0f4jGXlGP1dprrpVr4MhQL78rPF2OLhePNfBPXQTbcfplFBT%2FdijWYtL97Kk2QfZfnS0Xq%2Bfn6%2FPT8hTGvWzn0GM9N%2F6v1hhJlb%2FD3%2BTfyerZxXq%2BWn2%2FtqFlj6zub2%2FO12cX362Xz9brNyjqRkHfDAOWZ%2FPVeY1g5r4FrBlnyei5%2BvHhQr6e4gsP39%2F9cyOR39%2F9O9j98FBffbAv0a%2BT65scWhzcmTL8y6%2BRYLc%2FsTm36YfTU9BahFiffo7Zfw%3D%3D
https://jenni.ai/citation?d=z%3AjVXbbttGEDWCFmjRL%2Bjbog9BA5jUXbKbNEWaAG3R9II0RZyiL0tyRI693GV2l5LlpzQF%2BtQfyt%2F17JJy7FhyAwiCRAxnzpxzZubN24M7S2O5ZH2nWBt79vbgUyXznJyj4on0VI6H43kyXKjcaG85a72x7h%2B8VWhZU3h7KWtWm%2Fwpt1TyirT6o2qlLi%2Fid2GNooMd4SctdeHVCUuzQeze0MeSu9DyBenlbUkft31k%2FqPkfVH0q%2FSs%2BuK%2FtZqVeJTuTflda7Yp2x5izoV7e%2FBRXhg%2B%2F3w0TEfD0XxwmmZ0moKsMf4fLaazgl2mX%2BPb6Tc8msyPk8VwcsKjo8UkGR%2FPTirTkJaKzs9eTCej4WQ2mR5PTxHedsSfhlzJaITg0rWZ3zSAdUCePd4xzygn7UVjTWmhlTBa1Jxbk7FUghTl3hq30b4ix05Ykjl0EwX%2BldoJkC2ct0FeJie8EaBC6pwEXriMbsjCGnV4vvSm4dy9LgKMT%2FLWqvN7lfeN%2B2owAA2pseVgLxM3LfZZJbNQP%2Febj%2F%2B9q%2Fz95m7p73%2FLpkeeV4Ru0InbOE%2B1E5VRRWi2ZkcCySJO1zovWctMAbeV2kW0nsGFWYpc2gy%2FCjbnXJD48vEvoRCYDKXG4feg%2F3NPtI51KbTRSVMZ3xPnORcZIJJlmYon5Br2HUGXrNcSmRlFaEUKDCFJ3wGYjiy%2FE6VR0geA7lAEEXiJBqFgXkmlYG3Eg2%2BI5UNC03iu%2BeJKQt23SFZIpETxgCRjk0h8BaysAXUpc0rFD4iuou4rpvWhWBMgqlXACq1t5x1ZrIK0LtRbsqbEYxZQcNtzctnKu9TXvIK67%2Bu1n2SB%2FbEKDaKTQAzyZOSRVmCs8NzHh2jpZr81gSTNDj7AK2sifUudZMnnoYuO%2BF6Fd6Kk4mfjo2NkXjFkq0FFkKTNKyEdpNGlokR6U8NBXioYsB%2BbQwFPEDaAKU3rBJ03wQO9237yFh3WDWaTkC5K3yqIaArQAvzB7GD1ovOnbOAhIIixFuqwy9uwclPxvVkDlj3cQUSxwXLCGMYJwFxudmnVSLZoIohfYzqgXYfLk9psuTamOBRcN1QEquLMR1yA2vUaWoK8%2Ffil4qkxZyEUhdfS4mWJ0dRkS%2FgV1tu2g2Iro1YhsuKySkCQUW3s%2BAYFHqpqftUGCgLC1m8hgDNSyNHR6KUtAR4iamwQQgJkD%2FCMr66M1zWZY0Kjg7QCYxCOmfaISsWjqHpsBcnACEyP3DvnCN7xkZwaWz9vlbRChUGP26ibv%2B1KilOF1mOvfBHXBB7vmJDLNZCKF4wOlq1FrN1OfOQAdkRo59Kwqa%2FsuQ8bsFrCGgQSACTSjHToNXKEMGDuHqw4JE1jmriCd53%2B%2BbXT%2F%2FdtN5JetrDlvluaPV31d%2Fyl0eUr3n%2Fxn0vdRz5nqdfU3%2FKrh%2FcLnJvZ8WK0wL3BwOsE1W25CXdnirszxEG9coH%2F4slwOE%2Bmo6Nrd3c6HE1nR5Pp%2FL27O02GI3zOgn9bm9PvuHfPtvduvV6nkCxBUbOKesXzV2BbDKSFgxQNsByM9UlTLL%2Fh4uv5PJtNh%2FPxaHE8Wcj5fJnJWXY0W968638%2B%2F8AdjOG1Bgt95w5%2BgLwPxw%2BCMx5escWOIz7eccT%2Fh9X%2FAA%3D%3D
https://jenni.ai/citation?d=z%3AdVXbbiQ1EI1WWgmJn7B4Q5pbJktIQDwgrkIghAAheMJtV3c70203ZXsys0%2B7Ej%2BVv%2BITOOXunp3dZKVc1L5U1blU%2BfXDxbM6sGucf2bvA%2B8eLj5sdRUTa5OOz%2F%2F7WDmfgjKh74mN050yLfXO6C6u1G8tqV7fBVZVSKkjT2YXcUElbFjaUxeGnnxSoVata9ruqAYONpvk9qR%2B%2BuZXFY8xUR%2BVZiqXunCvKmQmllRd0Nb5ZlGWqSOTOCA4ax9rYsU6kdLelu05MA4gG%2BP0XiPzqdqFum%2BdaVXnepdKrjqnjLRDSChR0oEHFXEWKVUecMZFCWsoAut3rIcWCFWro6KDoQ5401SVZABHfoTm0nGBCnrNO10Bs0BXRjM7FN2HynXlRByoEAqC2fnojOrJtNqXYBCAfJPaxQkBlvR8NeSELy%2FkjGFq3I6Za23ACJNeFF4qFyDcoJMbLxbFmICTFqNMQMjUaLYL1cwAjQaFe6gd%2BiJKxFKrBW5DUApxQcreWVKe7lUYhsApe5ccndOEyDG7RLbQmhEEvGkET23AVVl03qDUKCBEj0e6jxhCiGk%2BMhDjYq89YEJlOGilfkapo3d0THCd0RboTmhErorIQzPoHGE8KDJ5E8VJCjoMHSixQkkJ%2BQaEN4GBDwzCV9ieyo%2BFJJ2b4m5J%2Fjb5CJbxIRtM0YlWBkVJsgn0uPm0pz%2FHXoZhR99khhMEGIoX7cfVkLvQV1CdamjvyBtsSfxxe%2FbMWVdIxRUKNK0DegsvBHwnUK6yt8TFUCVEnRnF8cxLqbQPVkw2EgHqZ36XFbBYTIFROkgs3EwkjXzOTQ7LJbHFP2ILeEf6SvNRYbww7R28JMlj7tE47qUwZ0bgpzkyzRbEqB11AuEpO4sf0e0wFBquhtrQZk%2FHEt26aHKMBVIeliksrQwRiESaMR1gQelfWHnqC3HeyUtvDPA2H4U0jXTjN5K71KpBc3ImdxpM9gN8iOpE6pYcnx%2BXXkcRjSSVSGg2Gb7g8%2BUUrsxO%2FM59gPs7AOLQPUEyBLjHcJL%2Fg%2BDCbJu6550uPp%2BBHGSMpLjqtBFdyH4tJW032%2Bvl5tMOow0zqsopcPwXL4b1uid5OWrdu%2B5ovxJ6GvSWpx9X6tuVldIuHh%2Bs%2FszjseZ7jTnsm%2FcdpL8wCJvxrPkB%2FnzPOfOLmxJLxOMponE2Plw8NzY4vtysLjdXt2u7Zb3Zbq5uarig8q%2FwN%2FrXbrt5cb3cbq5vWwwErzs67P54sb29vNleX93c2qF3tr26vtx8cntzc4creeTmDtxsl5tL%2FOxAc8hs6HfuDl%2B0KQ3xs%2FV6yFVccTSrwM2a%2FFo4hBjr4oqOBluvJcSa9VllTcxVOg5AeEHJ4Uk9%2FP2lii0cPffIWe%2FNLy1anfGqoN2neRKPXua2%2BK0uj8D8CKqaQy9PUQXbWRcOmOJ1CoMz8ZWVvB9g3HSHj2YMoK%2BU%2F5jC%2FwE%3D


© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 207131 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4269 

catalytic activity and surface functionality for 

improved MES performance (Chen et al., 2022). 

Three-dimensional carbon aerogel cathodes 

fabricated by additive manufacturing enable custom 

geometries with high surface-area-to-volume ratios 

(Kracke et al., 2021; Liu et al., 2022). When plated 

with nickel-molybdenum alloy catalysts, 3D-printed 

carbon aerogel cathodes achieved sustained 

electromethanogenesis at 2.2 L CH₄ L⁻¹ day⁻¹ with 

~99% coulombic efficiency (Kracke et al., 2021). 

The 3D architecture improves in situ H₂ delivery, 

reduces bubble formation, and mitigates local pH 

gradients, addressing key mass transfer limitations 

(Kracke et al., 2021). 

Carbonaceous matrices derived from biomass offer 

low-cost, sustainable electrode materials with 

naturally high surface areas, porous structures for 

mass transport, and good biocompatibility due to 

higher hydrophilicity compared to synthetic carbons 

(Langsdorf et al., 2021). However, biomass-derived 

carbons may exhibit higher internal resistance and 

require activation or functionalization to achieve 

optimal performance (Herkendell, 2021). 

Nanostructured Metals and Metal Catalysts 

Metal-based electrodes and catalysts—including 

platinum, nickel, titanium, stainless steel, copper, 

silver, and gold—provide enhanced conductivity and 

electrocatalytic activity for CO₂ reduction and H₂ 

evolution (Horváth-Gönczi et al., 2023; Kracke et al., 

2021; Tan & Nielsen, 2022). Copper is unique among 

metals for its ability to catalyze C–C coupling, 

producing C2+ products like ethanol, acetate, and 

ethylene from CO₂ (Tan & Nielsen, 2022; Zhang et 

al., 2022). Sputtered copper films on gas diffusion 

layers of PTFE or carbon paper achieved industrially 

relevant current densities (100–200 mA cm⁻²) and 

~15% Faradaic efficiency for soluble C2 products in 

biocompatible phosphate electrolytes (Zhang et al., 

2022). 

Noble metal catalysts exhibit high activity for 

specific reactions—Au and Ag for CO production 

(>90% Faradaic efficiency), Pt for H₂ evolution—but 

face cost and scalability challenges (Pan, 2025; Tan 

& Nielsen, 2022). Bimetallic and alloy catalysts (e.g., 

NiMo, CuZn) offer tunable selectivity and improved 

stability compared to pure metals (Kracke et al., 

2021). However, metal electrodes may suffer from 

biocompatibility issues, corrosion, and biofouling, 

requiring surface treatments or coatings (Horváth-

Gönczi et al., 2023). 

Metal-Organic Frameworks 

Metal-organic frameworks—crystalline porous 

materials composed of metal nodes and organic 

linkers—have emerged as promising electrode 

materials and catalyst supports due to their high 

porosity (up to 90% free volume), tunable pore sizes, 

and chemical versatility (Gupta et al., 2024; Mirea et 

al., 2025). MOFs can integrate catalytic sites for CO₂ 

reduction with high surface areas for microbial 

attachment, potentially serving as multifunctional 

bio-abiotic interfaces (Gupta et al., 2024). MXene-

based electrodes (2D transition metal 

carbides/nitrides) functionalized with carbon 

nanotubes or MOFs have shown improved CO₂ 

conversion yields in microbial electrosynthesis, with 

MOF coatings providing cytoprotective layers against 

reactive radical species (Gupta et al., 2024). 

Despite their promise, MOF applications in 

electromicrobial systems remain at the research scale, 

with challenges including electrical conductivity 

(most MOFs are insulators), stability in aqueous 

electrolytes, and scalable synthesis (Gupta et al., 

2024; Mirea et al., 2025). Conductive MOFs 

incorporating redox-active linkers or metal nodes 

offer potential solutions but require further 

development (Mirea et al., 2025). 

Conductive Polymers and Composites 

Conductive polymers—such as polyaniline, 

polypyrrole, poly(3,4-ethylenedioxythiophene), and 

poly-3-hexylthiophene (P3HT)—facilitate enzyme 

immobilization, mediator incorporation, and 

microbial adhesion while providing tunable electrical 

and mechanical properties (Agee et al., 2023; Song et 

al., 2021). P3HT-based polymers with 

methylimidazolium functionalization exhibit both 

electronic and ionic conductivity, enhancing 

mediated electron transfer and biocompatibility in 

Shewanella oneidensis bioelectrochemical systems 

(Agee et al., 2023). These polymers reduce interfacial 

resistance and improve current generation compared 

to bare carbon electrodes (Agee et al., 2023). 

Composite materials combining carbon supports with 

metal nanoparticles, conductive polymers, or MOFs 

leverage synergistic properties to optimize 

conductivity, catalytic activity, surface area, and 

biocompatibility (Chen et al., 2022; Gupta et al., 

2024; Song et al., 2021). For example, copper ferrite 
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nanoparticles on RGO enhance both electrocatalytic 

CO₂ reduction and microbial attachment (Chen et al., 

2022). However, composite fabrication complexity 

and cost must be balanced against performance gains 

for practical applications (Herkendell, 2021; Mirea et 

al., 2025). 

Comparative Analysis and Scalability 

Table 1 summarizes key properties, representative 

performance metrics, and trade-offs for major 

electrode material classes in electromicrobial 

systems. 

Materi

al 

Class 

Key 

Properties 

Repres

entative 

Perfor

mance 

Advant

ages 

Limitati

ons 

Carbon

-based 

High 

conductiv

ity, 

tunable 

porosity, 

good 

biocompa

tibility, 

high 

surface 

area 

3D-

printed 

carbon 

aerogel 

+ 

NiMo: 

2.2 L 

CH₄ L⁻¹ 

day⁻¹, 

~99% 

CE 

(Krack

e et al., 

2021); 

Graphe

ne: 

enhanc

ed 

bacteria

l 

loading 

(Chen 

et al., 

2022) 

Low 

cost, 

chemic

al 

stability

, 

scalabl

e 

fabricat

ion, 

excelle

nt 

biofilm 

support 

Variabl

e 

internal 

resistan

ce, may 

require 

functio

nalizati

on 

Nanost

ructure

d 

metals 

High 

catalytic 

activity, 

tunable 

selectivity

, 

excellent 

conductiv

ity 

Sputter

ed Cu 

GDEs: 

100–

200 mA 

cm⁻², 

~15% 

FE for 

C2 

Superio

r 

electroc

atalytic 

perfor

mance, 

precise 

control 

of 

High 

cost 

(noble 

metals), 

corrosi

on, 

potentia

l 

biocom

product

s 

(Zhang 

et al., 

2022); 

Au/Ag: 

>90% 

FE for 

CO 

(Tan & 

Nielsen

, 2022) 

product 

selectiv

ity 

patibilit

y 

issues, 

limited 

scalabil

ity 

Metal-

organi

c 

frame

works 

Ultra-

high 

porosity, 

chemical 

tunability, 

integrated 

catalyst/s

upport 

MXene

-MOF 

compos

ites: 

improv

ed CO₂ 

convers

ion 

yields 

(Gupta 

et al., 

2024) 

Multifu

nctiona

l 

interfac

es, 

tunable 

pore 

chemist

ry, high 

surface 

area 

Low 

electric

al 

conduct

ivity, 

aqueou

s 

stability 

concern

s, 

scalable 

synthes

is 

challen

ges 

Condu

ctive 

polym

ers 

Tunable 

electrical/

mechanic

al 

properties

, mediator 

immobili

zation, 

enzyme 

compatibi

lity 

P3HT-

Im⁺: 

enhanc

ed 

electro

n 

transfer 

and 

biocom

patibilit

y (Agee 

et al., 

2023) 

Flexibl

e 

design, 

reduced 

interfac

ial 

resistan

ce, 

good 

biocom

patibilit

y 

Modera

te 

conduct

ivity, 

long-

term 

stability 

questio

ns, 

synthes

is 

comple

xity 

Scalability considerations favor carbon-based 

materials due to established manufacturing processes, 

low cost, and material availability (Herkendell, 2021; 

Liu et al., 2022). Modular carbon electrode 

assemblies have been proposed for scalable 

bioelectrochemical system architectures (Bakonyi et 

al., 2022; Herkendell, 2021). Metal catalysts, 

particularly copper for C2 production, require cost-
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effective deposition methods such as sputtering or 

electrodeposition onto carbon supports to balance 

performance and economics (Zhang et al., 2022). 

MOFs and conductive polymers remain promising 

but require advances in synthesis, stability, and 

integration before large-scale deployment (Gupta et 

al., 2024; Mirea et al., 2025). 

 

V. REACTOR DESIGN PRINCIPLES 

 

Flow Electrolyzers and GDE Configurations 

Flow electrolyzers with gas diffusion electrodes 

represent the state-of-the-art for electrochemical CO₂ 

reduction, overcoming gas-liquid mass transfer 

limitations that constrain batch reactors (Liu et al., 

2022; Zhang et al., 2022). GDE flow cells supply 

gaseous CO₂ directly to the catalyst layer through a 

porous, hydrophobic backing (typically PTFE or 

carbon paper), achieving current densities of 100–200 

mA cm⁻² for C2 production—orders of magnitude 

higher than aqueous-fed systems (Liu et al., 2022; 

Zhang et al., 2022). This configuration is essential for 

supplying sufficient carbon flux to downstream 

microbial conversion in EMC2 systems (Cui et al., 

2025; Zhang et al., 2022). 

Zero-gap configurations, where the cathode and 

anode are separated only by a thin ion-exchange 

membrane or separator, minimize ohmic losses and 

enable compact reactor designs (Pang & Zhu, 2025). 

Three-dimensional printed electrodes with optimized 

flow channels and electrode geometries further 

enhance mass transfer and current distribution 

(Kracke et al., 2021; Zegers et al., 2025). However, 

GDE stability in aqueous electrolytes remains a 

challenge, with flooding and catalyst deactivation 

limiting operational lifetimes (Zhang et al., 2022). 

Mass Transfer and H₂ Delivery 

Mass transfer of gaseous substrates (CO₂, H₂) and 

products (H₂, CH₄) critically influences 

electromicrobial system performance (Cabau-Peinado 

et al., 2021; Kracke et al., 2021). For H₂-mediated 

systems, gas-liquid transfer limitations and H₂ escape 

losses reduce coulombic efficiency and productivity 

(Kracke et al., 2021). Optimized 3D-printed cathode 

geometries with high surface areas (up to 382.63 cm² 

L⁻¹ surface-area-to-reactor-volume ratio) improve in 

situ H₂ delivery by reducing local current densities, 

minimizing bubble formation, and decreasing H₂ 

escape (Kracke et al., 2021). These designs enabled 

volumetric methane productivities of 2.2 L CH₄ L⁻¹ 

day⁻¹ with near-unity coulombic efficiencies (Kracke 

et al., 2021). 

Continuous sparging of CO₂ at controlled flow rates 

(typically 0.1–1 L min⁻¹) maintains dissolved CO₂ 

concentrations and removes gaseous products, 

preventing product inhibition (Boto et al., 2023; Zhu 

et al., 2022). Stirring or recirculation enhances 

convective mass transfer, reducing concentration 

gradients and improving current distribution (Boto et 

al., 2023). However, excessive agitation can disrupt 

biofilms and increase energy consumption, requiring 

optimization for each system (Liu et al., 2022). 

Biofilm Management and Community Control 

Cathodic biofilm composition evolves over time and 

can allow re-emergence of undesired methanogens in 

acetogenic MES systems, compromising product 

selectivity (Mills et al., 2022). A meta-analysis of 

acetogenic and methanogenic microbiomes in MES 

revealed an 80% shared cathodic core microbiome 

across systems, with inoculum pretreatments strongly 

affecting community trajectories (Mills et al., 2022). 

This finding implies that active community 

management—through selective enrichment, 

antimicrobial agents, or operational parameter control 

(pH, potential, substrate availability)—is required for 

stable product selectivity (Abdollahi et al., 2022; 

Mills et al., 2022). 

Biofilm thickness and architecture influence electron 

transfer efficiency and mass transport (Cabau-

Peinado et al., 2021). Thin, conductive biofilms 

maximize electron flux per unit electrode area, while 

thick biofilms may suffer from diffusion limitations 

and dead zones (Cabau-Peinado et al., 2021; Song et 

al., 2021). Periodic biofilm harvesting or controlled 

detachment can maintain optimal biofilm thickness 

and prevent reactor clogging (Liu et al., 2022). 

Spatial arrangement of cathodes and reactor 

geometry also affect microorganism-electrode 

interactions and biofilm development (Chen et al., 

2022; Zegers et al., 2025). 

Anode Oxygen Dilemma 

The conventional oxygen evolution reaction at the 

anode creates an engineering dilemma for 

electromicrobial systems because oxygen is toxic to 

many cathodic electrotrophs, particularly strict 

anaerobes like acetogens and methanogens 

(Abdollahi et al., 2022). Oxygen penetration to the 

cathode chamber—through membrane crossover, 
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leaks, or incomplete separation—poisons anaerobic 

metabolism and reduces coulombic efficiency 

(Abdollahi et al., 2022; Rohbohm et al., 2024). 

Strategies to address the oxygen dilemma include: 

physical separation with gas-tight membranes and 

purging oxygen-scavenging chemicals or enzymes 

alternative anodic oxidations (e.g., organic waste 

oxidation, sulfide oxidation), and use of facultative or 

aerotolerant microbes (Abdollahi et al., 2022; 

Chandrasekhar et al., 2021; Rohbohm et al., 2024). 

Alternative anode reactions that avoid oxygen 

generation offer potential solutions but introduce 

complexity and may reduce overall system efficiency 

(Abdollahi et al., 2022). For example, coupling MES 

cathodes with microbial fuel cell anodes that oxidize 

organic waste can eliminate oxygen production while 

treating wastewater, creating integrated 

bioelectrochemical systems (Chandrasekhar et al., 

2021; Horváth-Gönczi et al., 2023). However, such 

configurations require careful matching of anode and 

cathode kinetics and potentials (Abdollahi et al., 

2022). 

Continuous Operation and Modular Manufacturing 

Continuous-flow operation with steady-state 

substrate supply and product removal enables higher 

volumetric productivities and easier process control 

compared to batch systems (Cabau-Peinado et al., 

2021; Liu et al., 2022). Continuous MES reactors 

with chemostat-mode operation have demonstrated 

stable acetate production over extended periods 

(weeks to months) with consistent coulombic 

efficiencies (Rohbohm et al., 2024; Song et al., 

2021). Membrane-less configurations that eliminate 

ion-exchange membranes reduce cost and complexity 

while maintaining product separation through pH 

gradients or selective product recovery (Mirea et al., 

2025). 

Modular reactor designs—where electrochemical and 

biological modules are staged in cascades or 

integrated in single vessels—offer flexibility for 

different products and operating conditions (Bakonyi 

et al., 2022; Zegers et al., 2025). Staging allows 

independent optimization of electrochemical CO₂ 

reduction (high current density, low pH) and 

microbial fermentation (moderate current density, 

neutral pH, aerobic or anaerobic) (Tan & Nielsen, 

2022; Zhang et al., 2022). Modular manufacturing 

approaches, including 3D printing and standardized 

electrode assemblies, facilitate scale-up and 

customization for specific applications (Kracke et al., 

2021; Park et al., 2025; Zegers et al., 2025). 

 

VI. TOWARD INDUSTRIAL 

DECARBONIZATION 

 

Techno-Economic Considerations 

Techno-economic analyses of electromicrobial 

systems identify electrode cost, system integration 

complexity, and low volumetric productivity as 

primary barriers to commercial competitiveness 

(Abel et al., 2022; Herkendell, 2021; Sheppard et al., 

2022). Electrode materials account for 20–40% of 

capital costs in bioelectrochemical systems, with 

precious metal catalysts and ion-exchange 

membranes contributing significantly (Herkendell, 

2021). Replacing noble metals with earth-abundant 

catalysts and developing membrane-less 

configurations are critical cost-reduction strategies 

(Abdollahi et al., 2022; Mirea et al., 2025; Zhang et 

al., 2022). 

Volumetric productivity—the rate of product 

formation per unit reactor volume—directly impacts 

capital costs and footprint (Park et al., 2025; Singh et 

al., 2023). Current MES systems achieve acetate 

productivities of 5–15 mmol L⁻¹ day⁻¹ (0.3–0.9 g L⁻¹ 

day⁻¹), substantially lower than conventional 

fermentation (>10 g L⁻¹ day⁻¹) (Liu et al., 2022; Song 

et al., 2021). Increasing current densities, improving 

electron transfer rates, and optimizing reactor 

configurations are essential to close this productivity 

gap (Liu et al., 2022; Park et al., 2025). Upper limit 

efficiency estimates for electromicrobial production 

of drop-in jet fuels suggest theoretical feasibility but 

highlight the need for substantial performance 

improvements (Sheppard et al., 2022). 

Energy efficiency—the fraction of electrical energy 

converted to chemical energy in products—

determines operating costs and environmental 

benefits (Abel et al., 2022; Bakonyi et al., 2022). 

Electromicrobial systems typically operate at 20–

60% energy efficiency, with losses from 

overpotentials, side reactions, and metabolic 

inefficiencies (Bakonyi et al., 2022; Liu et al., 2022). 

Minimizing overpotentials through catalyst and 

interface engineering, maximizing Faradaic 

efficiency, and coupling to low-cost renewable 

electricity are key strategies for improving energy 

https://jenni.ai/citation?d=z%3AdVTNiuQ2EG4GAoE8QW51zELG3eOev97bJNmQyzCwk7C5BVkqW7UjS0aS2%2B3bLuSl5pRXy2e7OxB2%2B2IkuVTfT1Xp8%2Bvqog5RGvEXZgjx5XX1nVVVylHpPF7808WwF8OJtOVWtHKJlDdU94xVNZKJshffULZMLWdVBSeppVATomMIsVEeB4kGyZbYsc4x%2BER1DC1plW2YkounSsLx7wmJ0pgyt6mg3y0npP9%2FQhWZ%2BtQr50YCXdEZC%2BUVx1CJLughz6SSapmytPzjvFUegBQZ6iT4ied5YBKguDakTHzQrk%2ByZ2AMKnOk1DnJeZEeQ9%2FYOX04jA174n1w%2FQzwH9IPT%2B%2Fev5mkIKnGaYZsRUYct60ilIAe3z2TYUCErmWfZ5%2FZozDMETgFPS3JO%2FaM8sxZc5hhj0aSVWk6qnghbNhMW7UPMi0OoiVPHiFvXWPDXo%2FkQkrgMlhQIZVSP4HhdAD3JCkrr7mgD3DS4ixbNfkKESfqBuz2sxhUIeAq%2BM6waBufpR7JB4hanIBM1FsadMBgoQWeHpsH9gAd5L4oUZyS1f1U58idU3oJnhtKOdTCw4v95L2YxZXT3VQgWjP0mV9geFNuytvLzZ3TwaNhqh500t8YAOPRJNMg1KoVN8pDZYJzygo3SOybR%2BXEsjUxOF59GW%2BeKz6FPquo6MGdC5X3IbGvVN8u8fIoUVRLD8W5G%2FY3FdHw6M35gvlVuZclVotJr6tvtAly%2BP5qU2y397t1jQ6uCggti9313c3Nxkiq%2FCd8k%2F8sV7e315fbTfmnDegi5fjw8uG6vN%2FdXN2V5cZ0rRi7vdntytvru4%2B40i%2FGfZzyXW7uLzfbFzRF6KPmP6I7%2FGRz7tLb9XoYhgITjXJzREULTOlaxSzacVqfpbbuTN2kvspjB8ErzpLB6C9M%2B2mOjj32dnoB8AJh1mEx%2FtZfm%2BVphuY3ohLM8HGm0%2BgRij5eXpyfn8o6h050%2BmQm2G91Dx1vTjpg5cz9LOV%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AdVTNiuQ2EG4GAoE8QW51zELG3eOev97bJNmQyzCwk7C5BVkqW7UjS0aS2%2B3bLuSl5pRXy2e7OxB2%2B2IkuVTfT1Xp8%2Bvqog5RGvEXZgjx5XX1nVVVylHpPF7808WwF8OJtOVWtHKJlDdU94xVNZKJshffULZMLWdVBSeppVATomMIsVEeB4kGyZbYsc4x%2BER1DC1plW2YkounSsLx7wmJ0pgyt6mg3y0npP9%2FQhWZ%2BtQr50YCXdEZC%2BUVx1CJLughz6SSapmytPzjvFUegBQZ6iT4ied5YBKguDakTHzQrk%2ByZ2AMKnOk1DnJeZEeQ9%2FYOX04jA174n1w%2FQzwH9IPT%2B%2Fev5mkIKnGaYZsRUYct60ilIAe3z2TYUCErmWfZ5%2FZozDMETgFPS3JO%2FaM8sxZc5hhj0aSVWk6qnghbNhMW7UPMi0OoiVPHiFvXWPDXo%2FkQkrgMlhQIZVSP4HhdAD3JCkrr7mgD3DS4ixbNfkKESfqBuz2sxhUIeAq%2BM6waBufpR7JB4hanIBM1FsadMBgoQWeHpsH9gAd5L4oUZyS1f1U58idU3oJnhtKOdTCw4v95L2YxZXT3VQgWjP0mV9geFNuytvLzZ3TwaNhqh500t8YAOPRJNMg1KoVN8pDZYJzygo3SOybR%2BXEsjUxOF59GW%2BeKz6FPquo6MGdC5X3IbGvVN8u8fIoUVRLD8W5G%2FY3FdHw6M35gvlVuZclVotJr6tvtAly%2BP5qU2y397t1jQ6uCggti9313c3Nxkiq%2FCd8k%2F8sV7e315fbTfmnDegi5fjw8uG6vN%2FdXN2V5cZ0rRi7vdntytvru4%2B40i%2FGfZzyXW7uLzfbFzRF6KPmP6I7%2FGRz7tLb9XoYhgITjXJzREULTOlaxSzacVqfpbbuTN2kvspjB8ErzpLB6C9M%2B2mOjj32dnoB8AJh1mEx%2FtZfm%2BVphuY3ohLM8HGm0%2BgRij5eXpyfn8o6h050%2BmQm2G91Dx1vTjpg5cz9LOV%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AdVTNiuQ2EG4GAoE8QW51zELG3eOev97bJNmQyzCwk7C5BVkqW7UjS0aS2%2B3bLuSl5pRXy2e7OxB2%2B2IkuVTfT1Xp8%2Bvqog5RGvEXZgjx5XX1nVVVylHpPF7808WwF8OJtOVWtHKJlDdU94xVNZKJshffULZMLWdVBSeppVATomMIsVEeB4kGyZbYsc4x%2BER1DC1plW2YkounSsLx7wmJ0pgyt6mg3y0npP9%2FQhWZ%2BtQr50YCXdEZC%2BUVx1CJLughz6SSapmytPzjvFUegBQZ6iT4ied5YBKguDakTHzQrk%2ByZ2AMKnOk1DnJeZEeQ9%2FYOX04jA174n1w%2FQzwH9IPT%2B%2Fev5mkIKnGaYZsRUYct60ilIAe3z2TYUCErmWfZ5%2FZozDMETgFPS3JO%2FaM8sxZc5hhj0aSVWk6qnghbNhMW7UPMi0OoiVPHiFvXWPDXo%2FkQkrgMlhQIZVSP4HhdAD3JCkrr7mgD3DS4ixbNfkKESfqBuz2sxhUIeAq%2BM6waBufpR7JB4hanIBM1FsadMBgoQWeHpsH9gAd5L4oUZyS1f1U58idU3oJnhtKOdTCw4v95L2YxZXT3VQgWjP0mV9geFNuytvLzZ3TwaNhqh500t8YAOPRJNMg1KoVN8pDZYJzygo3SOybR%2BXEsjUxOF59GW%2BeKz6FPquo6MGdC5X3IbGvVN8u8fIoUVRLD8W5G%2FY3FdHw6M35gvlVuZclVotJr6tvtAly%2BP5qU2y397t1jQ6uCggti9313c3Nxkiq%2FCd8k%2F8sV7e315fbTfmnDegi5fjw8uG6vN%2FdXN2V5cZ0rRi7vdntytvru4%2B40i%2FGfZzyXW7uLzfbFzRF6KPmP6I7%2FGRz7tLb9XoYhgITjXJzREULTOlaxSzacVqfpbbuTN2kvspjB8ErzpLB6C9M%2B2mOjj32dnoB8AJh1mEx%2FtZfm%2BVphuY3ohLM8HGm0%2BgRij5eXpyfn8o6h050%2BmQm2G91Dx1vTjpg5cz9LOV%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AjVVNb9tGEDWCtmiL%2FoHe9hgDlixKsmz15jppijSBg7ptjN6WyyE59nKX2A%2FLyilNgf4n%2F7u%2BJWlZje00gCBI5OzOm%2FfezHy42XlSWscVmyfFyrrLm51vtFSKvKfimQxUTSfTxWhyqJU1wXEeg3X%2BH5wqjGwonS5lw3qtXnGkiq%2FI6D%2FrKE31rvsunNW080D4eaQ%2BvD5nadeIfTT0RHIfWr0lU37q0pM4RKpfJD8WRW9kYD0kP4uGtTgeP3rli2hvr4wDRMWFv9n5QhWWr7%2FPJuNski32L8Y5XYxB1hT%2Fjw7nBwX73LzHtzcfOJstlqPDyeycs6PD2Wi6PDivbUtGarq%2BfDufZZPZwWy%2BnF8gPPbEX6S7RlmG4MrHPKxbwNqhwAFn7K%2BkyATROls5aCWsEQ0rZ3OWWpAmFZz1axNq8uyFI6mgmyjwrzJegGzhg0vyMnkRrAAV0igSOLCJbsnBGk16XgbbsvLviwTjaxWdvt6tQ2j9D%2Fv7oGFsXbX%2FKBP3LfZtLfOUX4X1l9%2F93iYAxq72hLJNGwPksWBGNLYgzaYStvxUcU9fPz%2FbFbX0IicyAiqRo%2BtWW0fFnoBhBYIM%2BPJeunXKJVXNdEUiR6WXoXY2VnV%2FzgdQM6RMVIDfdG6kueGQnvtArR%2BLn5FiT0hRkSEHUKWDa1JtApXeAb9DfckG0ikv2OAYEG9YBrgWEkJNKsbiOKV1uGANH7ISsgUE4E1hES2Z4OPqy62rGwoyt5p9k14m1ANFqiZEIQJERJVITWVJAwyJe9I6agm0VLAEEtSjtV0l3LgHmApWQWzCKmdXoe6sA%2F1dch9Ggo9Nm24ei9%2BQuCsc9CobTfAdFyenYroFoGMfgEOiD1eV0aWCAdmaqhO%2BM8MIsq2TP7sgM1Iy0RBoLM64AZwuEKxFjTQriNFZRyKPWDFQQn9y3AAkyi9kkMLmQUIDZHS2EQWXJU6hBm%2Bjg8RdHuS4ShRvKgHpMtfoCit87IZiGbVepz5SmIUIuy%2Fw054omLlGwq3C%2BoKRI3EBDWrO4SlrdrvnDzSdeHpLdEHGc1jvCfSZNCkLxgC53Z51kCMVXt%2BatseeMPdc0Xa5azi4ScqVXEUwDAAwJerUHgdqu4KUr7sLbun1sarIh17JNM%2BsTizhijSC%2BitARFUHNCDMOXQKXbPvfiSz92l9T0GNWN3FJ7TctNah7VDvgD81zxWhVeHs2hYiYlzzu977PrYtBODwoBO6IhgdrFLVoZah82DOtmTdjAqXBvkt1UCTdhqbaKPvSANhleESp01AkmEm4t1G5a0m6CvuWqbTByYe8nQDFVQkHYH6tmQE%2FFfPYfQichhIxfj%2FV%2B%2Ff93dUcyJzGUdviI0shm1Fp46tfmyr8Rl0kyC37KMvj0ENiZdjfB47U71Ep2A2Dqv4VSzsFavtjfjVZiPOZkfL%2FRK05WkPZOPFYjnNjrY24l%2BcLRbz0WwyPVeNrC5m2eIoWx4sJ4dba%2FHuYdE2XNSzeTZfLg4%2BXpLZaAKW5veX5B%2FH4sUwn3tHJy%2F8OHjhWe%2BF1xtpn3%2B8V%2BDGE%2Blye71OPeTFT2lwnJxOP3MXPszBvw%3D%3D
https://jenni.ai/citation?d=z%3AjVVNb9tGEDWCtmiL%2FoHe9hgDlixKsmz15jppijSBg7ptjN6WyyE59nKX2A%2FLyilNgf4n%2F7u%2BJWlZje00gCBI5OzOm%2FfezHy42XlSWscVmyfFyrrLm51vtFSKvKfimQxUTSfTxWhyqJU1wXEeg3X%2BH5wqjGwonS5lw3qtXnGkiq%2FI6D%2FrKE31rvsunNW080D4eaQ%2BvD5nadeIfTT0RHIfWr0lU37q0pM4RKpfJD8WRW9kYD0kP4uGtTgeP3rli2hvr4wDRMWFv9n5QhWWr7%2FPJuNski32L8Y5XYxB1hT%2Fjw7nBwX73LzHtzcfOJstlqPDyeycs6PD2Wi6PDivbUtGarq%2BfDufZZPZwWy%2BnF8gPPbEX6S7RlmG4MrHPKxbwNqhwAFn7K%2BkyATROls5aCWsEQ0rZ3OWWpAmFZz1axNq8uyFI6mgmyjwrzJegGzhg0vyMnkRrAAV0igSOLCJbsnBGk16XgbbsvLviwTjaxWdvt6tQ2j9D%2Fv7oGFsXbX%2FKBP3LfZtLfOUX4X1l9%2F93iYAxq72hLJNGwPksWBGNLYgzaYStvxUcU9fPz%2FbFbX0IicyAiqRo%2BtWW0fFnoBhBYIM%2BPJeunXKJVXNdEUiR6WXoXY2VnV%2FzgdQM6RMVIDfdG6kueGQnvtArR%2BLn5FiT0hRkSEHUKWDa1JtApXeAb9DfckG0ikv2OAYEG9YBrgWEkJNKsbiOKV1uGANH7ISsgUE4E1hES2Z4OPqy62rGwoyt5p9k14m1ANFqiZEIQJERJVITWVJAwyJe9I6agm0VLAEEtSjtV0l3LgHmApWQWzCKmdXoe6sA%2F1dch9Ggo9Nm24ei9%2BQuCsc9CobTfAdFyenYroFoGMfgEOiD1eV0aWCAdmaqhO%2BM8MIsq2TP7sgM1Iy0RBoLM64AZwuEKxFjTQriNFZRyKPWDFQQn9y3AAkyi9kkMLmQUIDZHS2EQWXJU6hBm%2Bjg8RdHuS4ShRvKgHpMtfoCit87IZiGbVepz5SmIUIuy%2Fw054omLlGwq3C%2BoKRI3EBDWrO4SlrdrvnDzSdeHpLdEHGc1jvCfSZNCkLxgC53Z51kCMVXt%2BatseeMPdc0Xa5azi4ScqVXEUwDAAwJerUHgdqu4KUr7sLbun1sarIh17JNM%2BsTizhijSC%2BitARFUHNCDMOXQKXbPvfiSz92l9T0GNWN3FJ7TctNah7VDvgD81zxWhVeHs2hYiYlzzu977PrYtBODwoBO6IhgdrFLVoZah82DOtmTdjAqXBvkt1UCTdhqbaKPvSANhleESp01AkmEm4t1G5a0m6CvuWqbTByYe8nQDFVQkHYH6tmQE%2FFfPYfQichhIxfj%2FV%2B%2Ff93dUcyJzGUdviI0shm1Fp46tfmyr8Rl0kyC37KMvj0ENiZdjfB47U71Ep2A2Dqv4VSzsFavtjfjVZiPOZkfL%2FRK05WkPZOPFYjnNjrY24l%2BcLRbz0WwyPVeNrC5m2eIoWx4sJ4dba%2FHuYdE2XNSzeTZfLg4%2BXpLZaAKW5veX5B%2FH4sUwn3tHJy%2F8OHjhWe%2BF1xtpn3%2B8V%2BDGE%2Blye71OPeTFT2lwnJxOP3MXPszBvw%3D%3D
https://jenni.ai/citation?d=z%3AjVbNbttGEDaCtmjRF2hveyocwKJEyYrt3hwnrfPjJI0TBD0uuUty5OUuu7u0rJ6MnFqghz5NgZz7Jn2SfruUFMEy4xwsU9rZmW%2B%2B%2BWaG7z%2Fs3CuMpZL0PTE39uLDzrcVz5y3PPeLrwbHy0f2RIsWj8QV402jKOeejHbMFKym3JosnEglc29NXkn8hu9u4bysHZuTUszK31qyEv%2FLVnHLak7aS811LpmrWi%2FMXLs9RvrSqEvSJZ5cA38xDNeC5aZujJbaw0WjeC5rPDvmDZNXcCSYryRTVEjXcB2Ahe8dhISdSiv32FzCltekZWdNdROSg61r8%2BojDGZ0PG%2BkBTt1xBgdWgkPXZZCIgUvAyWO7TJKJEv2GIB50vR7CECea2rrPVZa3lTkASDkoSm%2FkOo%2B446BxQqOHHJl%2FE4iEZ97NjetEiyTrHUIAngr61riXJtSaukoumzMXNqBN4MSsTbLlrB3Elfz6AK5dlcl2z05ZfvsPmuQXhupZwUcs2ohbHDMdk%2FZGOexHNxmOBdkrghc7J68jEetC7U767CAQ1ubDBxLGwgFla03wAo6EJxFHK4CzFAPJBdJ36ZwRRQq71rlcYLsKiorBrG0QG8pZxH7BnKL6nTKOQFlps5gI4uCcpIafyDhbcTK1%2FVZh1lzXBsoNjfOD3AziPFSBqB6meZdcIHy7u7IWr%2FiAI5JF9AUqrqhvYS9QaA75TEnX0VIncLWKJbOIXZrLpddE5qJ24DZxCs3KUjYsRAUeORKLfZgA0ltxuE3owhZQ1mYFqE8wWXBYe1Ct%2BYIaxdMtLbje9VnaEZkSQHRFqCoHebnZt0kCftJobTtcvIEfZ9uNBQ8gCodAKzOg594Wy2Q2TJ8bAqcQpK2bZbjJRYXwbc0tMK%2B9PZppkOdQBNEKrnFPJEaUskhwlYLaR3EIQKC5WgKEEB7jIOfMjLKlLGeIambNQYoeHLdrLhTVBhEqDXFcJij6BTUHAExK9fTy8XHED3EM6hEEHLJuhqW6JBuuqyFH8wctgAGN8%2BUvElWgpkcIYpH4f54NH4wGB0olAXtCZEb6%2F7EuhGa1zKsnQKDWC3K16bKTFUj4CWG%2BAtSDrNGyZ1tU%2FGc67Kzk2fQiu4zlI9tBptoWT01KAJGYp%2Fxxc9oCUKlrAhZBxDPWut7fb9CcqozLF6Ehu81FU8wcDvL8sklevtZ0mc6O%2BWF1JnlYulaPsJW7sVc%2FtLKGZWms1VPjZPstRHY4%2Fi4%2FUp1DO7C9uzu0HNuS0zgN0tIOQn3YeeLXBi6%2Bj4dJWk6Soco4X4ymibjcTI9mk5GI0Eu09f4dPq6gmIwHOTVxbv9ydHRKPyNZzhqOwHMwu3BaDoYH1ygI0xrc%2FnWqqvzyvvG%2FTgczufzBKK3V3SZGFsOg1CAb7j8bYgeUouIYTiaDscH23CSolUqaURRujbziwbp7kgMYYD669XG6u4kDDmHXSYI3yCeMHSXYyisPyPiy0z%2Fig%2B9EOd9z1LthsKtu7jwpqHcXYuA8bsf8hY03F%2FRAMZj%2Br2kb7%2BifXN3p%2F1xixzPzap96FfTotMfYy71KewMbVNL0dnPjjMhla1AZ9%2BF%2FBnmeNdxJ0i9%2FCxTOiP93%2FXf56ZXttlzWvbaedXOJfU20DlyweT695%2FVJHmMd4Le7B7KRRRv12unXLUXn5HY00Daay43W%2BbLjy0zSh8MZ0kuZwkqkibpJD08nG60zHtKJ4fTweHR%2FgGlhweTwWScjvOal7NJejRNp4fjdLLRVR9%2FvNFV6WB0OBiPtkVPD8kUpOqgWktXcWBz6ym882A3oJzEIY7VWI9vQn4lWSw4y%2FHKbawPK%2Bbk5Xh7zbiFRgvcVPTX%2FYK%2BlZL%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AjVbNbttGEDaCtmjRF2hveyocwKJEyYrt3hwnrfPjJI0TBD0uuUty5OUuu7u0rJ6MnFqghz5NgZz7Jn2SfruUFMEy4xwsU9rZmW%2B%2B%2BWaG7z%2Fs3CuMpZL0PTE39uLDzrcVz5y3PPeLrwbHy0f2RIsWj8QV402jKOeejHbMFKym3JosnEglc29NXkn8hu9u4bysHZuTUszK31qyEv%2FLVnHLak7aS811LpmrWi%2FMXLs9RvrSqEvSJZ5cA38xDNeC5aZujJbaw0WjeC5rPDvmDZNXcCSYryRTVEjXcB2Ahe8dhISdSiv32FzCltekZWdNdROSg61r8%2BojDGZ0PG%2BkBTt1xBgdWgkPXZZCIgUvAyWO7TJKJEv2GIB50vR7CECea2rrPVZa3lTkASDkoSm%2FkOo%2B446BxQqOHHJl%2FE4iEZ97NjetEiyTrHUIAngr61riXJtSaukoumzMXNqBN4MSsTbLlrB3Elfz6AK5dlcl2z05ZfvsPmuQXhupZwUcs2ohbHDMdk%2FZGOexHNxmOBdkrghc7J68jEetC7U767CAQ1ubDBxLGwgFla03wAo6EJxFHK4CzFAPJBdJ36ZwRRQq71rlcYLsKiorBrG0QG8pZxH7BnKL6nTKOQFlps5gI4uCcpIafyDhbcTK1%2FVZh1lzXBsoNjfOD3AziPFSBqB6meZdcIHy7u7IWr%2FiAI5JF9AUqrqhvYS9QaA75TEnX0VIncLWKJbOIXZrLpddE5qJ24DZxCs3KUjYsRAUeORKLfZgA0ltxuE3owhZQ1mYFqE8wWXBYe1Ct%2BYIaxdMtLbje9VnaEZkSQHRFqCoHebnZt0kCftJobTtcvIEfZ9uNBQ8gCodAKzOg594Wy2Q2TJ8bAqcQpK2bZbjJRYXwbc0tMK%2B9PZppkOdQBNEKrnFPJEaUskhwlYLaR3EIQKC5WgKEEB7jIOfMjLKlLGeIambNQYoeHLdrLhTVBhEqDXFcJij6BTUHAExK9fTy8XHED3EM6hEEHLJuhqW6JBuuqyFH8wctgAGN8%2BUvElWgpkcIYpH4f54NH4wGB0olAXtCZEb6%2F7EuhGa1zKsnQKDWC3K16bKTFUj4CWG%2BAtSDrNGyZ1tU%2FGc67Kzk2fQiu4zlI9tBptoWT01KAJGYp%2Fxxc9oCUKlrAhZBxDPWut7fb9CcqozLF6Ehu81FU8wcDvL8sklevtZ0mc6O%2BWF1JnlYulaPsJW7sVc%2FtLKGZWms1VPjZPstRHY4%2Fi4%2FUp1DO7C9uzu0HNuS0zgN0tIOQn3YeeLXBi6%2Bj4dJWk6Soco4X4ymibjcTI9mk5GI0Eu09f4dPq6gmIwHOTVxbv9ydHRKPyNZzhqOwHMwu3BaDoYH1ygI0xrc%2FnWqqvzyvvG%2FTgczufzBKK3V3SZGFsOg1CAb7j8bYgeUouIYTiaDscH23CSolUqaURRujbziwbp7kgMYYD669XG6u4kDDmHXSYI3yCeMHSXYyisPyPiy0z%2Fig%2B9EOd9z1LthsKtu7jwpqHcXYuA8bsf8hY03F%2FRAMZj%2Br2kb7%2BifXN3p%2F1xixzPzap96FfTotMfYy71KewMbVNL0dnPjjMhla1AZ9%2BF%2FBnmeNdxJ0i9%2FCxTOiP93%2FXf56ZXttlzWvbaedXOJfU20DlyweT695%2FVJHmMd4Le7B7KRRRv12unXLUXn5HY00Daay43W%2BbLjy0zSh8MZ0kuZwkqkibpJD08nG60zHtKJ4fTweHR%2FgGlhweTwWScjvOal7NJejRNp4fjdLLRVR9%2FvNFV6WB0OBiPtkVPD8kUpOqgWktXcWBz6ym882A3oJzEIY7VWI9vQn4lWSw4y%2FHKbawPK%2Bbk5Xh7zbiFRgvcVPTX%2FYK%2BlZL%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AjVZdb9s2FM2GDhiwv7AHYk8tYNmy4iT2gD1s6Yau%2ByrQDm2HvVDklcSaEjWSsq09FX3Zn9gPWf%2FdDik5ieN6GJDEtnx5ee85596Td%2B%2FPPi6MVaVqPpZbY9fvzz6reO685cL3H%2F1dqB33yjQTtiW2VVozqZzonGPCdkJxzQoEGusYsjDSJLw1gnuue6ccTviKceZairGVKiuNX89Mw3xFTNWtNRuqqcGjYn%2B%2BSXB94wqybK0a8kq4Cas77VUiFWIdCkK2w9u8Y7yRIauyrOpzqyROjTH4HsmEaQpVdjZ2hC%2FHeKYaT%2BXw9E4Vt12EuFyZ5ObJlH2nUIHuIyxoITTo2Zp6xuWGN56XNBwTFcKoCR%2BROSS5n30og%2FA7gjUCPBZTdL6zxCw54lZU%2BNbifKh%2FqrkQ5BzJxxz1Z2l2maRXGk16q%2FIukBLYlQ2vKbBc8FrpXrzgDZVqQw29Uk2vJMChs%2BO48mdF2iEqxsqnQH0IFcD1%2FdknQhpl5%2Bl0np6vZjITLk3P09UaxefNW%2Fx1zTuFJygpnWdqvrhMk8XVYlGZloAc7dYvF9kyvZgv8SLbWsnq%2FOJiuTi%2FTN%2FgcDc09QZNZUk6x88aCJjOCvrV6t1Xlfet%2B3I2a7vcTa0TU2PLGTWz0Dy0NOMWotHUymIWUsyEu1Nj6brc9y2aPYO2PIqpXhyr4IDwgaP7uvAmcC87QaAJaI2MU60Ex6fCmpoJbnMklMrslKTCmxZqfivD%2FZ%2BKDr18se8FgMY2jkH9zxl98M%2F3%2B8KbEteF4tA8u%2F4lg2pQXGwoagstAaAN2SguYTotGbBwHorFeOpRvWhnrFrwNqov9NV5pdWfAzzhc628KsERE1rV8bXi0PmUPTFbwh2TOFrI7SkxRYIPCVgBRsiHE8oThqoH6lQUSqiwAfbjP%2BTnWDL7PYAp6ZqCb4zluSZWk%2Be50ejydj%2BEMxhKSX90oZoaWhWd5pblndIyYJNrI9aY3ZfEsHOsMDWFGh2xnFurcMsAU6wbC4XQFq6Q5FT5wcWAS2%2FoTgCuNmV4yx6Gh%2BHBoygqixVJQ4EItQYk80a5OgoI0xA6OgIhiaF52Jp3OIv1XWfs4bc%2FXWdj9pqkQsdoLKjYGd2FhAg6%2BBZcNmFXg8RACbO8VfdAnkAvXGL2URROQtsg1vY3aLt6wiq%2BAX3YOqh9h4o9ViDEEqIMiMW%2BsCVkdDst%2Bz2L%2FYuT3LGcfEh%2Bkp9oJDVvkPEArKG9wQU8yIrIB5BvMd5TJUljaUH8kcoA1chnAJyLSkGf7DKWtWQejuKQQ6B5SAE03yKP7BGhYcq92qBf0FG3EDGSG3Y9P0A5pqx6LMqSmkTasDqZNR3wD%2BBGl8Az3d9tpkZuEOb6BtUGwQ1K6vfdjCsGZOGSrk4wZ6pJgqlACy2sLV6467le88ZErh8%2Be%2FK1ezQJmWRYDTJqLMTWcZYstcFQMPWAve5gK8GZI%2BV3Go2CvaEpXgvq47Uesx7BbTX3IAxazoGeDL5%2BDxNct0dkwm7%2FR%2Fhf%2FvXXsS%2FRb3HNDK70DNWcMjB5Xe3dq%2FgBpaObE5H5q27M9w3wOBn1oxqiyqeIqrg5GfhkTEehgtP1ve72TqyeGld1nD2fngoWj%2Fl4e%2FW8c4rY6zF0cOMHwY13n0fnmF%2FO3kzDbLR2Grxvmq6maXpxYMzZ4mKerLLVYnx3ni4PjHl1tbg6zy6Xx1a8SrLlgRXPg33Bvbbb7VSQ1lOMx95%2BZ89D%2BnBPlqXp4mq5nMGRj%2B33dwB1YpTDMhhW1Z0tiBkN7ob5wxko0AUHwFko9sbFocVh5j9guZMPWu4J4P4F
https://jenni.ai/citation?d=z%3AjVZdb9s2FM2GDhiwv7AHYk8tYNmy4iT2gD1s6Yau%2ByrQDm2HvVDklcSaEjWSsq09FX3Zn9gPWf%2FdDik5ieN6GJDEtnx5ee85596Td%2B%2FPPi6MVaVqPpZbY9fvzz6reO685cL3H%2F1dqB33yjQTtiW2VVozqZzonGPCdkJxzQoEGusYsjDSJLw1gnuue6ccTviKceZairGVKiuNX89Mw3xFTNWtNRuqqcGjYn%2B%2BSXB94wqybK0a8kq4Cas77VUiFWIdCkK2w9u8Y7yRIauyrOpzqyROjTH4HsmEaQpVdjZ2hC%2FHeKYaT%2BXw9E4Vt12EuFyZ5ObJlH2nUIHuIyxoITTo2Zp6xuWGN56XNBwTFcKoCR%2BROSS5n30og%2FA7gjUCPBZTdL6zxCw54lZU%2BNbifKh%2FqrkQ5BzJxxz1Z2l2maRXGk16q%2FIukBLYlQ2vKbBc8FrpXrzgDZVqQw29Uk2vJMChs%2BO48mdF2iEqxsqnQH0IFcD1%2FdknQhpl5%2Bl0np6vZjITLk3P09UaxefNW%2Fx1zTuFJygpnWdqvrhMk8XVYlGZloAc7dYvF9kyvZgv8SLbWsnq%2FOJiuTi%2FTN%2FgcDc09QZNZUk6x88aCJjOCvrV6t1Xlfet%2B3I2a7vcTa0TU2PLGTWz0Dy0NOMWotHUymIWUsyEu1Nj6brc9y2aPYO2PIqpXhyr4IDwgaP7uvAmcC87QaAJaI2MU60Ex6fCmpoJbnMklMrslKTCmxZqfivD%2FZ%2BKDr18se8FgMY2jkH9zxl98M%2F3%2B8KbEteF4tA8u%2F4lg2pQXGwoagstAaAN2SguYTotGbBwHorFeOpRvWhnrFrwNqov9NV5pdWfAzzhc628KsERE1rV8bXi0PmUPTFbwh2TOFrI7SkxRYIPCVgBRsiHE8oThqoH6lQUSqiwAfbjP%2BTnWDL7PYAp6ZqCb4zluSZWk%2Be50ejydj%2BEMxhKSX90oZoaWhWd5pblndIyYJNrI9aY3ZfEsHOsMDWFGh2xnFurcMsAU6wbC4XQFq6Q5FT5wcWAS2%2FoTgCuNmV4yx6Gh%2BHBoygqixVJQ4EItQYk80a5OgoI0xA6OgIhiaF52Jp3OIv1XWfs4bc%2FXWdj9pqkQsdoLKjYGd2FhAg6%2BBZcNmFXg8RACbO8VfdAnkAvXGL2URROQtsg1vY3aLt6wiq%2BAX3YOqh9h4o9ViDEEqIMiMW%2BsCVkdDst%2Bz2L%2FYuT3LGcfEh%2Bkp9oJDVvkPEArKG9wQU8yIrIB5BvMd5TJUljaUH8kcoA1chnAJyLSkGf7DKWtWQejuKQQ6B5SAE03yKP7BGhYcq92qBf0FG3EDGSG3Y9P0A5pqx6LMqSmkTasDqZNR3wD%2BBGl8Az3d9tpkZuEOb6BtUGwQ1K6vfdjCsGZOGSrk4wZ6pJgqlACy2sLV6467le88ZErh8%2Be%2FK1ezQJmWRYDTJqLMTWcZYstcFQMPWAve5gK8GZI%2BV3Go2CvaEpXgvq47Uesx7BbTX3IAxazoGeDL5%2BDxNct0dkwm7%2FR%2Fhf%2FvXXsS%2FRb3HNDK70DNWcMjB5Xe3dq%2FgBpaObE5H5q27M9w3wOBn1oxqiyqeIqrg5GfhkTEehgtP1ve72TqyeGld1nD2fngoWj%2Fl4e%2FW8c4rY6zF0cOMHwY13n0fnmF%2FO3kzDbLR2Grxvmq6maXpxYMzZ4mKerLLVYnx3ni4PjHl1tbg6zy6Xx1a8SrLlgRXPg33Bvbbb7VSQ1lOMx95%2BZ89D%2BnBPlqXp4mq5nMGRj%2B33dwB1YpTDMhhW1Z0tiBkN7ob5wxko0AUHwFko9sbFocVh5j9guZMPWu4J4P4F
https://jenni.ai/citation?d=z%3AbVTRjts2EDRSFCjQn%2BBLgRY425Jt3CUB2gJpUhToSwH30MdiRa6kvaNIlqSsKE%2FJZ93fdSj77gIkDzYkijszOzvkp4fVi9ZH6cS9MJOP9w%2Br73tqUo6k8%2FwNvRHPlnWOXvc8iCar0pwyD0n9%2BObd8SfFQ7B%2BVuw%2BzAOnK5XGRrO1o6WogDLqPEZOykc19d6yuqABXU6sgBi9jx05SYCkpBrxmjJZkCQFZUDm2M1Ke3fimMQ7FcYYfDqT6b4U5f4JOM0Ob0lA2aoT2ZHXZAwb9agfLM6o4CeOqivglAuouELdjmxV0Z826vfoB0Vl9QJtQOJgFHMU16mT8BS8uHyl9JiyH%2BQDNejQkfNPnYOXYuMdafZjUgPlKBp%2B9ITuI2t22c7LA%2BzAZu%2BSGGgqQEkLPksrWlHO5RE60W2AMElFwrOwNIbgIywzI6vsiyMS1ejkP7yjIHDMAl4AlckW77HruTcnGrV8KuI26u8e%2FkW88YTFAaJQlVFejLblKSsyJ3KlFThXlikEC38XkbC%2BuLBerF5mvP7Ckc%2FEU0o8NLboAxhitVHHwLp0TtbOV2V10QLcQtVFMiOSKE5HpsSPErQfBo5a8OmiphEreb7UYeMlu1dqAqsMxQOkAwE9t5byY0URnsD%2BGYKRtuWIMRSFsCVJ585hAkovXW%2Fxyxfng18GBiURqV%2F6IqUl6uVgFN8xaj%2FMG0saJiY2b2Frt6t21%2BvqxuIjgtKM2cdUjqhxNHA5qi0NYue7PzjeszMIKneYpZM%2FKfeEWJIpfCstJj2svtXGy1hXm%2F3%2BVbVdjlVdV%2BC4eWkkNe4j%2FpP7JLvqZr8%2B7A8HPVB3t6%2F3u5fVze5w3SM2jiy%2Fv%2F%2FnefEONeNZ7h2g6nW1W9ev7uGhH6Pm22jf%2F9LnHNLr7Xaaps1ggmwwme0Ty7aut7stRGyDaX%2B9nOqf6%2Bv6sK%2Br%2BnDd4Q7Jc0C%2FK86Swf%2FvMVPG8bkNBrQK4fnKvXQ8z%2Fa1%2Bgu3AOJzuT9%2BO6ft3VPa3i6TWwZ3RB2vb0ObfcAB%2BGgK7Xd6RA8%2FPPYACze4obZftfF%2F
https://jenni.ai/citation?d=z%3AbVTRjts2EDRSFCjQn%2BBLgRY425Jt3CUB2gJpUhToSwH30MdiRa6kvaNIlqSsKE%2FJZ93fdSj77gIkDzYkijszOzvkp4fVi9ZH6cS9MJOP9w%2Br73tqUo6k8%2FwNvRHPlnWOXvc8iCar0pwyD0n9%2BObd8SfFQ7B%2BVuw%2BzAOnK5XGRrO1o6WogDLqPEZOykc19d6yuqABXU6sgBi9jx05SYCkpBrxmjJZkCQFZUDm2M1Ke3fimMQ7FcYYfDqT6b4U5f4JOM0Ob0lA2aoT2ZHXZAwb9agfLM6o4CeOqivglAuouELdjmxV0Z826vfoB0Vl9QJtQOJgFHMU16mT8BS8uHyl9JiyH%2BQDNejQkfNPnYOXYuMdafZjUgPlKBp%2B9ITuI2t22c7LA%2BzAZu%2BSGGgqQEkLPksrWlHO5RE60W2AMElFwrOwNIbgIywzI6vsiyMS1ejkP7yjIHDMAl4AlckW77HruTcnGrV8KuI26u8e%2FkW88YTFAaJQlVFejLblKSsyJ3KlFThXlikEC38XkbC%2BuLBerF5mvP7Ckc%2FEU0o8NLboAxhitVHHwLp0TtbOV2V10QLcQtVFMiOSKE5HpsSPErQfBo5a8OmiphEreb7UYeMlu1dqAqsMxQOkAwE9t5byY0URnsD%2BGYKRtuWIMRSFsCVJ585hAkovXW%2Fxyxfng18GBiURqV%2F6IqUl6uVgFN8xaj%2FMG0saJiY2b2Frt6t21%2BvqxuIjgtKM2cdUjqhxNHA5qi0NYue7PzjeszMIKneYpZM%2FKfeEWJIpfCstJj2svtXGy1hXm%2F3%2BVbVdjlVdV%2BC4eWkkNe4j%2FpP7JLvqZr8%2B7A8HPVB3t6%2F3u5fVze5w3SM2jiy%2Fv%2F%2FnefEONeNZ7h2g6nW1W9ev7uGhH6Pm22jf%2F9LnHNLr7Xaaps1ggmwwme0Ty7aut7stRGyDaX%2B9nOqf6%2Bv6sK%2Br%2BnDd4Q7Jc0C%2FK86Swf%2FvMVPG8bkNBrQK4fnKvXQ8z%2Fa1%2Bgu3AOJzuT9%2BO6ft3VPa3i6TWwZ3RB2vb0ObfcAB%2BGgK7Xd6RA8%2FPPYACze4obZftfF%2F
https://jenni.ai/citation?d=z%3AnZNPb9MwGMYrBBJ8BG6%2BcmgbJ%2B2actvKBGKbQOthhZvjvEnezLEj%2F2Etp2kHxJFPg7Qz34RPgtNkMHVkGlws%2BdXzvraf5%2Ber68GjTGnMUT5KL5Q%2Bvx48E4xzMAbSV8xCHgbh3jCYCa6k1Zg4q7T54rtSySpoujNWodjwY3SQ4yeQ4mPhmMw%2Fb9dUKwGDv8hXDlp5sUKmNl7bK10wbKX5GcjsvqEL1yn5EcM%2BFbxnFkV3%2BNJJFGR%2F1DvytVM3I113RY6puR485qnC9XMajGhA98blKIFy5M0K%2FT6eTaYpmkRe%2BtXIK6TR3nw4C6IV0ngWDcP5dFWoGiQTsD4%2Fm0Q0iKbRZD4pvdy1xpfNrCGlXpwbl9hN7a81AIvW96hT4CAtqbXKtc%2BKKEkq5FolyAQBAdxqZTbSFmDQEA2M%2B9xI6ne5NMSbTYzVTbwIhlhFvBVMciC%2B4be6Bu3RqJp6ZlWN3FymzTWecqfF%2BkVhbW1ejsfehpHS%2BbjXif9C7OvdLNKlknkbBn5QTubk8CaSu%2BL8RBW%2BkLb6cj9JQejCP6Y36SOsOigW3ov8QVI8Qfnz8ttSqT5tctwhmS0LdwG9VJaexNRn8uN7Nzo91Mh7X3cAmy09Wym8YcKdP%2BBhbxvTThnc5vjJLse8TY%2BOaETjeJfjeDqM55NZy3EU0pBXLC8jOp%2FSaRzS6BbWf4o7WNNhEA%2FD4C7WeIAqQ1GRinkQ1ltOmbaYIW%2B49nEia8j0OBHImmrzCTrcJfFES1MrbQlKsngX3vMl%2Fg3oHUt%2BAQ%3D%3D
https://jenni.ai/citation?d=z%3AnZNPb9MwGMYrBBJ8BG6%2BcmgbJ%2B2actvKBGKbQOthhZvjvEnezLEj%2F2Etp2kHxJFPg7Qz34RPgtNkMHVkGlws%2BdXzvraf5%2Ber68GjTGnMUT5KL5Q%2Bvx48E4xzMAbSV8xCHgbh3jCYCa6k1Zg4q7T54rtSySpoujNWodjwY3SQ4yeQ4mPhmMw%2Fb9dUKwGDv8hXDlp5sUKmNl7bK10wbKX5GcjsvqEL1yn5EcM%2BFbxnFkV3%2BNJJFGR%2F1DvytVM3I113RY6puR485qnC9XMajGhA98blKIFy5M0K%2FT6eTaYpmkRe%2BtXIK6TR3nw4C6IV0ngWDcP5dFWoGiQTsD4%2Fm0Q0iKbRZD4pvdy1xpfNrCGlXpwbl9hN7a81AIvW96hT4CAtqbXKtc%2BKKEkq5FolyAQBAdxqZTbSFmDQEA2M%2B9xI6ne5NMSbTYzVTbwIhlhFvBVMciC%2B4be6Bu3RqJp6ZlWN3FymzTWecqfF%2BkVhbW1ejsfehpHS%2BbjXif9C7OvdLNKlknkbBn5QTubk8CaSu%2BL8RBW%2BkLb6cj9JQejCP6Y36SOsOigW3ov8QVI8Qfnz8ttSqT5tctwhmS0LdwG9VJaexNRn8uN7Nzo91Mh7X3cAmy09Wym8YcKdP%2BBhbxvTThnc5vjJLse8TY%2BOaETjeJfjeDqM55NZy3EU0pBXLC8jOp%2FSaRzS6BbWf4o7WNNhEA%2FD4C7WeIAqQ1GRinkQ1ltOmbaYIW%2B49nEia8j0OBHImmrzCTrcJfFES1MrbQlKsngX3vMl%2Fg3oHUt%2BAQ%3D%3D
https://jenni.ai/citation?d=z%3AlZLLbtQwFIZHFQt4BHbesshMnGRu7NqCimgrVcyiAzvHPok9zdiRL6VhVXWBeKV5O05IWpUpAbqJYuvz8fH5v7vd6KAwVpVKH4ivxl7tRq8qxjk4B%2BId81AmcTKL4lnFjfZW5cEb637gKaHZFtrTBduqqhEXzF5Bqa5By2PJoAGjhTUVjJ6y%2BQfWkydIRStjhkh%2BqrYdujlvK5ZlEwbL8iMGHSxWoYEhDD62hTqw%2BIz%2FmzBYcXV%2FvTxXmqzA5INVz0zJdA8f2cCBvB8PwQI77YdVnDD58CauhNuNXnBh1M1rGo9pTGeTzZjDZowxTMd0li3pQiiX61v8On2naLqYRotlNld0MU%2BjNKGJNDVoVsHN1WWWUZqmWRKnG8RDF%2BmmrYWRRnRWupD7psbWRuCVb88cEsE8i4RtuyOsrq1hXBJvCFyzKuB5UoNFZ7ZM4yO9xXE7wrg1zhGhigJwxxPHsQNHTEFyZaAC7q3hErYK94lrnIetK7ypFXe3om3hJQ%2B2unkjva%2Fd28kERzA2tpwMTuE%2FxZ3%2FJu73P2R8pkIXRfVFBqbLb7%2B%2Bg0qsQy%2BZXCtmGmQH0WOmOrS8xKD%2FVvQ49CQ%2FZWpQsQvmVdVfvgpaVeRwUDF%2BEsx9yX%2FolXeDTXC9mGfTPb1my2gep%2BtOr2Q5XT%2FWK6VxOk2zZbanVxJRivBTvcwn4K0eaFVpMStiNEEnrMkVetF74hrtJTjliAXGMTcicFVq1EwL4rxt41VoVyullp2HEh7oR34%2BT7G9SfwE
https://jenni.ai/citation?d=z%3AfVVNb9w2EDWCopf%2BgfbGSwsUsLQfidO0tzh24AQJWsAxfKbI0Yo2RaoktVr15KK%2Fyv%2Bub6jd9dqBc7F3tfPx5r2Zp3%2Fvj17UPpiVcS%2F04MPt%2FdEPjaxiClKl8fvh7faj%2BGxU8BVFMTRGNaKTIRllOplIGCdow1FkbW9lEGRJpeCd6Lskb0n4IC7EUviN0TIZPG%2FkmoTcpvmgjZNhFLIy1qRRJC9a6foabfvA2SvpjBLKt53vnY6ij8attl0AAikyitSQ6IJpuVL0fVDIrEVLSVbeIp0chdVYiktfKGkt6R3MNk9mpEW6173KCJXvrRZVrjHNmidbS9vngbkb1TW6k0uHiYhvRh28kqHC18oSIwbFQJ0z5dpkEkpxSkryQ6TQBsPyUDFJp2XYptQ92S1wocnFPKrTubvyMUXOdTTsi6JBHSQkAxpwdyys%2Bbs3%2BhEkLgoZjbU8nyNFMTJp3JAL4z9FIgnoiJ3KdIGU7aHTSmiDz2nHPhjYTvPXcxw81Qvkj0XnBwrQYCIfa0VtZ%2F3IcbVMPKYC7Dg6IIomFpWMiH7Ms7S30iF1rxVv1F6TliRaY5emJBIA1BUQIFBnsastB91Q2vIxYQwge8iT79blAjCPxQC%2BpeUdwL4zSX3XUQC7rdlTgYAi%2BWIrl%2FJuTSEy1B0mNXEsRes1dN31nnaEE5I0jlG8OfkZixCkWTWpUA2e7mdl9Rf4OVHoyHmjYymuG8KpZfwM7Z20a2SoUbGAaDjJUNRmk6U6npb3WzANn%2Fm%2B6LePmzvsn2Eug3rTlh6U4PMv9vdfii8H54N%2BfGSPpGWET%2FmButAYrPAmQNeD8hz%2B3ofWW6wJI2qhUyFjhD6QjIvCqZpBTsAeozmeTgoFTWpyqWvvdfHppncrLRvYwpQ6oT7AeTDAFlzdB%2BSHHcgKTjTIrttBHMBhcev84MTbsz%2F3kPJSZH1Z1hZmmMtnOLujxM1hXy1swETlQTHKf3538YDtQyYN08cxJmohIGKmPxHLag0ScsVD28wPsI9yA9%2Fks3w4nwgvxnLASln0rvHJr73FhqpjQWswz6gswWsObm7Il0gbRSwRAnLlvn2iNVqJiQaWKptYbrA%2F9xIHyrZE%2BgxCrpbz5eti%2FpvlEwmm6pMP8T%2B8uLSTLfELrJbQeWwuG%2Bpg1ppWWEJ388W0PjWj%2BFji9C0dfZ1RX3akGnTg%2BOYMLqrF22ejV6cyxATjyuHqtP9nioRTxfuj75T2ZvPTYl4uFvPFDJiXJX9ZlieLxe8nSwhXuTv8je6u8TheaWlze%2F3q5fz18mT%2B8s3yBj%2F108Q3nF0s5sXi1S3MOL%2FNroLdXDYpdfGP2WwYhrIyPmzMusT7ccbMQIDZ9tmMZLBjxjBbzGeLV1%2FDKeve2rLT9Sr2VRo7zHlEySSAurrK5vYpm9v5g3LnMWFNElyIt%2FL86dvz8QvgjN32gxMfccXv2WHr5Duj4p3mZj%2F%2BonrM8%2BtuHlCX53iWvf8B
https://jenni.ai/citation?d=z%3AjVY9bxw3EBUMF0HSpE5FpJKD%2Bz6dZLmT7QCGHdtBHMelwSVnd6njkgt%2BnLRKYzhA%2FkB%2BgUvXqlzfP0mVn5FH3io6QToggHDaW3E48968N6OPX%2FbuldapSpl78sy65Ze9b2pe%2BOC4CN39b18q4WyhuGakSQRnfWdCTV55Jkhrz%2FZf%2FvjmAeOOmKSVEuTZmQo1vjTWpFsCSSZ4ywulVehYsCw44oE9eT0bCmsCV0aZilXck42eIYR44xk3knFtTeWVpAGryFC6C0ldCmErriMvNF7U1CiB%2BlpnZRTBD1jLXVAiau50xxoKNTeUEgxQiCvseaeVYFwoiTdcC1tbjScKYsROdKhtrGoGjICUYDXcdEjnFAUFdLZkQLwBiUPKMXtmmDJSrZSMqEPUPHFHTnlUkVNo5jsfCLBqvsKtTNuAECZsA5YGAJ0qBguls01%2FqwTHlck82DZhV9bg9hLcRYc6EpE1sWgkAWYKBg2pVVbbakNITcY2ZPiIveurZT62rXUhoUA70rW4jLWxACU5xYZ5Rzo3zsQGONJlkgc%2BwBXoe8tRD46sFJ31jUJlnU9FIUVjPcA1KQ034brgnjjUjY6aoMqu76pmgYDCiERvuq5N%2FOWsjhJF%2BGtfGxJfCWaD%2F5qo%2FV6f%2BDpA05vCoev%2BweCaPbYPiDUOsNYiY4CoB0mGKJEkrgQ8avJh1AsVPYOsUQ0YRVwCGDwj46NL6bnBM4QlwBJiYCHoRBAUBAyo20cd0FhaZYBL6obK%2B5gAJr6dhVgQCRD76gG6ImAcX0YNwYI6TcAcMl2eQmwRBVvBbul3jkGQjUErCDtxjgp8C%2FhqtSE6vQskapPEkEx3xp3ctKeMLmk71dDYTEsCCe%2BStm1Om%2BPR5%2BRQRyVyuC4dTyWONM%2BlknwKgVSzyexwODmCh0xwqojBOv8nJoo0vKE0WUreKN1Vj%2FnSmk5RhQJN%2BfP6M6QnndW0d%2FswvbDry%2BXmaP3T%2BpO%2F0OvLXYfNL%2BvLC0%2BmAAEXy6sEv%2FIGcbti9AuuebwYvlEwX5%2FnN3LWqCXfFWMfrz9rXqq%2FP%2FwFLOvLTVj1IgkD3t8RtXyFRvqwvgx110e8Wn8y0vbg0wj6sndfSKvOv5tORtPJ9HB8OjoVNo5A7QwvZvODh1L5wnzApzcf1Ww2nQ2PH84mV0%2Fz4xoShwPpfPnuYD6dL%2BaLxcH8NOstt%2Bk03TXE4cliCWXa6AS9dfr8qA6hfTQeY%2BLqURP4clTH8fToYH54NJ6OW46dkI3z%2FvmT12%2Ffb2oZtbKsfCxC1wLoHmZiQOLfb2gl1C7P0H4g3bU78tZ4xE4wAuF7T%2F04YZDjxs9bvh3ctGCeEFt6L4NtMWc%2FyFTSVyIC2A8JmAcyEDuyrhrv5vb2%2Bvv6v%2FV3%2Fs87YhgJ2kL%2FdeeRZVhgT%2BWZANIE5I5xJ2HMzUiQGKolVlInsJg4XOJ9dhQsS3lhYYGBHNqaQFfUXHPV77HkzKutgVUBw%2BBhY20MvatDK%2BxUrC7QDptj56KGwXYRlbYF7oT9m1Ti1uDL1aaP6OlOVx%2FecPUft9UtTwoUn2V9eoLGwuHs%2BWinrU8k9vrmuH6O5dp07CnHGNwZ8AQLvJ8Dp08hKI3h96a%2Ff8s5Ljd3fjyWM6LJZHF4XN0wzPRocTDE21n%2FdDQ53DbM7OFiegzRH9wyzGSKn9taf5ZE2%2BB%2FDIgTy3y743kNQt1o0%2F9o6x3C%2Ff5O4d7A9i8%3D
https://jenni.ai/citation?d=z%3AnVW7cttGFNV4XCSTJm1SbSll%2BCYlSu5sJZNM5NdYcaRJ41ksLoAVF7uYfVCC0mhc5AfyBS5dq1LNP8mX5CwAWlJkukhDEuC9e88599y972%2B2HmXGylzqR%2Bm5sYubra8VF4Kco%2FRH7imfjCZ7%2FdFcCaO9lUnwxrq%2FkJVqXlLMzngpVS2ey0C5XJJWfxSB6%2Fyy%2BUytUbT1mfDTQG14cSq5qRG7MfSQyzY0PyGdfenQw9BFiiMuN0XRa%2B6l6oofBy0VezrYeOTPwayPDB1EIVN3s%2FVYpEZefDceDcaj8d7wbJDQ2QBiTfC8P5%2FtptIl%2BgqfTr%2BX4%2BneQX8%2Bmp7K8f582p8c7J4WpiLNFV0sTmbT8Wi6O50dzM4QHlrhz%2BJZ%2FfEYwbkLia8rwNoiLz1yzBsSpD2rrMktesWMZqUU1iSSK0aKhLfG1doX5KRjlrhA31iKp1w7BrGZ8za2V5Jj3jBIwbUghoRP0RVZWKOM7zNvKincVRphfCWCVRc7hfeVezIcQoaBsflwoxIPLfZNwZNYX%2Fj68bcvNuMWpJRj2y9%2BOt5h3BLwLyWsyc6lL%2FBQGt2ySJngFU%2Bkkr6ObDwoeHb4atKPruVSS52znDsywUXixMtWBK6Mzp1Mqcdy0hTPQlEbU9iSq8AThRcFQVvgg9ppEN71WMWtlyIoblXNSvIQj2KBHoDYxFzUSgrGo1F6qCFMYRR%2BkRcD9lT5woS8iFKDUqQFiWuUsxLdBTuTMTBuSSJIWmbONZM6lUuZBuAQBY%2FakZUOKJoSirnaeQKtgi9xKlPGI4UJU0KlHkhHxFAhs6bsTm3d0OgAL4K7NDAky6BdgKkaIWEH2J5AMyZ3FjPK5K0gBWlTwsYDdtKhZS5UlbE%2BskA74rE4jFUhgSRNiVZ5S6ppnA4leMTDUu55D0eg7xUHHoQsJZ13jQKy2kVQKFEaB3JlLMMxBJ8Ad8IBNzqqvczqrquKeQILLaK88bgq6tdUtRQlwr8dNhReG6blfyvUdudPPPbQ9DKx6Lrb6d2qx7ZBsUAAqwwqepi6F20IiJTiSNCjsgkGXrjoF9gaaKAo8iJB7zCJLthYnuv1VALv7SjCQeAA3C4oj8bSsiG4oLrfXB74M%2BptDcyCTJDYljvoSnOnZ0HBsJBOETj7Ri5HPlTIwlhh3OJ3k4MkE7ySMHbUHAhcBfq4Chuh4ztPotDRDHHozrlN2%2FZkwUZvRwylaWSJJDG7pEzVlG3y0ec4oZYy1LB1DI8QB%2F9r%2FeTP%2BMLourv%2Bs9erj7Dexg1wZFbXi24DPF99cJdqdb0pWL9ZXV860gkEuFysC%2FzGS%2BRtylFHXPFw2T%2BWGL6uzu9kjZYLvinHPFt9VDyT%2F1z9DS6r627lHUVjYPY3ZC1eopHOr659UXcZL1cfdGo68nd31fe3N%2FSZMGF9RU%2Bms%2F17y2oyGU%2F6B%2FuT0frX9OD%2BssKu2t2dTR8uq0l%2FtLuAM02wgt5iSczjksCOwI2rBqXni0ERhuP5bLo3H46HFcdOaAbn3a%2BHr96%2Ba7EMqjR7uPH%2BvOcVX9jmDv3Czmu2xhP2FFcg5t7FtRavk7gp23m%2BM7e9%2ByPY3BB3%2FP6Z7ffD5u33X23%2FBQ%3D%3D


© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 207131 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4273 

economics (Liu et al., 2022; Pan, 2025; Zhang et al., 

2022). 

Life Cycle Assessment Perspectives 

Life cycle assessment evaluates the environmental 

impacts of electromicrobial systems across their 

entire lifecycle, from material extraction to end-of-

life disposal (Abel et al., 2022; Bakonyi et al., 2022). 

A comparative LCA of electromicrobial production 

systems found that electricity source dominates 

environmental footprint, with renewable electricity 

(wind, solar) providing substantial greenhouse gas 

reductions compared to grid electricity (Abel et al., 

2022). However, electrode material production, 

particularly for metal catalysts and carbon 

nanostructures, contributes significantly to embodied 

energy and emissions (Abel et al., 2022; Singh et al., 

2023). 

Product recovery and purification—often energy-

intensive processes involving distillation, extraction, 

or chromatography—can offset environmental 

benefits if not optimized (Bakonyi et al., 2022; Singh 

et al., 2023). Integrated product separation strategies, 

such as in situ extraction with biocompatible solvents 

or membrane-based recovery, reduce downstream 

processing burdens (Chandrasekhar et al., 2021; 

Singh et al., 2023). Circular economy approaches that 

recycle electrode materials and utilize waste CO₂ and 

electricity further improve LCA metrics 

(Chandrasekhar et al., 2021; Langsdorf et al., 2021). 

Circular Carbon Strategies 

Electromicrobial biorefineries enable circular carbon 

strategies by converting CO₂ from industrial point 

sources (cement, steel, chemical plants) or direct air 

capture into chemicals and fuels that can be used, 

combusted, and recaptured (Abel et al., 2022; 

Chandrasekhar et al., 2021; M. & A., 2024). This 

carbon cycling reduces net CO₂ emissions compared 

to fossil-based production, with the degree of benefit 

depending on electricity source, process efficiency, 

and product end-use (Abel et al., 2022). For example, 

electromicrobial production of sustainable aviation 

fuels from CO₂ and renewable electricity could 

reduce aviation emissions by 70–90% compared to 

conventional jet fuel (Sheppard et al., 2022). 

Integration with renewable energy systems—

particularly intermittent sources like wind and 

solar—positions electromicrobial systems as flexible 

chemical storage for excess electricity (Abel et al., 

2022; Bakonyi et al., 2022; Rohbohm et al., 2024). 

Modular, distributed electromicrobial plants co-

located with renewable generation or CO₂ sources 

minimize transmission losses and enable rapid 

response to electricity price signals (Bakonyi et al., 

2022; Zegers et al., 2025). However, intermittent 

operation introduces challenges for maintaining 

stable microbial communities and may reduce overall 

productivity (Abdollahi et al., 2022; Mills et al., 

2022; Rohbohm et al., 2024). 

Key Limitations and Open Challenges 

Despite significant progress, several fundamental 

limitations constrain the industrial deployment of 

electromicrobial systems: 

1. Electron transfer bottlenecks: Low inward EET 

rates (typically <1 mA cm⁻² per unit biofilm 

area) limit current densities and favor large 

electrode areas per reactor volume, increasing 

capital costs (Guo et al., 2024; Zhang et al., 

2023). 

2. Mass transfer constraints: Gas-liquid transfer of 

CO₂ and H₂, and transport of soluble 

intermediates, limit volumetric rates unless 

advanced reactor designs (GDEs, flow cells, 3D 

electrodes) are employed (Cui et al., 2025; 

Kracke et al., 2021; Pang & Zhu, 2025). 

3. Oxygen and anode chemistry: OER at 

conventional anodes conflicts with anaerobic 

cathodic microbes, requiring complex separation 

or alternative anode reactions (Abdollahi et al., 

2022; Rohbohm et al., 2024). 

4. Community stability and product specificity: 

Biofilm diversification and methanogen 

resurgence require ongoing control strategies to 

preserve acetogenic or other productive 

operation (Chandrasekhar et al., 2021; Mills et 

al., 2022). 

5. Materials and cost: High-performance 

nanostructured catalysts improve selectivity but 

increase material and fabrication costs, affecting 

scale-up feasibility (Gupta et al., 2024; 

Herkendell, 2021; Mirea et al., 2025). 

6. Insufficient TEA/LCA validation: 

Comprehensive, traceable techno-economic and 

life cycle analyses tied to experimental metrics 

are lacking, limiting quantitative assessment of 

decarbonization potential (Abel et al., 2022; 

Bakonyi et al., 2022; Sheppard et al., 2022). 
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https://jenni.ai/citation?d=z%3AjVZtj9tEED5VVELwJ1b9UIF0duwkl9zRUlRooaCWCigqRXxZezf23K133d11XvqpFPENflB%2FD3%2BEZ9dOL21yaqW7XOydnXnmmWdm7tXro2sLY6kifU2sjL14ffRJzQvnLS%2F9%2Br%2FHnWVWLkmuWE1VrfDrHQunXlYkHcNdJjVuS2lJV0wqWXprNIOJdgtpWSH9SkrN7t995BjXYmsicDs8CnJl5xyefC1ZWXOl4HA4bK1xLcwdM4tw7uRucNJswUtS5Lm%2FDE4lV8AkbbVhVfiLQwAK7spaNuEYKWx0cEcuVbwsJeKLe8HtOBvPkmyuSqPhqei8se5vcCQ0b2TgasEbUhv5e80BsqIlAvzQ6eckrFHyaN%2ByeEi9mfgWaV1lVT6krjer7yGTTQe07zVd%2FETnML7KUPxithDLB9z0ZiUJ9%2FroeikM2TxL82xyNhKT0mXZyWReoBaFfolPp19RNslARZaPKZ%2FOsmQ6n05r00rNlVxfPJ1OznA2m5xNRNuQqCeneT7PT%2FNzXO56Ms9B5iTJx8k4q1xX%2BE0LdEfSk4eHf%2B%2FvqmYd9CaV6hSHnvY01HJfr%2FgmqmA4hTyRGUM5rTG24ppc41ixGSrrqWQFGWUggl6jUQ9viwDqEh38GL3wpqXSvRQB5MdlZ9X6Ru19674YjUBVigijfbr2e%2BfTN72zuf7PTeVvtTcrf%2BtrMgPqbWygdF4CcG1UVHlDkHYAGprAdc5z0rxQcuDA2KZXMQgouS3wTZBZk5Dss28eh0AgOIQah%2B%2Bj4eFz1rlArzY6aWvjzQ43gAjuecruSdeSRyAEBpDKohlYw%2BEZ7SXkUipQc9nZ27aNxBeEVFrFfQDojpmjStMCCWq%2F28mttOg0Hxya1lNDLw6PCg6XCB6QoHYJx0fAShpQ0egyZd%2FDuiY3zKRjtpKAqKAD2Bi8LSUic7HkGj0d5wM0lvhOh4DbnJM3qVy6RlQDkaCryxj83XpdTTLDqFiGBIcZAz8YeXDLOi3w3seXSGk%2F30aCpEG4w5S8Ok6yoHXIoid%2BqMJlUVL2o%2FFRMbysCWVrQEUoSVfWjGPg4a6SCfemgYI8VxAguAsVO2bQhMR4MJXpHJqxDRoY1PbIW2TYtGhZCXex9J1CEY0ALcAfxA5WXwxTtoWGgCDaWlRnmO4iZQ%2FMCrDs8QEixAajC%2F0XO6DhenOoVi2nMCxC8Rt0B2rX4%2FJSbbZcGyOOGTWtFIGqwHo%2F%2FQG1zzWkhPIO7Zeyh8ZcBFMEXnGLyzwMEMwK6BXS26aDYEujlsEy7MEEBBnVxYz3KPCoqqbnXaAgIOzCdooQwJlU8NHT6LmtAB5F3JmEAZ7x9U57vVXm6NDoUFqGNgh7S3tYpexurHpMBc7ACEQP3wf7CNrxkZwGK6GMM1eFRo%2FTqO%2B%2F7UiKXYXUY670Io4JvD7QIW%2FGQMqeEjJYdBa2dtvxkQPIEaa9SpHW7pz7sAZrOKQhQQKARJrhDrlGjmAGzP2LJQWnaXQTR%2FChLT97a8v%2FdWDVfteZYcc%2F6yDLq3f8sjernmHlPqerd%2FcTrgfLJ8T1Sg7%2FNvRb%2BaOwldc3sGdOzub5fHSeouF10q%2BuFJinWEBZNjnZWdN%2F0iTDmp7mp7%2FtLudplk9PTifT2TvreJpkOX4ugn47W8pfseh%2B3i661WqVomQJgpplrFfcewLTYsQtFKTkCMPBWJ%2B0YvEViS9ns%2BJkms3G%2BfxsMuez2aLgJ8XpyWJ%2F3f%2Fx5ANnMJrXGgz0gzP4NvzeGd8OyrizI4sD23t8YHu%2Fh9X%2FAQ%3D%3D
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VII. FUTURE PERSPECTIVES AND RESEARCH 

DIRECTIONS 

 

Interface Engineering Advances 

Overcoming electron transfer bottlenecks requires 

integrated advances in protein engineering, mediator 

design, and electrode functionalization (Guo et al., 

2024; Zhang et al., 2023). Priority research directions 

include: 

• Protein engineering of EET conduits: Directed 

evolution and rational design of multiheme 

cytochromes, hydrogenases, and formate 

dehydrogenases to increase electron uptake rates 

and lower overpotentials (Lai et al., 2023; Rowe 

et al., 2021; Zhang et al., 2023). 

• Immobilized redox polymers: Development of 

conductive polymer coatings with covalently 

attached mediators that localize electron carriers 

at the interface, reducing diffusional losses 

(Agee et al., 2023; Xu et al., 2021). 

• Synthetic biology of electron uptake: 

Engineering synthetic electron uptake pathways 

that bypass native EET limitations, such as direct 

coupling of electrode electrons to central 

metabolism via engineered quinone pools or 

flavoproteins (Lai et al., 2023; Mustafa et al., 

2025; Zhang et al., 2023). 

C2 Relay Optimization 

C2 intermediate relay strategies have demonstrated 

superior performance but require further optimization 

of both electrochemical and biological modules 

(Mustafa et al., 2025; Tan & Nielsen, 2022; Zhang et 

al., 2022): 

• Electrocatalyst development: Design of copper-

based catalysts with enhanced C2 selectivity 

(>50% Faradaic efficiency) and stability in 

biocompatible electrolytes through alloying, 

surface structuring, and electrolyte engineering 

(Pan, 2025; Tan & Nielsen, 2022; Zhang et al., 

2022). 

• Integrated reactor configurations: Development 

of single-pot or closely coupled electrochemical-

biological reactors that minimize intermediate 

losses and enable continuous transfer of C2 

products to fermentation (Cui et al., 2025; 

Zegers et al., 2025; Zhang et al., 2022). 

• Metabolic pathway engineering: Optimization of 

acetate and ethanol assimilation pathways in 

production strains to maximize carbon flux 

toward target products while minimizing 

byproduct formation (Boto et al., 2023; Lai et al., 

2023; Mustafa et al., 2025). 

Materials-Reactor Co-Design 

Synergistic optimization of electrode materials and 

reactor configurations promises substantial 

performance gains (Gupta et al., 2024; Kracke et al., 

2021; Liu et al., 2022; Zegers et al., 2025): 

• Low-cost, high-surface-area carbon assemblies: 

Scalable fabrication of 3D carbon structures via 

additive manufacturing, templating, or biomass 

pyrolysis with integrated catalyst deposition 

(Herkendell, 2021; Kracke et al., 2021; 

Langsdorf et al., 2021). 

• MOF/composite hybrids: Development of 

conductive MOF-carbon composites with proven 

long-term stability in aqueous electrolytes and 

demonstrated biocompatibility (Gupta et al., 

2024; Mirea et al., 2025). 

• Modular electrode assemblies: Standardized, 

replaceable electrode modules that enable rapid 

prototyping, easy maintenance, and incremental 

scale-up (Herkendell, 2021; Park et al., 2025; 

Zegers et al., 2025). 

Operational Strategies 

Advanced operational strategies can improve 

productivity, stability, and economics (Abdollahi et 

al., 2022; Liu et al., 2022; Mills et al., 2022; 

Rohbohm et al., 2024): 

• Alternative anodic oxidations: Implementation of 

waste oxidation (organics, sulfide, ammonia) at 

the anode to eliminate oxygen production and 

create integrated waste treatment-chemical 

production systems (Abdollahi et al., 2022; 

Chandrasekhar et al., 2021; Horváth-Gönczi et 

al., 2023). 

• Biofilm control loops: Real-time monitoring of 

biofilm composition via metagenomics or 

electrochemical signatures, coupled with 

automated control of operational parameters to 

maintain desired community structure (Cabau-

Peinado et al., 2021; Mills et al., 2022; Song et 

al., 2021). 

• Intermittent operation protocols: Development of 

start-up, shutdown, and cycling protocols that 

maintain microbial viability and productivity 

under intermittent renewable electricity supply 

https://jenni.ai/citation?d=z%3AjVbbjtxEEF1FRELwE608RCCtPfZcd0kICiQQUEIEBIUgXtp2j1277W6nuz0zzlMI4g0%2BKN%2FDj3C67dnM7sxCpN252OWqOqfOqZ43b49uLLWhktSNYq3N%2BdujjyueWWd47rqbf92W7k5zu3R3viQtpMid0Xklasq5ZLazTtSWVVoWrDG6JisYkjFXCWZb6zgpnknBkExZ3Ki5I62YXrKcmwyfCtIbKgT75KunvpBtM19q7D%2BPhi%2BfstaSKpnSKmoq7bTtFPI7ylmGFoUhHrMHwjbkUAiF0UhphLWs5shMKCJWQurGJxkQFMIyrgoGGEZnBCiN5M43aI%2BZpVLREgCVY3nFpRSqRHwjjCXrfELdOKrp1U5CNUAUhnGkRHHfSUY64njxvZJCq0uei5h9i%2BiKLDNiRWJ9zNYCLcqV79VpXM0FKvNixVWOuqi3JCUi1ypfcIs5uoDyLjWqaiZU5R%2F0xa%2FO63qSWa7VygMEEk8M8mTCIS1rVYHrLlwEpH28tQBJiix0gEfWQqj%2FqBMtaeNR9MQPU3g3lJh9r11QDM8rwthqUOFH0uYV4xajUaUUEXe6hoIclxAguPMTO2bQhDBa6lK3lolN4zUwqO2JM0BYN1JsBNKF0bcSQ9QFaEH%2FXuxg9VWvT95AQ%2BggxBpMh2zeWiuKmD3Sa7Rljg8QUXSKA5cNDqi56g7NquFkAMIPv4Y7MLu%2BLydkt%2BVa6%2BKYUd2IwlPlWTehL7TaY%2FWQMN7BfjF7rPW5D0XhNTd4mMOaSpgSeoX0tnBQbKXlykdWVFYRCNKyDYj3KHCYqqKXrafAd9i6bQvgTEjk6Gl03JRoHkNU2CACCZDdt6ddtWOvS2MOCbXyo2WwAcaEj4iK2f0w9QAFycAIRI%2FcB30E7bhATq2RuJXcMOmNHrZR77%2FtSgquAvSAlV6FNYHLBxxysQZi9pyAYNkaxJqt4wMHkCNCe5UC1u6eez%2BD1RzSECABjQSakQ5YA0cIQ8%2F9hRX5pHFIE1aw5DlwQ4cPuBPlOBnPo2Qu8YgzlLVOG%2FsHtnkBGQq%2F1ZeQo%2Bzyb1otSloJJV60kGUBj4ij%2Fbjs8aoPK19oVb6kawPzZ1wNkc%2BIq7WgPjKnwr49%2BiAvNG1upUk8O12ki9FZDMOrCNVN2cXoeRqnSZJMZjBVpl7j1arfaZIk82ianvxS6UZAZWJz%2Fnw6TdLp7GQynZ8hqO1Rn%2FkMUZLi79zrtzW5%2BNnIzY%2BVc439bDRar9cxRhahqF6FecXalKMC22LEDRQkxQjLQRsXNcXyCyo%2Bn8%2Bz2TSZj9PF6WTB5%2FNlxmfZyWxZYnSua4D8CKeNQ0%2B%2FPXvPHQzzGo2FfnAH30Xee%2BO7Xhn3dmSxdDiicvu68DU%2FzFuAGm9BgdKA4v9Z3T%2FNP7o4zTf%2FPG3NcOqEDSDxDw%2F6u9AToXe%2FunadvL%2Fltjv%2B4f0nV7d3%2BLrdlb0Dd85PfxOs2Abh1q%2BI3oQ7xf1Jx3OS5HfNRfHAWg%2BUlf592NFItyUVEMJvApzP8SGPLC555M99SYtfcYSVg0u%2Ba9XLQdKHXEJ9WPE1YF1rkcfU9mHVAyDp2utt9y50%2BQOdIfi6wOIn2LKPzB9xveu5m95zBuJIk8npqJjkNklmk0W2Y7E3lExgsSRJx5RO50k0XUynu2abnOLefHI6KZqaimpykqaL9CS9Yr1JlI6jcbJvjb8f7qpm4%2FUmpAxbeV9DDXfVmndBBcNdyBPI%2BhMDSt%2F%2BoOiGyYZfe%2BQP927QaNDDZRFAXUWLPAe9dOuAl67Q9S8%3D
https://jenni.ai/citation?d=z%3AjVbbjtxEEF1FRELwE608RCCtPfZcd0kICiQQUEIEBIUgXtp2j1277W6nuz0zzlMI4g0%2BKN%2FDj3C67dnM7sxCpN252OWqOqfOqZ43b49uLLWhktSNYq3N%2BdujjyueWWd47rqbf92W7k5zu3R3viQtpMid0Xklasq5ZLazTtSWVVoWrDG6JisYkjFXCWZb6zgpnknBkExZ3Ki5I62YXrKcmwyfCtIbKgT75KunvpBtM19q7D%2BPhi%2BfstaSKpnSKmoq7bTtFPI7ylmGFoUhHrMHwjbkUAiF0UhphLWs5shMKCJWQurGJxkQFMIyrgoGGEZnBCiN5M43aI%2BZpVLREgCVY3nFpRSqRHwjjCXrfELdOKrp1U5CNUAUhnGkRHHfSUY64njxvZJCq0uei5h9i%2BiKLDNiRWJ9zNYCLcqV79VpXM0FKvNixVWOuqi3JCUi1ypfcIs5uoDyLjWqaiZU5R%2F0xa%2FO63qSWa7VygMEEk8M8mTCIS1rVYHrLlwEpH28tQBJiix0gEfWQqj%2FqBMtaeNR9MQPU3g3lJh9r11QDM8rwthqUOFH0uYV4xajUaUUEXe6hoIclxAguPMTO2bQhDBa6lK3lolN4zUwqO2JM0BYN1JsBNKF0bcSQ9QFaEH%2FXuxg9VWvT95AQ%2BggxBpMh2zeWiuKmD3Sa7Rljg8QUXSKA5cNDqi56g7NquFkAMIPv4Y7MLu%2BLydkt%2BVa6%2BKYUd2IwlPlWTehL7TaY%2FWQMN7BfjF7rPW5D0XhNTd4mMOaSpgSeoX0tnBQbKXlykdWVFYRCNKyDYj3KHCYqqKXrafAd9i6bQvgTEjk6Gl03JRoHkNU2CACCZDdt6ddtWOvS2MOCbXyo2WwAcaEj4iK2f0w9QAFycAIRI%2FcB30E7bhATq2RuJXcMOmNHrZR77%2FtSgquAvSAlV6FNYHLBxxysQZi9pyAYNkaxJqt4wMHkCNCe5UC1u6eez%2BD1RzSECABjQSakQ5YA0cIQ8%2F9hRX5pHFIE1aw5DlwQ4cPuBPlOBnPo2Qu8YgzlLVOG%2FsHtnkBGQq%2F1ZeQo%2Bzyb1otSloJJV60kGUBj4ij%2Fbjs8aoPK19oVb6kawPzZ1wNkc%2BIq7WgPjKnwr49%2BiAvNG1upUk8O12ki9FZDMOrCNVN2cXoeRqnSZJMZjBVpl7j1arfaZIk82ianvxS6UZAZWJz%2Fnw6TdLp7GQynZ8hqO1Rn%2FkMUZLi79zrtzW5%2BNnIzY%2BVc439bDRar9cxRhahqF6FecXalKMC22LEDRQkxQjLQRsXNcXyCyo%2Bn8%2Bz2TSZj9PF6WTB5%2FNlxmfZyWxZYnSua4D8CKeNQ0%2B%2FPXvPHQzzGo2FfnAH30Xee%2BO7Xhn3dmSxdDiicvu68DU%2FzFuAGm9BgdKA4v9Z3T%2FNP7o4zTf%2FPG3NcOqEDSDxDw%2F6u9AToXe%2FunadvL%2Fltjv%2B4f0nV7d3%2BLrdlb0Dd85PfxOs2Abh1q%2BI3oQ7xf1Jx3OS5HfNRfHAWg%2BUlf592NFItyUVEMJvApzP8SGPLC555M99SYtfcYSVg0u%2Ba9XLQdKHXEJ9WPE1YF1rkcfU9mHVAyDp2utt9y50%2BQOdIfi6wOIn2LKPzB9xveu5m95zBuJIk8npqJjkNklmk0W2Y7E3lExgsSRJx5RO50k0XUynu2abnOLefHI6KZqaimpykqaL9CS9Yr1JlI6jcbJvjb8f7qpm4%2FUmpAxbeV9DDXfVmndBBcNdyBPI%2BhMDSt%2F%2BoOiGyYZfe%2BQP927QaNDDZRFAXUWLPAe9dOuAl67Q9S8%3D
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(Liu et al., 2022; Rohbohm et al., 2024; Song et 

al., 2021). 

TEA/LCA Validation 

Rigorous techno-economic and life cycle analyses 

tied to experimental performance metrics are 

essential for guiding research priorities and assessing 

commercial viability (Abel et al., 2022; Bakonyi et 

al., 2022; Sheppard et al., 2022): 

• Transparent TEA models: Development of open-

source TEA models with clearly defined 

assumptions, sensitivity analyses, and validation 

against pilot-scale data (Abel et al., 2022; Park et 

al., 2025; Sheppard et al., 2022). 

• Experimental LCA data: Collection of primary 

data on material production, energy 

consumption, and emissions for electrode 

fabrication, reactor operation, and product 

recovery (Abel et al., 2022; Bakonyi et al., 2022; 

Singh et al., 2023). 

• System-level optimization: Integration of TEA 

and LCA with process modeling to identify 

optimal operating conditions, material choices, 

and system configurations that minimize cost 

and environmental impact (Bakonyi et al., 2022; 

Liu et al., 2022; Park et al., 2025). 

 

VIII. CONCLUSION 

 

Semi-synthetic electromicrobial systems represent a 

paradigm shift in CO₂ valorization and sustainable 

chemical manufacturing, coupling the speed and 

selectivity of electrochemistry with the metabolic 

versatility of engineered microorganisms. Recent 

advances demonstrate that C2 intermediate relay 

strategies, optimized bio-abiotic interfaces, advanced 

conductive scaffolds, and flow reactor designs can 

achieve industrially relevant current densities and 

productivities (Kracke et al., 2021; Song et al., 2021; 

Zhang et al., 2022). However, significant challenges 

remain in electron transfer kinetics, mass transport, 

biofilm stability, and techno-economic validation 

(Abdollahi et al., 2022; Abel et al., 2022; Guo et al., 

2024; Mills et al., 2022; Rowe et al., 2021). 

The path toward industrial electromicrobial 

biorefineries requires integrated advances across 

multiple disciplines: electrochemistry, microbiology, 

synthetic biology, materials science, and chemical 

engineering. Priority research directions include 

protein engineering of electron transfer pathways, 

development of low-cost high-performance electrode 

materials, reactor designs that eliminate oxygen 

toxicity, and operational strategies for stable 

continuous production (Abdollahi et al., 2022; 

Herkendell, 2021; Lai et al., 2023; Rohbohm et al., 

2024; Zhang et al., 2023). Equally important is 

rigorous techno-economic and life cycle assessment 

to quantify the decarbonization potential and guide 

technology development toward commercially viable 

systems (Abel et al., 2022; Bakonyi et al., 2022; 

Sheppard et al., 2022). 

As renewable electricity costs continue to decline and 

carbon pricing mechanisms mature, electromicrobial 

systems are poised to play a critical role in the 

transition to circular carbon economies. By 

electrifying biosynthesis and transcending the 

limitations of natural photosynthesis, these hybrid 

platforms offer a modular, scalable pathway to 

produce fuels, chemicals, and materials from CO₂ and 

renewable energy—transforming waste carbon into 

valuable products while mitigating climate change. 
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