	[bookmark: _Hlk145068772][image: cetlogo] CHEMICAL ENGINEERING TRANSACTIONS 

VOL. xxx, 2026
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors: Flavio Manenti, Botir Usmonov, Alessandro Di Pretoro
Copyright © 2026, AIDIC Servizi S.r.l.
ISBN 979-12-81206-xx-x; ISSN 2283-9216


Perspective in Electrified Biotechnologies for Hydrogen Production from Organic Waste
Angela Marchetti, Matteo Serafini, Martina Trinchillo, Marco Zeppilli*
Department of Chemistry, University of Rome Sapienza, Piazzale Aldo Moro 5 00185 Rome, Italy
*marco.zeppilli@uniroma1.it
The transition toward a sustainable hydrogen economy necessitates the development of high-efficiency recovery processes from renewable biogenic sources, such as organic industrial wastewaters and solid residues. Conventional biological hydrogen production, primarily represented by dark fermentation, is often restricted by thermodynamic and stoichiometric barriers that limit the overall energy recovery and specific hydrogen yield. A promising perspective to overcome these bottlenecks involves the integration of electrified biotechnologies, where biological pathways are synergistically coupled with bioelectrochemical and electrochemical refining stages. The inclusion of an advanced electrolysis stage further ensures the oxidation of residual organic matter, providing a flexible refining response to varying load qualities through tailored electrochemical sensors. Moreover, beyond hydrogen generation, this integrated platform facilitates advanced carbon management, indeed the spontaneous alkalinity generated during the electrochemical processes enables the selective removal of biogenic carbon dioxide from the biogas stream through chemical sorption, potentially yielding high-purity hydrogen streams close to 100%. The present study presents a detailed analysis of different case study scenarios in which integrated biological, bioelectrochemical, and electrochemical technologies are used for the treatment of various organic waste streams, such as food processing wastewater and the organic fraction of municipal solid waste. These different case studies have been characterized through the use of mass, energy, and electron balances. The final outcome is a circular process that simultaneously achieves water purification, carbon sequestration, and high-efficiency energy recovery, maintaining competitive operational costs and energy consumption levels compared to traditional electrolysis
Introduction
Energy consumption and the Human Development Index (HDI) have historically shown a strong correlation, whereby small increases in per-capita energy use at low development levels lead to significant gains in HDI. As global population growth continues, energy demand is expected to rise significantly, intensifying pressure on existing energy systems. Today, energy production and consumption account for approximately 75% of global greenhouse-gas emissions, making the energy sector the primary driver of climate change (Mancini et al., 2021). Decoupling socio-economic development from carbon-intensive energy sources is therefore a core challenge for long-term sustainability (Bluerisk, 2023). In this context, green hydrogen has emerged as a key enabler of deep decarbonisation, offering a clean and flexible energy carrier capable of linking renewable electricity with hard-to-abate sectors such as industry, chemicals and transport (Marchetti et al., 2026a). At the same time, large-scale hydrogen deployment introduces significant challenges, particularly related to freshwater consumption, which is projected to increase six-fold by 2050, reaching 12.1 billion m3 per year. Despite intense research activity, current hydrogen production and wastewater treatment technologies remain fragmented and technology-specific, often addressing energy generation and waste management as separate challenges. Water electrolysis reliably produces high-purity hydrogen but remains electricity- and freshwater-intensive and does not valorise organic waste streams. Biological routes such as dark fermentation (DF) enable hydrogen production from wastewater but are constrained by thermodynamic and stoichiometric limits, resulting in incomplete substrate conversion and modest hydrogen yields (Fu et al., 2026). To overcome these limitations, the present study proposes an integrated electrified biological platform hydrogen production from organic waste streams coming from agrifood industry and municipal solid waste (Salvatori et al., 2025). Specifically, the current study focuses on the optimisation and tight integration of biological, bioelectrochemical and electrochemical processes to maximise energy recovery from organic matter, while simultaneously capturing and sequestering the biogenic CO2 released during feedstock conversion. In the explored context, dark fermentation (DF) is re-engineered as a selective pre-conversion step, rather than a yield-limited standalone hydrogen technology. By physically decoupling acidogenesis from downstream beta-oxidation and hydrogen recovery, residual chemical oxygen demand (COD) is intentionally preserved and redirected to the bioanodic chamber of MECs. This enables the conversion of residual organic matter into additional hydrogen at thermodynamic potentials significantly lower than those required for standard water electrolysis (i.e. 85% electromotive force reduction when oxidising acetate instead of water). The innovation is further reinforced by the inclusion of an advanced electrolysis cell (AEC) as a third stage, enabling electrically driven refinement of residual wastewater and real-time control of electron extraction based on tailored COD electrochemical sensing (Liu et al., 2020). This three-stage integration results in hydrogen productivity increases of over 100% and yield improvements up to one order of magnitude compared to standalone DF systems. Together, these elements form a highly electrified bioprocess platform that supports process intensification, improved energy efficiency and consistent production of high-purity hydrogen (>99%) from complex biogenic feedstocks. In parallel, the proposed integration approach integrates carbon capture directly within the hydrogen production chain. Biogenic CO2 released during multiple process streams (including the DF off-gas, the anodic gas stream of the MEC and the anodic gas stream of the AEC) is directed to the cathodic chamber of the MEC, where it is chemically absorbed in the alkaline environment generated during operation and subsequently precipitated in carbonate form using alkaline ions such as calcium and magnesium, enabling direct feedstock-related CO2 emission reductions (Zeppilli et al., 2021). The present study proposed a preliminary analysis focused on the potential integration of DF, MEC and AEC systems to maximize hydrogen production while sequestrating biogenic CO2 and cleaning water. The study is abased on literature data from real case studies at pilot or demonstration scale related to the dark fermentation of food industry byproducts and the organic fraction of the municipal waste. Digester volume applied organic loading rates, and the composition of the matrix have been collected from literature studies. Electron, mass and energy balances have been utilized as main tool for the evaluation of the different mass fluxes, specific yields and energetic costs.
Methods
Technologies integration 
The concept for the combination of dark fermentation, microbial electrolysis, and advanced electrolysis follows a linear scheme in which the effluent phase from one step constitutes the influent stream of the downstream step (Figure 1). 
[image: ]
Figure 1: Schematic representation of gaseous and liquid streams in the integrated three stage process analyzed in the present study
The processes involved in the overall evaluation include a solid-liquid separation unit for solids separation from the dark fermentation effluent liquid phase, the solid fraction is not considered for valorization in this work. The liquid stream is then sent into the bioanode section of a microbial electrolysis cell to be oxidized by electroactive microorganisms. After the treatment of the DF effluent in the bioanode chamber, residual COD, usually constituted by the most recalcitrant organic matter, can be treated directly in an abiotic anode in which a suitable material and electrode potential promote the oxidation of organic matter into CO2 using reactive oxidative species. Hydrogen is produced in the cathodic chambers of the MEC and AEC systems, recovering part of the electrons extracted from the organic matter into hydrogen (Marchetti et al., 2026b). An interesting additional aspect of the integration of the MEC and AEC cathodes is related to the alkalinity generation produced in the cathodic chamber when an ion exchange membrane is used as a separator. Indeed, most of the ionic flux is transported by ions other than protons and hydroxyls, promoting the consumption of protons from water autoprotolysis; as a result, alkalinization occurs in the cathode while acidification occurs in the anode chamber of the electrochemical systems. Input data from literature were collected considering three case scenarios at pilot-demonstration scale related to the dark fermentation of organic waste; as reported in Table 1, three main input scenarios were investigated considering fruit waste (FW), cheese whey (CW), and the organic fraction of municipal solid waste (OF-MSW). 

Table 1: Input data from the selected dark fermentation case studies
	Case study
	Volume DF (m3)
	OLR (kgCODsoluble/m3d)
	Qgas (m3/d)
	F liquid (m3/d)
	%H2
	%CO2
	Reference

	CW
	140
	13
	240
	20
	30
	70
	 (Rovira-Cal et al., 2025)

	FW
	160
	25
	585
	20
	40
	60
	 (Silva et al., 2022)

	OF-MSW
	0.2
	4
	0.24
	0.05
	25
	75
	 (Gottardo et al., 2023)



Table 2: Input data related to the composition of volatile fatty acids produced by dark fermentation case studies
	Case study
	VFA out (g/L)
	Acetic (%)
	Lactic (%)
	Propionic (%)
	Butyric (%)
	valeric (%)
	caproic (%)
	Reference

	CW
	25
	11
	24
	-
	65
	-
	-
	 (Rovira-Cal et al., 2025)

	FW
	30
	15
	-
	28
	42
	8
	7
	 (Silva et al., 2022)

	OF-MSW
	13
	12
	-
	13
	72
	2
	2
	 (Gottardo et al., 2023)


Mass and electron balance definition 
Based on the input data regarding DF liquid and gaseous effluent composition, the integration of a MEC and an AEC system was elaborated considering the possibility of converting the entire VFA fraction. The VFA fraction coming from the DF effluent was considered fully oxidizable by the bioanode of the MEC step, while the remaining part of the soluble COD was assumed to be recalcitrant under bioanode conditions and was considered oxidizable only at the AEC anode. MEC current production from VFA oxidation was evaluated by equation 1:
 (1)
in which VFA represents the effluent stream from DF step, F is the faraday constant and 86400 represents the seconds in a day. The electrons produced by VFA oxidation was evaluated considering the release of 4 electrons for each mole of COD (i.e., 32 g of O2) according to the water oxidation semi reaction (equation 2):
 (2)
The moles of CO2 released from VFA oxidation was calculated considering their stoichiometric oxidation equation (Table 2). The remaining soluble COD in the DF effluent stream was assumed recalcitrant in the bioanode environment and it was considered oxidable only in the AEC step (Dell'Armi et al., 2025). Current generation in the AEC process was calculated according to equation 3:
 (3)
in which COD represents the effluent soluble COD not represented by VFA coming from DF process.
For recalcitrant COD, a general assumption of 1 moles of CO2 per mole of COD was assumed to estimate the CO2 release. Hydrogen production in MEC and AEC process was evaluated considering a complete recovery of the current into H2 according to equation 4:
 (4)
in which 2 represents the number of electrons necessary to proton reduction, F is the faraday constant an 86400 are the seconds in a day, 24.414 is the liter of a mole of gas (1 atm 25°C) (Marchetti et al. 2026). Hydrogen production rate expressed as m3H2/m3 d was obtained by dividing the H2 production for the overall volume of DF, MEC and AEC process. CO2 sequestration maximum capacity in the MEC catholyte was evaluated considering a quantitative generation of alkalinity generated from the current. Indeed, assuming that all the ionic current necessary to counterbalance the equivalents of electricity (released from the VFA oxidation in the bioanode) was ensured by other species than protons or hydroxyls, an equivalent generation of hydroxyls can be calculated according to equation 5:
 (5)
Where current is the theoretical current calculated from the electron balance, i.e. VFA complete oxidation, while F is the faraday constant, 86400 represents the seconds in a day and 1 is the molar ration between the electrons transported and the OH- generated. The CO2 sequestration yield was than calculated comparing the CO2 produced from all the three processes, i..e from DF, MEC bioanode and AEC anode, with the maximum CO2 sequestration capacity according to the following equation 6:
 (6)
Energy balance definition and calculation
The energy consumption evaluation is conducted considering the power input for DF as the heat energy necessary for maintaining the liquid phase under thermophilic conditions (i.e. 55°C) while the MEC and AEC energy input is represented by the energy utilized for the polarization of the system. For MEC and AEC reference value of energy consumption, 9 kWh/m3H2 for MEC process and 4.5 kWh/m3H2 for AEC have been utilized as reported in literature data (Kojima et al., 2023). Overall energy consumption has been evaluated as the sum of the three energy inputs while the energy efficiency has been evaluated considering the theoretical energy production from the H2 combustion, i.e. the ΔG0 of 237 KJ/mol, and the energy consumption of the three investigated technology according to equation 7. 
 (7)
Specific H2 production and CO2 sequestration cost was evaluated according to equation 8 and 9:
 (8)
 (9)
Results and discussion
 Mass and electron balance for the three-stage integrated electrified bioH2 platform design
Based on input data reported from the three case studies, the evaluation current generation potential in MEC and AEC system allow to determine the surface and the volume of the reactors to be placed in series to the DF step. the calculation of the surface was conducted considering two reference value for current density in the MEC and AEC systems. While for MEC a current density of 11 A/m2 was considered, as reported in (Fu et al., 2026), the current density of 10000 A/m2 was utilized for a conventional AEC system, as reported in (Lettenmeier et al., 2016). The significant difference in current density resulted in an important surface and volumetric request for accomplish the total conversion of soluble waste COD into current. Despite the important surface of electrode, the MEC system to be coupled with a full-scale DF step was in the range of full scale electrolysers installation, in which for approximately 100 cell stacks of 25 m2 were operated for 5000 hours at 4000 A of direct current (Bender et al., 2026).

Table 3: Volumetric and surface estimation for MEC and AEC processes based on case studies scenario 
	Case study
	MEC surface (m3)
	MEC volume (m3)
	AEC surface (m2)
	AEC volume (m3)

	CW
	6345
	190
	5.025
	0.151

	FW
	7614
	228
	9.771
	0.293

	OF-MSW
	8
	0.24
	0.005
	0.010


* Current density for MEC - 11 A/m2, current density for AEC 10000 A/m2

Table 4 reports the direct estimation of the H2 production rate an H2 yield obtained in the three case studies. It is interesting to underline that both parameters resulted higher for the fruit waste scenario which constituted the most suitable substrate for biological transformation due to its low suspended solid content and their VFA composition. Interestingly CO2 sequestration rate, expressed as kgHCO3- daily removed, follow a similar trend being higher in the case of FW as a direct consequence of the higher availability of VFA in the DF streams. in term of CO2 MEC sequestration capacity (Table 4), all the three case studies highlight a considerable higher capacity of CO2 sequestration with respect the alkalinity generation availability in the cathodic chamber. This interesting result shows the potential of the MEC process to integrate CO2 sequestration in the electrified biorefinery proposed in this study.

Table 4: Results about H2 productivity H2 yields and CO2 sequestration from the different case study 
	Case study
	H2 production (m3H2/m3d)
	H2 yield (kgH2/kgCOD)
	CO2 sequestration rate (kgHCO3/m3d)
	CO2 MEC sequestration efficiency(%)

	CW
	4.19876627
	0.079
	5.9
	197

	FW
	5.718462555
	0.090
	8.2
	144

	OF-MSW
	3.554229298
	0.053
	4.7
	234


 Energy balance for the three-stage integrated H2 platform 
Energy balance and energetic cost of H2 production estimation was conducted on the three case studies reporting similar results for the CW and FW full scale case studies while the pilot scale DF process working on OF-MSW results in a higher energy efficiency of the process. In terms of specific energy cost all the three case study scenario results in a higher energy cost with the reference cost of an industrial electrolysers, i.e. 4.5 kWh/m3H2 (Kojima et al., 2023). This higher energy cost is mainly caused by the double energy cost considered for the MEC technology in the energy balance. This energetic cost however must be considered as an energy cost that also allowed for water treatment and most importantly to CO2 sequestration, indeed, being the energetic cost of CO2 sequestration 0.016 kWh/m3CO2, using 7.5 kWh/d of energy correspond to the daily production of 1 m3 H2 and to the removal of 468 m3 of CO2 (or 1.17 kgHCO3-/d). 

Table 5: Energy balance estimation of the overall process based on case studies input 
	Case study
	Energy balance (%)
	H2 production cost (kWh/m3H2)
	CO2 sequestration cost (kWh/m3CO2)

	CW
	35
	7.79
	0.016

	FW
	35
	7.79
	0.012

	OF-MSW
	57
	7.45
	0.014


[bookmark: _Hlk241333284]*evaluated considering 9 kWh/m3H2 for MEC process and 4.5 kWh/m3H2 for AEC
 Perspective and potential impacts of the integrated biological and electrochemical approach 
Despite the preliminary approach proposed in this study, the perspective of integrating DF, MEC and AEC technologies shows a viable approach for biowaste valorization, circular sanitation, and carbon-negative energy vector synthesis. Coupling DF with downstream bioelectrochemical and advanced electrolysis cell addresses thermodynamic bottlenecks, enabling near-complete conversion of residual chemical oxygen demand into high-purity hydrogen (>99%) without relying on intensive freshwater consumption. Future implementation hinges on scaling up electroactive biofilm architectures and optimizing low-cost cathode catalysts to reduce the substantial electrode surface requirements imposed by bioelectrochemical operating current densities. Concurrently, refining responsive real-time sensing loops for advanced electrolysis will be pivotal to dynamically adjust current inputs to fluctuating feedstock qualities, thereby suppressing parasitic side reactions. A central technological opportunity lies in engineering the cathode compartments to fully exploit spontaneous electrochemical alkalinity generation, facilitating on-site mineral carbonation using indigenous divalent cations. Long-term perspectives must also address membrane longevity, fouling control, and continuous solid-liquid separation units to preserve operational reliability during prolonged campaigns. Ultimately, this electrified biorefinery architecture bridges industrial wastewater sanitation with renewable electricity grids, fostering a resilient, distributed hydrogen infrastructure aligned with European decarbonization targets.
Conclusions
This theoretical study shows the potential of an electrified biological three-stage platform integrating dark fermentation, microbial electrolysis, and advanced electrolysis for organic waste valorisation and simultaneous effluent treatment and biogenic carbon capture. Mass, energy, and electron balance assessments across fruit waste, cheese whey, and the organic fraction of municipal solid waste confirmed substantial hydrogen productivity, peaking at 5.72 m3H2/m3d and a yield of 0.090 kgH2/kgCOD for fruit waste due to its favorable volatile fatty acid profile. The bioelectrochemical stage demonstrated exceptional capacity for biogenic carbon management, where cathodically generated alkalinity achieved theoretical CO2 sequestration efficiencies exceeding 140% across all evaluated substrates. While the specific electrical consumption of 7.45 to 7.79 kWh/m3H2 remains higher than conventional water electrolysis due to bioelectrochemical polarization, this expenditure simultaneously drives complete wastewater remediation and carbon abatement at a low dedicated cost of 0.012–0.016 kWh/m3CO2. Energy efficiencies ranged between 35% for full-scale agrifood waste scenarios and 57% for municipal solid waste. Despite the simplified assumptions presented in this preliminary study, the proposed electrified biological process successfully resolves the yield limitations of standalone dark fermentation delivering high-purity hydrogen while treating effluent streams, positioning electrified biotechnologies as a potential multi-functional pillar for circular bioeconomy platforms.
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