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ABSTRACT: Biohydrogen is a promising renewable energy carrier that can be produced through various biotechnological methods, 
including dark fermentation, photofermentation, biophotolysis, and microbial electrolysis cells (MECs). Among these, dark fermentation 
stands out due to its operational simplicity, scalability, and compatibility with the existing biogas technologies. While photofermentation 
offers higher substrate-to-hydrogen conversion efficiency, its dependence on light and a complex reactor design limits its practical ap-
plication (above 100 ml/L·h). MECs provide high-purity hydrogen but are hindered by low yields and high energy input requirements. 
Biophotolysis suffers from low hydrogen production rates (1–8 ml/L·h) and enzyme inhibition by oxygen. Although all methods can 
utilise organic waste and wastewater, dark fermentation presents the most practical solution for decentralised hydrogen production, 
particularly in agricultural and industrial settings. Despite lower hydrogen purity and the need for gas purification, its advantages in 
cost, reactor availability, and microbial flexibility make it a viable option for sustainable energy generation. Biohydrogen generated 
via dark fermentation can be used as fuel for proton exchange membrane fuel cells and solid oxide fuel cells after purification. This 
method offers hydrogen generation rates high enough (as high as 500–1000 ml/L·h) to supply enough hydrogen for small fuel cell 
stacks (200–2000 W), and the size of the bioreactor is still reasonable.

Keywords: biohydrogen, waste, circular economy, dark fermentation, photofermentation, biophotolysis, microbial electrolysis cells.

STRESZCZENIE: Biowodór jest obiecującym odnawialnym nośnikiem energii, który może być wytwarzany różnymi metodami w tym 
fermentacją ciemną, fotofermentacją, biolizą oraz w technologii mikrobiologicznych ogniw elektrochemicznych (MEC). Spośród nich 
fermentacja ciemna wyróżnia się prostotą operacyjną, skalowalnością oraz kompatybilnością z istniejącymi technologiami biogazo-
wymi. Chociaż fotofermentacja zapewnia wyższą efektywność konwersji substratu do wodoru, jej zależność od światła oraz złożona 
konstrukcja reaktorów ograniczają zastosowanie praktyczne (powyżej 100 ml/L·h). Ogniwa MEC umożliwiają uzyskanie wodoru o wy-
sokiej czystości, jednak ograniczają je niskie uzyski oraz wysokie zapotrzebowanie energetyczne. Bioliza charakteryzuje się niskimi 
szybkościami produkcji wodoru (1–8 ml/L·h) oraz inhibicją enzymów przez tlen. Mimo że wszystkie metody mogą wykorzystywać 
odpady organiczne i ścieki, fermentacja ciemna stanowi najbardziej praktyczne rozwiązanie dla zdecentralizowanej produkcji wodoru, 
szczególnie w sektorze rolniczym i przemysłowym. Pomimo niższej czystości wodoru oraz konieczności jego oczyszczania, jej zalety 
w zakresie kosztów, dostępności reaktorów oraz elastyczności mikrobiologicznej czynią ją realną technologią zrównoważonej produk-
cji energii. Wodór wytwarzany w fermentacji ciemnej może być wykorzystywany jako paliwo w ogniwach paliwowych PEMFC oraz 
stałotlenkowych ogniwach paliwowych (SOFC) po procesie oczyszczania. Metoda ta umożliwia uzyskanie szybkości produkcji wodoru 
na poziomie 500–1000 ml H2/L·h, co pozwala na zasilanie małych zestawów ogniw paliwowych (200–2000 W), przy jednoczesnym 
zachowaniu rozsądnych rozmiarów bioreaktora.

Słowa kluczowe: biowodór, odpady, gospodarka o obiegu zamkniętym, ciemna fermentacja, fotofermentacja, biofotoliza, mikrobiolo-
giczne ogniwa elektrolityczne.
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Introduction

Hydrogen is increasingly seen as a key energy carrier in 
the transition towards low-carbon energy systems. According 
to the International Energy Agency, global hydrogen demand 
has reached around 97 Mt per year, and nearly 95% is still pro-
duced using fossil-based technologies, mainly steam methane 
reforming (SMR) and coal gasification (IEA, 2024). Although 
these processes are well established and economically efficient, 
they generate significant CO2 emissions, making their decar-
bonisation essential for achieving climate neutrality (Bhuiyan 
and Siddique, 2025).

Today, low-carbon hydrogen is mainly produced via water 
electrolysis powered by renewable electricity (“green hydro-
gen”), biomass gasification, and fossil-based hydrogen com-
bined with carbon capture and storage (Bhuiyan and Siddique, 
2025; Sharma et al., 2025). Among these options, electrolysis 
is widely considered the most promising long-term pathway. 
However, its expansion is still limited by high electricity de-
mand, dependence on renewable energy availability, and the 
need for substantial infrastructure development (Bhuiyan and 
Siddique, 2025). Biomass gasification can convert lignocellu-
losic materials into hydrogen, but it requires energy-intensive 
pre-treatment and high-temperature operation, which reduces 
its overall efficiency and economic attractiveness (Sharma 
et al., 2025).

In this context, biohydrogen produced through biological 
processes is attracting growing interest as a complementary 
option. It includes dark fermentation, photofermentation, bio-
photolysis, and microbial electrolysis cells (MECs), all of which 
use organic substrates such as wastewater, agricultural residues, 
and food industry wastes (Nagarajan et al., 2017; Ahmad et al., 
2024; Emetere, 2025). These processes operate under mild 
conditions and naturally fit within the circular bioeconomy 
approach by linking waste treatment with energy recovery 
(Ahmad et al., 2024; Sharma et al., 2025). Despite many years 
of research, biohydrogen technologies remain at a relatively 
early stage of development, and their industrial implementation 
is still limited (Ananthi et al., 2024; Emetere, 2025).

Biohydrogen is not intended to replace established hydro-
gen production routes such as SMR or electrolysis. Its main 
limitations include relatively low yields, operational instability, 
sensitivity to process conditions, and the production of gas 
mixtures containing CO2 and other impurities, which require 
additional purification steps (Yusuf et al., 2015; Rahman et al., 
2016; Tripathy et al., 2025). These issues significantly limit its 
use in large-scale, centralised hydrogen systems.

Because of this, the most realistic role for biohydrogen 
appears to be in small-scale, decentralised applications. This 
includes wastewater treatment plants, agro-industrial facili-

ties, and organic waste management systems, where hydrogen 
can be recovered as a by-product of biological degradation  
(Ananthi et al., 2024; Emetere, 2025). In such cases, its value 
lies more in improving resource efficiency and supporting 
circular economy strategies than in serving as a primary hy-
drogen supply source.

Rather than competing with green hydrogen or other mature 
low-carbon technologies, biohydrogen is likely to complement 
them. Integrated into hybrid energy systems, it may support 
distributed hydrogen production, waste valorisation, and partial 
decarbonisation of organic waste streams, particularly in regions 
where access to renewable electricity is limited (Ananthi et al., 
2024; Sharma et al., 2025).

This paper reviews and compares the main biological hy-
drogen production pathways, focusing on their principles, key 
limitations, and realistic application potential. Special attention 
is given to their role in circular economy systems and their pos-
sible contribution to future hydrogen-based energy structures.

Biohydrogen production  
using biophotolysis methods

Biophotolysis is a process of generating hydrogen that 
utilises the energy of photons. This process is present in 
cyanobacteria and is similar to photosynthesis as it uses its 
mechanisms. Biophotolysis can be direct or indirect, and in 
both cases, photosystems PS I and PS II take part. During the 
operation of these photosystems, an electron carrier – ferredoxin 
(Fd) – is reduced by an electron. To prevent the depletion of 
the pool of oxidised forms of Fd available for PS I and PS II, 
its regeneration is necessary. Regarding direct biophotolysis,  
Fd is oxidised by hydrogenase enzymes, which reduce protons 

Figure 1. Diagram of direct biophotolysis, where: hν – light;  
PS I – photosystem I; PS II – photosystem II; Fdox. – oxidized form 
of ferredoxin; Fdred. – reduced form of ferredoxin; ADP – ade-
nosine diphosphate; ATP – adenosine triphosphate, a biological 
energy carrier (Li et al., 2022; Arimbrathodi et al., 2023; Gómez 
Hernández et al., 2026)
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During the biophotolysis process, the only substrates needed 
are water, light, CO2 (in the case of indirect biophotolysis), and 
macro- and micro-elements (required for algae). Theoretically, 
biophotolysis, and especially direct biophotolysis, does not 
require the addition of substrates (such as carbohydrates), 
contrary to the other methods described.

The main limitation of this method is its dependence on 
light. Despite this, many researchers have analysed the pos-
sibility of using this method for biohydrogen production, 
especially due to the fact that direct biophotolysis seems very 
attractive because of its simplicity. Unfortunately, direct bio-
photolysis has one major limitation: hydrogenase, the enzyme 
responsible for hydrogen production, is inhibited by oxygen. 
As mentioned earlier, oxygen is one of the main products of 
direct biophotolysis. To overcome this obstacle, some research-
ers in implementation-focused studies propose conducting the 
process under conditions deficient in such elements as sul-
phur, potassium or nitrogen to limit the generation of oxygen. 
Regarding the species Scenedesmus obliquus, potassium may 
be substituted with sodium in the feed, leading to the deactiva-
tion of PS II, which is responsible for the generation of oxygen 
(Papazi et al., 2014). Another method used to reduce oxygen 
generation is to grow microbial cultures in conditions under 
which the sources of the electrons for hydrogen generation 
are saccharides instead of water molecules (as it is in classical 
photosynthesis) (Faraloni et al., 2025). The results of selected 
studies found in the literature on biohydrogen production via 
biophotolysis are shown in Table 1.

According to the data presented in Table 1, the rate of hydro-
gen production was very low in all cases and mostly fell within 
the range of 1–8 ml of biohydrogen per hour from every 1 L of 
working volume of the bioreactor. Considering that providing 

Figure 2. Diagram of indirect biophotolysis, where: hν – light;  
PS I – photosystem I; PS II – photosystem II; Fdox. – oxidized form 
of ferredoxin; Fdred. – reduced form of ferredoxin; ADP – ade-
nosine diphosphate; ATP – adenosine triphosphate, a biological 
energy carrier (Li et al., 2022; Arimbrathodi et al., 2023; Gómez 
Hernández et al., 2026)

Table 1. Examples of representative research results concerning biohydrogen generated via biophotolysis reported in the literature  
(Maswanna et al., 2018; Ruiz-Marin et al., 2020; Touloupakis et al., 2021)

Microorganism Conditions Illumination 
conditions

H2 yield  
[ml/L]

H2 production 
rate  

[mlˑL−1ˑh−1]

Substrate  
and medium Source

Chlorella vulgaris 
BEIJ strain G-120

Illuminated 150 μmol·m−2·s−1 896 4.98
– (Touloupakis et al., 

2021)Dark None 405 2.08

Chlorella vulgaris 
immobilised

Cell growth in 
Stage 1,  

H2 production in 
Stage 2 anaerobic 

conditions

60 W lamp  
140·m−2·s−1

60.4 1.63
Wastewater  
+ glucose

(Ruiz-Marin et al., 
2020)Scenedesmus 

obliquus  
immobilised

128 8.53

Tetraspora sp. 
CU2551  

immobilised
Anaerobic 29 μE/m−2·s−1 307 2.84 S-deprived (Maswanna et al., 

2018)

Synechocystis sp. 
PCC 680  

immobilised

Anaerobic dark 
conditions

60 mmol  
photons /m−2·s−1 14.5 0.09 Nitrogen-free medium  

BG110-Tris
(Touloupakis et al., 

2016)

to molecular hydrogen. Meanwhile, concerning indirect biopho-
tolysis, the process takes place in two stages. In the first stage, 
the reduced form of Fd obtained from the photosystems is used 
to fix CO2 and synthesize carbohydrates, similar to classical 
photosynthesis. During the second phase, the carbohydrates 
generated in Stage 1 are fermented reducing Fd, which is 
then regenerated. The regeneration of Fd is carried out by the 
enzyme hydrogenase, leading to the formation of molecular 
hydrogen (Li et al., 2022; Arimbrathodi et al., 2023; Gómez 
Hernández et al., 2026). The metabolic pathways described 
above are illustrated in Figures 1 and 2.
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light energy either from artificial sources or the sun during the 
process was necessary, whether using sunlight energy from 
photovoltaic (PV) systems to power the electrolyser would be 
more efficient is worth reconsidering. For example, a 1 MW 
electrolyser is capable of generating 200 m3 (200·103 L) of 
hydrogen per hour. In comparison, Ruiz-Marin et al. (2020) 
used a 60 W lamp and reached the highest hydrogen produc-
tion value of merely 8 ml (8·10−3 L) of biohydrogen per hour 
from every 1 L of bioreactor working volume (see Table 1, 
Ruiz-Marin et al., 2020). By multiplying the system of such 
bioreactors to reach the light source energy demand of 1, only 
133 L/h of hydrogen would be generated, and the working 
volume of bioreactors would reach 16.7 m3. Moreover, during 
the biophotolytic process, an additional substrate, a carbon 
source, would be needed so that hydrogen generation occurs 
mainly via Stage 2 of indirect biophotolysis. This strategy is 
used in most research papers, while strategies that prioritise the 
mechanism of direct biophotolysis are seldom employed. This 
is probably because oxygen is generated during photosynthetic 
activities, inhibiting the hydrogenase enzyme.

Hydrogen production  
with the use of microbial electrolysis cells

Another interesting technology is MECs. It is similar to 
standard electrolysis, but in MECs, microorganisms that are 
capable of releasing electrons into the environment act as 
catalysts on at least one of the electrodes. A characteristic 
feature of an MECs is that the system utilises small amounts 
of energy from additional power sources and the chemical 
energy of organic substrates to create electrons can reduce 
protons into molecular hydrogen. The oxidation of the substrate 
takes place on the anode side, while the reactions generating 
hydrogen occur on the cathode side. As electrons migrate 
through an external electric circuit, protons can freely migrate 

through the electrolyte if an additional membrane separating 
the anode area from the cathode area is used then it has to al-
low proton transport. 

The anode is made of a conductive material – often a porous 
transition metal, such as Ni – and is placed in an environment 
rich in electrogenic bacteria. The anode is often covered and 
overgrown by these bacteria. The cathode is usually made 
of a conductive material covered with platinum. However, 
Jeremiasse et al. (2010) successfully developed MECs using 
cathodes made of transition metals employed biocathodes, 
bacteria that reduce hydride ions while consuming electrons. 
In the case of a biocathode, the hydrogen production rates and 
volume can be increased by enriching the microbial culture 
with hydrogen-reducing bacteria prior to the main operation 
stage of the MECs (Jafary et al., 2017). The hydrogen produc-
tion rate relies on factors similar to those observed in standard 
fermentation. In addition, when the system includes a separate 
cathode chamber, pure hydrogen can be generated (Jafary 
et al., 2017; Jeremiasse et al., 2010; Logan et al., 2008; Mitov 
et al., 2017; Wang et al., 2017). A diagram of a simple MEC 
is presented in Figure 3.

Figure 3. Diagram of a simple microbial electrolysis cell

Table 2. Research results concerning biohydrogen generated via MECs

Microorganism Substrate Voltage  
[V]

H2 production rate  
[mlˑL−1ˑh−1] Source

Enriched wastewater inoculum Acetate 0.45 15.40 (Liu et al., 2005)
Enriched isolate from sulphate-rich paper-mill 
wastewaters Acetate 0.5 0.83 (with potential for 

improvement up to 27.5) (Rozendal et al., 2006)

Microorganisms present in wastewater substrate Wastewater 0.5 0.01 (Ditzig et al., 2007)
Enriched isolates from soil and wastewaters Acetate 0.5 1.10 (Cheng and Logan, 2007)

Microbial consortia used earlier in an acetate-fed 
microbial fuel cell Acetate

0.8 3.12
(Call and Logan, 2008)0.6 1.99

0.4 1.02
Microbial consortia from previous experiments Acetate 1 0.30 (Rozendal et al., 2007)
Shewanella oneidensis MR-1 (ATCC) Acetate 0.6 0.69 (Hu et al., 2008)
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Selected examples of the use of MECs and the correspond-
ing results from the literature are presented in Table 2.

One of the advantages of this technology is that using sepa-
rate chambers for the anode and cathode enables pure hydrogen 
generation. Unfortunately, this method is characterised by 
the slow generation of hydrogen despite the consumption of 
electric and chemical energy (see Table 2). However, energy 
consumption for hydrogen generation is much lower than in 
traditional electrolysis (Liu et al., 2005).

Biohydrogen production  
through photofermentation

Photofermentation is a promising biotechnological process 
for generating biohydrogen. This process is carried out by 
photosynthetic bacteria, especially Rhodobium, Rhodobacter, 
Rhodospirillum and Rhodopseudomonas. Hydrogen generation 
is catalysed by the nitrogenase enzyme, whose primary func-
tion is to fix molecular nitrogen into ammonia. Under stress 
conditions, especially nitrogen deficiency, this enzyme catalyses 
the formation of molecular hydrogen. Bacteria that possess 
such a catalytic activity utilise sunlight energy (via bacterial 
photosystems and biological energy carriers) to generate elec-
trons with energy high enough to perform energy-demanding 
reactions, such as nitrogen fixation. The electrons for this 
reaction come from organic compounds, usually short-chained 
organic acids, which are by-products of the metabolism of 
those bacteria. Other substrates, such as glucose, can also be 
utilised (Azwar et al., 2014; Yusuf et al., 2015; Li et al., 2022). 
In the case of an acetic acid substrate, the overall reaction is 
described by the following formula:

	 CH3COOH + 2H2O → 2CO2 + 4H2

In the case of glucose as a substrate, the reaction of its 
decomposition to CO2 and hydrogen during photofermentation 
is described by the following formula:

	 C6H12O6 + 6H2O → 6CO2 + 12H2

Figure 4 presents a simplified diagram of photofermentation.
Although the above reactions represent the theoretical 

stoichiometry of substrate conversion, in real systems, photofer-
mentation is accompanied by competing metabolic pathways. 
Part of the carbon flux is directed towards biomass synthesis and 
residual metabolite formation, which limits hydrogen yields. 
Therefore, the efficiency of the process strongly depends on 
operational conditions, such as light intensity, substrate type, 
and nitrogen availability (Hitam and Jalil, 2023).

In Table 3, examples from the scientific literature on the 
utilisation of photofermentation for biohydrogen production 

are presented. Table 3 shows that biohydrogen production is 
largely affected by numerous factors and methods of cultiva-
tion, as described in the cited papers. Assawamongkholsiri 
et al. (2018) and Seifert et al. (2010) reported that inoculum 
concentration affects bioreactor operation: increasing the in-
oculum concentration shortens the lag phase. Futhermore, 
Assawamongkholsiri et al. (2018) indicated that above a certain 
inoculum concentration, biohydrogen generation is negatively 
affected. This effect is attributed to the possibility that an 
excessively high number of microorganisms may limit light 
penetration throughout the working volume of the bioreactor.

Seifert et al. (2010) analysed a wide range of factors that 
influence the biohydrogen generation process: substrate pre-
treatment methods (especially sterilisation), light intensity, 
inoculum concentration and substrate concentration. An inter-
esting observation was that the presence of suspended solid 
particles positively affected biohydrogen production, which 
was attributed to the fact that the solid phase also acted as 
an additional source of organic substrates. Moreover, the re-
searchers stated that the substrate must have been properly 
diluted; otherwise, it could negatively impact biohydrogen 
production or even inhibit it completely. The reason may be 
that concentrated wastewaters contain ammonium ions, which 
have an inhibitory effect on nitrogenase activity. Additionally, 
excessive dilution of the substrate results in lower biohydrogen 
yields. These findings lead to the conclusion that determining 
the optimal substrate concentration for the selected systems 
is necessary (Seifert et al., 2010a, 2010b).

While analysing substrate concentration, Zhu et al. (2018) 
observed a correlation between substrate concentration, shaking 
of the bacterial culture, and biohydrogen production. At low 
substrate concentrations, an increase in culture shaking led to 
a decrease in biohydrogen production. A different situation 
was observed regarding high substrate concentrations a rise 
in shaking intensity increased biohydrogen production.

Among other factors influencing biohydrogen produc-
tion, pH and illumination should be mentioned. The use of 

Figure 4. Simplified diagram of photofermentation (Li et al., 2022)
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Table 3. Examples of the representative results from research on biohydrogen generated via photofermentation

Microorganism Substrate Illumination  
[W/m2]

Hydrogen yield  
[ml/L]

H2 production 
rate  

[mlˑL−1ˑh−1]

Batch time  
[h] Source

Rhodobacter sphaeroides
Sodium lactate

200
  265 –

100 (Zhu et al., 2007)Sodium lactate  
+ 2.4 mg/L Fe2+ 2293 –

Rhodopseudomonas aecalis  
RLD-53

Sodium acetate  
+ 10% CO2 atm. 4000 lux  

60 W lamp

1740 –
192 (Liu et al., 2009)

Sodium acetate  
+ 40% CO2 atm.   400 –

Rhodobacter sphaeroides  
RV

Acid hydrolysed 
wheat starch 3000 lux 1012 6.28 – (Kapdan et al.,  

2009)

Rhodobacter sphaeroides Sugar wastewater 7500 lux 2614 5.24 552
(Assawamong-
kholsiri et al., 

2018)

Consortium HAU-M1  
isolated from silt, sewage, 
pig manure and cow dung

Corn stover  
powder 4 g

6000–7000 
lux

Ca. 1330  
0 rpm

Ca. 30  
0 rpm

120 (Zhu et al., 2018)

Corn stover  
powder 4 g

Ca. 940  
160 rpm

Ca. 38  
160 rpm

Corn stover  
powder 10 g

Ca. 2080  
0 rpm

Ca. 33  
0 rpm

Corn stover  
powder 10 g

Ca. 3400  
160 rpm

Ca. 125  
160 rpm

Rhodobacter sphaeroides

Brewery  
wastewater  

5% v/v

116

1400   42 120

(Seifert et al.,  
2010a)

Brewery  
wastewater  

10% v/v
2240   61   80

Brewery  
wastewater  

20% v/v
  520   40 120

Rhodobium marinum Soy sauce  
wastewater 60 2670 38.14 – (Anam et al.,  

2012)
Rhodobacter sphaeroides  
O.U. 001 (ATCC 4919) Dairy waste 9000 lux 3620   56 – (Seifert et al.,  

2010b)

Purple non-sulphur bacteria 
(PNSB):  
Rhodobacter sphaeroides 
NCIMB 8253

Brewery  
wastewater + pulp 

and paper mill 
effluent

7000 lux

17244 *   708 * –

(Hay et al., 2017)Brewery  
wastewater 10000 *   385 * –

Pulp and paper mill 
effluent   9590 *   527 * –

Rhodobacter sphaeroides  
NCIMB 8253

Palm oil  
wastewater + pulp 
and effluents from 
the paper industry

7000 lux 8724 763 – (Budiman and 
Wu, 2016)

* The working volume of the bioreactor was below 100 ml, and extrapolating yield and production rate to a working volume of 1000 ml may lead to 
results in which practical issues not present in small bioreactors would be omitted, such as providing uniform light distribution inside the bioreactor.

raw wastewaters, not subjected to any pre-treatment, whose 
pH = 4, led to no biohydrogen production. However, when 
the same system was operated with an additional mechanism 
that injected portions of 0.5 M NaOH solution every 12 h to 

stabilise the pH, a satisfactory biohydrogen yield of 3600 ml/L 
was achieved (Seifert et al., 2010b).

As photofermentation is dependent on light, increasing 
illumination intensity has a positive impact on biohydrogen 
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production. Nevertheless, excessive light intensity can lead 
to a decrease in biohydrogen production due to damage done 
to the bacterial cells caused by light (Seifert et al., 2010b).

Assawamongkholsiri et al. (2018), researchers found dif-
ferences in the consumption rates of various fatty acid sub-
strates by microorganisms during culture incubation. Some 
substrates were completely and rapidly depleted, while others 
remained detectable throughout the entire incubation period. 
Further analysis of this aspect may help in designing an optimal 
substrate composition to avoid the effects of bottlenecks and 
deficits of crucial substrates during incubation.

The results achieved in the studies cited above demon-
strate significantly higher biohydrogen production rates and 
yields compared to those observed in the previously described 
processes.

Biohydrogen production  
through dark fermentation methods

Biohydrogen production methods that utilise dark fer-
mentation are based on the fact that through some microbial 
anaerobic metabolic pathways, hydrogen is generated as one 
of the by-products. Similar to biophotolysis, hydrogen produc-
tion is meant to recycle biologic electron carriers that take part 
in the following cycles of metabolic pathways. Glycolysis is 

one of the most fundamental anaerobic pathways for utilising 
the chemical energy of glucose. During this process, electron 
carriers are reduced and must be recycled. Aerobic organisms 
regenerate those electron carriers using oxidative phospho-
rylation pathways, which are found in aerobic bacteria and 
mitochondria. Anaerobic organisms must find other pathways; 
the most common include the reduction of pyruvate, a prod-
uct of glycolysis, in a wide range of fermentative pathways. 
In some cases, fermentation oxidises pyruvate and generates 
more reduced electron carriers, which are oxidised by enzymes 
catalysing the reduction of protons to molecular hydrogen.

This situation is present in the case of acetate fermentation 
and butyrate fermentation (Yusuf et al., 2015). The reaction 
formulas for these fermentations are presented below.

Acetate fermentation:

	 C6H12O6 → 2CH3COOH + 2CO2 + 4H2

Butyrate fermentation:

	 C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2

Some microorganisms can also perform in interesting 
pathways if they possess an enzyme called formate hydrogen 
lyase (FHL). In this pathway, pyruvate created by glycolysis 
is converted into formate, which in turn undergoes a reaction 
catalysed by FHL:
	 CHOOH → CO2 + H2

Figure 5. Diagram of dark fermentative metabolic pathways generating hydrogen. Where: Fdox/Fdred – oxidised/reduced forms  
of a ferredoxin, a biological electron carrier; NAD+/NADH – oxidised/reduced forms of biological electron carrier; ATP – adenosine  
triphosphate, a biological carrier of energy; ADP – adenosine diphosphate, a product of the release of energy upon ATP hydrolysis;  
CoA – Coenzyme A; PFL – enzyme pyruvate formate lyase; FHL – enzyme formate hydrogen lyase; PFOR – enzyme puruvate ferredo-
xin oxidoreductase; NFOR – enzyme NAD+ ferredoxin oxidoreductase; [Fe-Fe] – enzyme hydrogenase with Fe-Fe active sites; [Ni-Fe] 
– enzyme hydrogenase with Ni-Fe active sites; NADH-[Fe-Fe] – enzyme NADH-dependent Fe-Fe hydrogenase; NADH-Fdred-[Fe-Fe] – 
enzyme reduced ferredoxin-dependent Fe-Fe hydrogenase (Łukajtis et al., 2018; Das and Basak, 2021; Albuquerque et al., 2024)
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The reaction formulas shown above are only basic ones. 
Real-world biochemical processes are much more complicated 
and multi-staged, utilise a wide range of additional co-factors 
and substrates, and are catalysed by enzymes. A simplified 
diagram of these fermentations is shown in Figure 5.

Glucose is the most desired substrate for metabolism. Most 
substrates used for biohydrogen production (e.g., agricultural 
waste, food industry waste, and wastewater) contain only small 
amounts of glucose, they are mainly composed of complex 
compounds, such as cellulose, starch, proteins, and fats. These 
compounds are gradually decomposed by microorganisms dur-
ing the incubation of microbial consortia and release simpler 
nutrients that are easily consumed by microbes.

As inferred from the fermentation formulas, the highest 
yield of biohydrogen obtained from 1 mol of glucose (as the 
substrate unit) is generated during acetate fermentation. A pa-
rameter that compares the yield of hydrogen per unit of substrate 
is one of the most important factors when comparing results 
obtained from different solutions (e.g. microbial consortia, 
substrate, conditions or technology). Because of such differ-
ences between fermentative pathways, a thorough selection 
and optimisation of microorganism species and strains are 
necessary to ensure that acetic fermentation processes domi-
nate over their counterparts. In any case, the desired hydrogen 
yields are in the range of 2–4 mols of hydrogen per 1 mol of 
glucose (Yusuf et al., 2015; Rani et al., 2024). In research 
papers biohydrogen or hydrogen-rich biogas production, most 
of the attention is paid to the possibilities of utilising waste or 
by-products from agriculture, food processing, waste biomass 
and municipal wastewaters (Karadag et al., 2014; Hosseini 
et al., 2015; Nikolaidis and Poullikkas, 2017; Rani et al., 2024).

Thanks to the similarity between dark fermentative biohy-
drogen technologies and biogas production, the development 
of biohydrogen bioreactors and production processes may be 
significantly easier compared to other biohydrogen production 
methods. A simplified diagram of an exemplary dark fermenta-
tion bioreactor for biohydrogen is shown in Figure 6.

One of the most fundamental advantages of this technol-
ogy is its environmental friendliness due to the use of natural 
substrates (biological wastes) and the mild conditions of the 
process (30°C–40°C temperatures, sometimes 50°C–70°C; 
pH near neutral). Thus, fitting the conditions of the culture to 
achieve optimal results is always possible.

The findings of Wang et al. (2018) help point out the fac-
tors (other than microbial strain selection) that determine the 
efficiency of biohydrogen production, such as temperature, pH, 
initial substrate pre-treatment, and control over the composition 
of the atmosphere above the culture. The authors concluded 
that to optimise the process, constant monitoring and reacting 
to changes in those parameters via automation technologies 

is necessary (Wang et al., 2018). Table 4 presents the studies 
selected from the literature on biohydrogen production via 
dark fermentation.

Data from Table 4 enable the deduction of which factors 
impact biohydrogen production and in what way. As observed, 
both the yields and hydrogen production rates achieved in the 
analysed literature fall within a wide range of values. Similar 
to photofermentation, these values are significantly higher than 
those obtained in biophotolysis and MECs.

One of the most important factors influencing the perfor-
mance of a selected biohydrogen production system is the 
choice of microorganisms. In the literature on biotechnological 
methods of hydrogen production, two main approaches are 
described for obtaining and screening the microorganisms:
•	 	The use of a well-defined inoculum (from microorganism 

banks or based on earlier research) possessing microor-
ganisms with proven hydrogen-producing activity (Zhang 
et al., 2013; Al-Shorgani et al., 2014; Saratale et al., 2014; 
Wu et al., 2017).

•	 	The use of environmental consortia enriched with biohy-
drogen-producing strains under selective conditions (Yang 
et al., 2007; Li et al., 2010; Bansal et al., 2013; Wongthanate 
et al., 2014; Ramos and Silva, 2017).
The literature indicates that wastewater sludge and sedi-

ments from wastewater treatment facilities are usually a good 
source of microorganisms for biohydrogen production. An in-
oculum selected for biohydrogen production may only contain 
a single, specific strain – either to allow thorough characteri-
sation of that strain or when attempting to exclude potential 
undesired interactions with other microorganisms. A different 
approach is to use microbial consortia and/or additives to the 
culture medium (such as enzymes) to achieve a synergy effect 
and increase hydrogen production (Zhang et al., 2013; Saratale 
et al., 2014; Hassan and Morsy, 2015; Wu et al., 2017). Such 
consortia can be artificially designed using reference strains 
from microbial banks, but most often, they are obtained through 

Figure 6. Diagram of an exemplary dark fermentation biohydro-
gen bioreactor
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Table 4. Research results concerning biohydrogen generated via dark fermentation

Microorganism Substrate Additional  
information

H2 yield  
[ml/L]

H2 production 
rate  

[mlˑL−1ˑh−1]
Source

Municipal wastewater sludge  
isolate; enriched and immobilised Sucrose Continuous bioreactor,  

best results at HRT = 2 h – 1800 (Karadag et al., 
2014)

Municipal wastewater sludge  
isolate; pretreated with heat Waste pastry

Aspergillus awamori and 
Aspergillus oryzae used 
for pre-treatment of raw 

substrate;  
continuous bioreactor

– 255.3 (Wang et al., 2018)

Enterobacter sp. CN1
Agar Agar substrate that has been 

enzymatically saccharified
5170 36.0

(Wang et al., 2018)
Galactose 3757 26.0

Anaerobic digester sludge isolate; 
pre-treated with heat

Tofu processing 
waste

Continuous bioreactor,  
best results at HRT = 4 h – 500 (Lin et al., 2009)

Anaerobic sludge from fruit  
processing wastewater isolate

Solution of dried 
ultrafiltration 

whey permeate 
from a dairy plant

Continuous bioreactor with 
reduced pressure,  

OLR * 35 COD **/m3 · d
– 59.2

(Han et al., 2016a)

Continuous bioreactor with 
no pressure control,  
OLR 35 COD/m3 · d

– 29.2

Continuous bioreactor with 
reduced pressure,  

OLR 30 COD/m3 · d
– 53.3

Continuous bioreactor with 
no pressure control;  
OLR 30 COD/m3 · d

– 43.8

A mixture of sludges from  
a wastewater processing plant and  
a wastewater treatment lagoon from 
a cattle farm; pre-treated with heat

Liquid swine  
manure  

supplemented 
with glucose

37°C, HRT*** = 16 h,  
pH = 4.7 – 14.4

(Wu et al., 2017)37°C, HRT = 16 h, pH = 5.0 – 92.5
37°C, HRT = 16 h, pH = 5.3 – 25.0

Sludge from a vinasse treatment 
bioreactor. Pre-treated with heat  
to promote thermophilic  
microorganisms

Vinasse

55°C, HRT = 0.5 – 710

(Kim and Lee, 
2010)

55°C, HRT = 4.0 – 360
65°C, HRT = 4.0 – 290
75°C, HRT = 4.0 – 8

Cheese whey

55°C, HRT = 0.5 – 5360
55°C, HRT = 4.0 – 1010
65°C, HRT = 4.0 – 1380
75°C, HRT = 4.0 – 280

Escherichia coli XL1-Blue  
Enterobacter cloacae  
DSM 16657 Sewage sludge from  
a wastewater treatment plant; 
pretreated with heat

Beverage  
wastewater

80 h, sewage sludge 1138 38

(Kisielewska et al., 
2015)

80 h, sludge  
+ Escherichia coli 1338 73

80 h, sludge  
+ Enterobacter cloacae 1219 50

80 h, sludge + both strains 1281 63

Enterobacter cloacae  
IIT-BT 08

Cane molasses 2 L batch, 37°C, 100 rpm 1280 –

(Li et al., 2010)

Distillery effluent 2 L batch, 37°C, 100 rpm 1156 –
Starchy  

wastewater 2 L batch, 37°C, 100 rpm   472 –

Cane molasses  
+ groundnut  
de-oiled cake

50 L batch, 37°C, 100 rpm 2900 270 (140 avg.)

Cane molasses  
+ groundnut  
de-oiled cake

10000 L batch, 37°C, 100 rpm 7600 560 (270 avg.)
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a proper selective treatment of environmental isolates. These 
consortia are usually characterised by good biohydrogen pro-
duction parameters. However, in some rare cases, such as in the 
use of co-cultures, they generate less hydrogen. Even so, they 
can replace other usually costly (financially and energetically) 
technological processes, such as the hydrolysis of cellulose or 
other complex compounds (Hassan and Morsy, 2015).

Microbial consortia isolated from the environment are 
often enriched by the conditions of the preliminary culture 
(temperature, pH, feed composition, etc.). The goal of this 
strategy is to selectively promote the growth of these micro-
bial strains, which are characterised by high biohydrogen 
production activity. This enrichment of the inoculum can be 
achieved by physical and chemical pre-treatment before the 
proper culture (i.e. heating and changing the pH) (de Amorim 
et al., 2012; Kisielewska et al., 2015). Notably, microorganisms 
generating hydrogen via dark fermentation are anaerobic, and 
in some cases, even low oxygen content (above 2%) may lead 
to a significant decrease in hydrogen production (Yang et al., 
2007; Kim and Lee, 2010; Li et al., 2010; de Amorim et al., 
2012; Bansal et al., 2013; Wongthanate et al., 2014; Kisielewska 
et al., 2015; Gomez-Romero et al., 2016; Kanniah Goud et al., 
2017; Ramos and Silva, 2017). According to several research-
ers, the best strategy for enrichment is thermal treatment, 
which is a quick and simple way to remove undesired groups 
of microorganisms, especially methanogenic bacteria, preserv-
ing those capable of generating hydrogen (Mu et al., 2007;  
Li et al., 2010).

In some research studies, in which environmental isolates 
were used, a strain composition of the consortium was also 
analysed using genetic methods by sequencing the gene cod-
ing for 16S rRNA subunit. This helped identify which strains 
were active in the analysed consortium (Yang et al., 2007; 
Davila-Vazquez et al., 2009; Pessiot et al., 2012). The bacterial 
strains and species most often found in hydrogen-generating 
consortia isolated from the environment are Clostridium sp. 
(especially Clostridium beijerinckii or Clostridium acetobu-

tylicum), Klebsiella sp., Enterobacter sp., Kosmotoga sp. and 
Lactobacillus sp. In addition, even the species commonly used 
in microbiological research, Escherichia coli, has the ability 
to generate hydrogen (Fernandes et al., 2013; Saratale et al., 
2014; Vendruscolo, 2015; Etchebehere et al., 2016; Gomez- 
-Romero et al., 2016).

Depending on the microbial species and strain used, tem-
perature and pH must be maintained in the range optimal for 
hydrogen production. The temperature is mainly dependent 
on the requirements of the selected microorganisms. In the 
case of mesophilic microorganisms, optimal temperatures are 
usually in the range of 20°C–40°C. Microorganisms that prefer 
lower temperatures (i.e. below 15°C) are called psychrophiles. 
Microorganisms that favour high temperatures are called ther-
mophiles, and they prefer temperatures above 40°C, up to 
122°C (Ananthi et al., 2024). In the literature on biohydrogen 
production, researchers mostly used microorganisms that are 
mesophiles or thermophiles. Usually, hydrogen production 
rates are much higher when utilising thermophiles (Ramos and 
Silva, 2017). Moreover, the high culture temperature creates 
unfavourable conditions for common microorganisms that may 
contaminate the bioreactor, particularly during the addition of 
new substrates or feed.

In the case of mesophilic microorganisms, increasing the 
temperature above optimal values leads to a decrease in hydro-
gen production. Chaudhary et al. (2015), cultured bacteria at 
35°C, 40°C, 45°C and 50°C, generating 92, 86, 52 and 36 ml of 
biohydrogen after 48 h, respectively. The cultures were incubat-
ed in 250 ml vessels. Similar conclusions were made by Ziara 
et al. (2019), who analysed the influence of both temperature 
and pH on biohydrogen production. Biohydrogen production 
was most intensive in a temperature range of 35°C–45°C and 
a slightly alkaline pH (Ziara et al., 2019).

In the case of pH, the most commonly reported values 
were in the range of 7–5. In such conditions, the highest rates 
of hydrogen production and its share in the gas mixture are 
achieved. Slightly acidic pH values may result from medium 

cont. Table 4

Microorganism Substrate Additional  
information

H2 yield  
[ml/L]

H2 production 
rate  

[mlˑL−1ˑh−1]
Source

Enterobacter aerogenes  
RM 08 MTCC2822;  
pretreated with heat

Rice mill  
wastewater

1 L batch, 33°C,  
acid hydrolysis 2813 103.8

(Ramos and Silva, 
2017)

1 L batch, 33°C,  
enzymatic hydrolysis 3887 117.7

1 L batch, 33°C, acid+  
enzymatic hydrolysis 4091 134.6

* OLR: organic load rate;  
** COD: chemical oxygen demand;  
*** HRT: hydraulic retention time.
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acidification by metabolic by-products, such as volatile fatty 
acids (VFAs) (Li et al., 2010; Wongthanate et al., 2014).

The literature reports that boosting hydrogen production 
rates is possible by increasing the concentration of the nu-
trients and substrates in the culture. However, this can lead 
to an increase in VFA content in the gas mixture created in 
the bioreactor (Davila-Vazquez et al., 2009; Lin et al., 2009; 
de Amorim et al., 2012; Kisielewska et al., 2015).

Kisielewska et al. (2015) demonstrated that reduced pres-
sure conditions significantly increase the hydrogen production 
rate, the hydrogen content in the gas mixture, and the hydrogen 
yield per substrate unit. Compared to the control bioreactor, 
the system operating under reduced pressure showed higher 
hydrogen production efficiency, with increases ranging from 
20% to 100%, depending on the organic loading. Under optimal 
conditions, the hydrogen production rate reached 7.1 L per 
day. The authors also reported that pressure reduction miti-
gated the negative effects of increased substrate concentration 
(Kisielewska et al., 2015).

Biohydrogen production is heavily influenced by the meth-
ods of substrate pre-treatment before fermentation. Thermal 
treatment and hydrolysis should be emphasised here (Kim and 
Lee, 2010; Saratale et al., 2014; Han et al., 2016; Wu et al., 
2017). Substrate pre-treatment aims to modify the structure and 
composition of a substrate so that it can undergo fermentation 
more easily. Additionally, it allows for the removal of other 
competitive microorganisms that can result in undesired reac-
tions. Hydrolysis can be carried out using physical (Kim and 
Lee, 2010; Redwood et al., 2012; Si et al., 2016) or biotech-
nological (Han et al., 2016a, 2016b; Wu et al., 2017) methods. 
Such a procedure usually leads to an increase in both hydrogen 
production rates and hydrogen content of the gas mixture in 
the bioreactor.

Biotechnological processes can be split into batch and 
continuous cultures. In batch cultures, fermentation is carried 
out until the end (of a substrate) or upon arriving at a specific 
point in time (especially if the desired product is degraded 
as fermentation is prolonged). A new batch of substrates and 
fresh inoculum is supplied to the bioreactor only after empty-
ing and cleaning the bioreactor (Zhang et al., 2013). In the 
case of continuous cultures, a fresh stream of substrates is 
constantly supplied to the bioreactor, and the spent or depleted 
medium is removed. The product is usually isolated from the 
spent medium.

In the continuous method, one of the most important pa-
rameters is hydraulic retention time (HRT), which describes 
a medium flow intensity through the bioreactor. Usually, a de-
crease in this parameter leads to an increase in the hydrogen 
production rate and hydrogen content in the gas mixture but 
a decrease in the substrate utilisation factor (Kim and Lee, 

2010; Gomez-Romero et al., 2016; Ramos and Silva, 2017). 
Unfortunately, after crossing a certain threshold of HRT, a dras-
tic decrease in hydrogen production is observed (Kim and Lee, 
2010; Fernandes et al., 2013; Gomez-Romero et al., 2016; Han 
et al., 2016b). This phenomenon is caused by the flushing out 
of microorganisms from the bioreactor (Davila-Vazquez et al., 
2009). To address this issue bioreactors with immobilised 
microorganisms were developed. In these systems, a further 
decrease in HRT leads to an increase in the hydrogen produc-
tion rate (Lin et al., 2009; Fernandes et al., 2013; Han et al., 
2016a). Crucially, the porosity of the bed must be ensured 
with immobilised microorganisms, enabling the free diffusion 
of substrates and metabolites to prevent the accumulation of 
metabolic products that may inhibit biohydrogen production 
or consume it in other metabolic pathways (Fernandes et al., 
2013). Even if the risk of microbial flush-out is eliminated, 
decreasing the HRT still has some drawbacks. While it does 
increase hydrogen production rates even more, it also dramati-
cally decreases the substrate utilisation factor because most 
substrates have no opportunity to be utilised by microorganisms 
before they are removed from the bioreactor (Lin et al., 2009; 
Kim and Lee, 2010; Ramos and Silva, 2017). A comparison 
between these two methods, batch and continuous, leads to the 
conclusion that, while continuous methods generate a high and 
stable stream of hydrogen, batch methods maximise substrate 
utilisation. 

Some researchers have analysed integrated systems, in 
which biohydrogen was generated as a result of several pro-
cesses that took place in their individual bioreactors. All these 
bioreactors were connected in a series so that effluents from 
one bioreactor became feed and substrates for another. If 
necessary, separation steps between bioreactors were added 
to the system to protect microbial consortia in subsequent 
bioreactors from harmful by-products. Usually, such systems 
are used to hydrolyse complex substrates when hydrolysing 
microorganisms have requirements (temperature, pH, etc.) 
different from biohydrogen-producing microorganisms. This 
strategy helps achieve promising results (Redwood et al., 
2012). Other applications of a series of bioreactors can be used 
to generate maximum amounts of usable products from a sub-
strate. Similar to the two-step fermentation system, which was 
used to generate biohydrogen and biomethane, the researchers 
used two 1.8 L bioreactors in this setup. The first bioreactor 
was fed with thermally hydrolysed corn stalks and generated 
hydrogen. The second bioreactor was fed with used effluents 
from the first bioreactor and generated methane, allowing the 
system to achieve the production rates of hydrogen at 2.34 L/d 
(54 ml/L·h) and methane at 2.54 L/d (59 ml/L·h) (Si et al., 
2016; Yeshanew et al., 2016). Similar two-step systems can be 
used to combine two different fermentative technologies that is 
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dark fermentation and photofermentation. These solutions take 
advantage of the fact that the photofermentation process uses 
organic acids as substrates, which are also major by-products 
of dark fermentative biohydrogen production. In such hybrid 
systems, dark fermentation is performed in the first bioreac-
tor, and the effluent rich in organic acids acts as feed for the 
photofermentative bioreactor. The described systems allow 
for maximum substrate utilisation (Meky et al., 2020; Zhang 
et al., 2018, 2024).

Li et al. (2010) managed to obtain promising results for 
larger-scale biohydrogen production after initial research and 
the optimisation of culture conditions. By properly adjusting 
pH, swine manure could be used to generate 2.2 L of hydrogen 
per day from each 1 L of working volume (0.092 L/L·h). The 
authors used a 4 L bioreactor and were able to convert each 
1 L of manure into 1.48 L of hydrogen (Li et al., 2010). By us-
ing thermophilic bacteria, higher incubation temperatures and 
decreased HRT values, hydrogen production rates as high as 
5.36 L/L·h can be obtained in a continuous bioreactor (Ramos 
and Silva, 2017).

Biohydrogen production through dark fermentation offers 
several advantages over the previously described methods, 
such as not requiring illumination of the microbial culture and 
relying common on metabolic pathways, unlike the case of 
biophotolysis or photofermentation. Similar to other described 
methods, dark fermentation can also utilise waste organic 
material and wastewaters as substrates. In addition, media and 
substrates do not need to be transparent to light, which is a key 
limitation of light-dependent technologies. Another advantage 
of dark fermentation technologies for biohydrogen production 
is their similarity to biogas production. This similarity makes 
potential scale-up and commercialisation easier and more 
cost-effective, thanks to decades of experience in their use and 
the availability of ready-to-use hardware and technologies on 
the market (Yusuf et al., 2015; Rahman et al., 2016; Tripathy 
et al., 2025).

The major disadvantage of dark fermentative biohydrogen 
technologies is the need to purify and enrich the obtained hy-
drogen because the gas mixture generated by microorganisms 
contains additional by-products of their metabolism. Similar 
to other described technologies, dark fermentation also shares 
a common disadvantage with most biotechnological methods: 
low hydrogen production rates compared to a conventional 
method, such as waste gasification.

Dark fermentation produces not only hydrogen but also 
a range of soluble by-products; the main ones are VFAs. 
Focusing only on hydrogen production is not enough to make 
the process economically viable, as the whole product spectrum 
must be examined. VFAs are not just waste; they are valuable 
resources that can be recovered and used in different ways 

for example, to produce bioplastics (PHA), and bio-based 
chemicals or as carbon sources for other biological processes. 
Aside from making the overall process more profitable, this 
also fits the idea of a circular bioeconomy. VFA recovery is 
becoming increasingly important, and without it, scaling up 
dark fermentation would be difficult.

Hybrid biological hydrogen production systems that com-
bine dark fermentation with photofermentation  is a promising 
approach to improve overall hydrogen yields. In this configu-
ration, organic acids produced during the dark fermentation 
stage are further converted into hydrogen by photoheterotrophic 
bacteria under light conditions, which enables more complete 
substrate utilisation (Hallenbeck and Benemann, 2002; Nath 
and Das, 2004). As a result, the overall energy recovery from 
organic substrates can be significantly higher compared to 
single-stage dark fermentation systems (Kapdan and Kargi, 
2006). Although such hybrid systems offer clear thermodynamic 
and yield advantages, their practical application is still limited 
by operational complexity, the need for controlled illumination, 
and sensitivity to environmental conditions. Nevertheless, on-
going research continues to optimize these systems due to their 
strong potential for improving biological hydrogen production 
efficiency (Das, 2001; Levin, 2004).

Comparison of biohydrogen production methods

Biohydrogen can be produced using biological methods 
or MECs. In general, however, these approaches still achieve 
lower production rates and yields than conventional technolo-
gies, despite offering some important advantages. At present, 
MECs are not widely used in practice, mainly because of 
their relatively low hydrogen production rates, the need for 
substrates and additional electrical energy, and their overall 
complexity compared to conventional electrolysers, which are 
much more efficient and easier to operate. Among the biologi-
cal approaches, photofermentation and direct biophotolysis are 
both light-dependent. Photofermentation is attractive because 
of its high substrate to hydrogen conversion efficiency and its 
ability to reach hydrogen production rates above 100 mL/L·h, 
and in some cases even several hundred mL H2 per litre of 
reactor working volume per hour. Direct biophotolysis, in 
contrast, does not require external substrates, but its practi-
cal use is limited by low production rates and sensitivity to 
oxygen, which inhibits the hydrogenase enzymes involved 
in hydrogen production. A key challenge in light dependent 
processes is the need to ensure proper illumination throughout 
the entire reactor volume, which makes reactor design more 
complicated and increases the costs. The use of artificial light 
further raises energy consumption, and relying on sunlight 
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may create competition for space with PV systems, which are 
often more economically attractive.

Dark fermentation offers a simpler and more flexible al-
ternative. Since it does not require light, it can rely on well- 
-established and widely available reactor designs. Hydrogen 
production depends on the operating conditions, substrate type 
(often waste or wastewater), and the microbial community. 
Although production rates can be similar to those achieved in 
photofermentation, this method has some drawbacks, includ-
ing lower substrate conversion efficiency and the formation 
of byproducts such as VFAs which require additional puri-
fication. Taking all this into account, dark fermentation and 
photofermentation seem to be the most promising biological 
methods in terms of hydrogen production rate. However, the 
lack of dependence on light gives dark fermentation a clear 
practical advantage. It is easier to implement, simpler to scale 
up, and can benefit from existing experience and infrastructure 
developed for biogas production. In contrast, photofermenta-
tion often requires the design of new types of reactors, which 
increases both costs and technical challenges. Another important 
difference between these methods lies in the microorganisms 
involved. Processes such as MECs, photofermentation, and 
biophotolysis typically require specific strains with specialised 
metabolic pathways and carefully controlled conditions. Dark 
fermentation is more flexible in this respect, as hydrogen-
producing pathways are found in a wider range of microor-
ganisms, including thermophilic species with high production 
potential (Ramos and Silva, 2017). Hydrogen purity is also 
crucial for practical applications. MECs can produce high-purity 
hydrogen, especially when the cathode and anode chambers 
are separated. In most other biological methods, hydrogen is 
part of a gas mixture. For example, photofermentation mainly 
produces hydrogen and CO2, which are relatively easy to 
handle and may even be suitable for direct use in some fuel 
cell systems if contaminants are absent. Direct biophotolysis 
produces a mixture of hydrogen and oxygen, which raises 
safety concerns and reduces efficiency. In dark fermentation, 
the presence of VFAs and other volatile compounds means 
that the gas usually requires purification, particularly for use in 
proton exchange membrane fuel cells (PEMFCs), although it 
may still be suitable for solid oxide fuel cell (SOFC) systems. 
Despite their potential, all biological methods are still limited 
by relatively low hydrogen production rates. For instance, 
a 200 W PEMFC stack requires around 120 L of hydrogen 
per hour at full power. Under optimal thermophilic conditions, 
very high production rates (up to about 5 L/L·h) are possible, 
which may allow the use of relatively small reactors. However, 
such performance requires very short hydraulic retention times 
and large amounts of substrate. Under more typical conditions, 
much larger reactor volumes are needed. This leads to a practi-

cal limitation: ensuring a sufficient and continuous supply of 
substrate. In household applications, this can be difficult to 
achieve. In contrast, industries such as the food sector produce 
large amounts of wastewater, making them better suited for 
biohydrogen production. In such cases, hydrogen generation 
can be combined with waste treatment, improving the overall 
economic viability of the process. For smaller-scale applica-
tions, batch systems may be more suitable, as they can better 
handle irregular substrate supply. Similar solutions have been 
used for many years in biogas production, but hydrogen de-
mand in households is not constant and varies throughout the 
day, which makes storage an important issue. One possible 
solution is to combine production with storage technologies, 
such as metal hydrides, to ensure a stable hydrogen supply 
for fuel cell systems.

Final conclusions

Biohydrogen can be produced through several biological 
routes, including dark fermentation, photofermentation, direct 
biophotolysis, and microbial electrolysis cells (MECs). These 
methods share the advantage of operating under mild condi-
tions and using organic waste or wastewater as feedstock, but 
their hydrogen production rates remain lower than those of 
thermochemical processes such as biomass gasification. Among 
them, MECs can produce very high-purity hydrogen, but they 
are complex, require additional electrical input, and still suffer 
from low overall yields. Photofermentation achieves the high-
est substrate-to-hydrogen conversion efficiency, but it depends 
heavily on a stable light supply, which makes reactor design 
more complicated and increases energy costs. Direct biopho-
tolysis is even more limited due to strong oxygen sensitivity 
and very low hydrogen output. In contrast, dark fermentation is 
the simplest and most robust option. It does not require light, is 
compatible with existing biogas infrastructure, and can be eas-
ily scaled. Its main drawbacks are lower conversion efficiency 
and the formation of by-products, but these are outweighed by 
its practicality and flexibility, including the possibility of using 
thermophilic microorganisms to improve performance. In terms 
of gas quality, MECs provide the cleanest hydrogen, while 
photofermentation and biophotolysis generate gas mixtures that 
are easier to purify than those from dark fermentation, which 
often contain volatile fatty acids and other impurities. However, 
these mixtures can still be used in applications such as solid 
oxide fuel cells if harmful compounds, especially sulfur-based 
ones, are removed. A major limitation across all biological 
methods is the relatively low hydrogen production rate. For 
instance, supplying a 200 W PEM fuel cell requires around 
120 L of hydrogen per hour, which demands either highly ef-
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ficient small-scale reactors or much larger systems. Overall, 
although none of the technologies is yet fully competitive with 
conventional hydrogen production, dark fermentation offers 
the best balance between simplicity, scalability, and integration 
potential, particularly in waste-rich sectors such as agriculture 
and the food industry. It therefore remains the most promising 
option for decentralized biohydrogen production despite its 
lower efficiency.

Funding

This work was supported by the AGH University of Krakow 
under grant no. 501.00 210000 10000.

References
Ahmad A., Krishnamoorthy R., Hasan S.W., Show P.L., Banat F., 

2024. Biohydrogen production through dark fermentation: Recent 
trends and advances in transition to a circular bioeconomy. 
International Journal of Hydrogen Energy, 52: 335–357. DOI: 
10.1016/j.ijhydene.2023.05.161.

Albuquerque M.M., Sartor G. de B., Martinez-Burgos W.J., Scapini T., 
Edwiges T., Soccol C.R., Medeiros A.B.P., 2024. Biohydrogen 
Produced via Dark Fermentation: A Review. Methane, 3: 500–532. 
DOI: 10.3390/methane3030029.

Al-Shorgani N.K.N., Tibin E.-M., Ali E., Hamid A.A., Yusoff W.M.W., 
Kalil M.S., 2014. Biohydrogen production from agroindustrial 
wastes via Clostridium saccharoperbutylacetonicum N1-4 (ATCC 
13564). Clean Technologies and Environmental Policy, 16: 11–21. 
DOI: 10.1007/s10098-013-0586-6.

Anam K., Habibi M.S., Harwati T.U., Susilaningsih D., 2012. Pho-
tofermentative hydrogen production using Rhodobium marinum 
from bagasse and soy sauce wastewater. International Journal of 
Hydrogen Energy, 37: 15436–15442. DOI: 10.1016/j.ijhydene. 
2012.06.076.

Ananthi V., Bora A., Ramesh U., Yuvakkumar R., Raja K., 
Ponnuchamy K., Muthusamy G., Arun A., 2024. A review 
on the technologies for sustainable biohydrogen production. 
Process Safety and Environmental Protection, 186: 944–956. 
DOI: 10.1016/j.psep.2024.04.034.

Arimbrathodi S.P., Javed M.A., Hamouda M.A., Aly Hassan A., 
Ahmed M.E., 2023. BioH2 Production Using Microalgae: 
Highlights on Recent Advancements from a Bibliometric Analysis. 
Water, 15: 185. DOI: 10.3390/w15010185.

Assawamongkholsiri T., Reungsang A., Plangkang P., Sittijunda S., 
2018. Repeated batch fermentation for photo-hydrogen and lipid 
production from wastewater of a sugar manufacturing plant. 
International Journal of Hydrogen Energy, 43: 3605–3617. DOI: 
10.1016/j.ijhydene.2017.12.119.

Azwar M.Y., Hussain M.A., Abdul-Wahab A.K., 2014. Development 
of biohydrogen production by photobiological, fermentation and 
electrochemical processes: A review. Renewable and Sustainable 
Energy Reviews, 31: 158–173. DOI: 10.1016/j.rser.2013.11.022.

Bansal S.K., Sreekrishnan T.R., Singh R., 2013. Effect of Heat 
Pretreated Consortia on Fermentative Biohydrogen Production 
from Vegetable Waste. National Academy Science Letters, 36: 
125–131. DOI: 10.1007/s40009-013-0124-4.

Bhuiyan M.M.H., Siddique Z., 2025. Hydrogen as an alternative 
fuel: A comprehensive review of challenges and opportuni-
ties in production, storage, and transportation. International 

Journal of Hydrogen Energy, 102: 1026–1044. DOI: 10.1016/ 
j.ijhydene.2025.01.033.

Budiman P.M., Wu T.Y., 2016. Ultrasonication pre-treatment of 
combined effluents from palm oil, pulp and paper mills for im-
proving photofermentative biohydrogen production. Energy 
Conversion and Management, 119: 142–150. DOI: 10.1016/ 
j.enconman.2016.03.060.

Call D., Logan B.E., 2008. Hydrogen Production in a Single Chamber 
Microbial Electrolysis Cell Lacking a Membrane. Environmental 
Science & Technology, 42: 3401–3406. DOI: 10.1021/es8001822.

Chaudhary A., Thakur V., Jadhav S.K., Quraishi A., 2015. Isolation and 
Characterization of Biohydrogen Producing Bacteria from Rice 
Bran with Optimization of Different Parameters. International 
Journal of Biomass and Renewables, 4: 10. DOI: 10.61762/
ijbrvol4iss1art13901.

Cheng S., Logan B.E., 2007. Sustainable and efficient biohydro-
gen production via electrohydrogenesis. Proceedings of the 
National Academy of Sciences, 104: 18871–18873. DOI: 10.1073/
pnas.0706379104.

Das D., 2001. Hydrogen production by biological processes: a sur-
vey of literature. International Journal of Hydrogen Energy, 26: 
13–28. DOI: 10.1016/S0360-3199(00)00058-6.

Das S.R., Basak N., 2021. Molecular biohydrogen production by 
dark and photo fermentation from wastes containing starch: 
recent advancement and future perspective. Bioprocess and 
Biosystems Engineering, 44: 1–25. DOI: 10.1007/s00449-020- 
-02422-5.

Davila-Vazquez G., Cota-Navarro C.B., Rosales-Colunga L.M., 
de León-Rodríguez A., Razo-Flores E., 2009. Continuous biohy-
drogen production using cheese whey: Improving the hydrogen 
production rate. International Journal of Hydrogen Energy, 34: 
4296–4304. DOI: 10.1016/j.ijhydene.2009.02.063.

de Amorim E.L.C., Sader L.T., Silva E.L., 2012. Effect of 
Substrate Concentration on Dark Fermentation Hydrogen 
Production Using an Anaerobic Fluidized Bed Reactor. Applied 
Biochemistry and Biotechnology, 166: 1248–1263. DOI: 10.1007/
s12010-011-9511-9.

Ditzig J., Liu H., Logan B.E., 2007. Production of hydrogen from 
domestic wastewater using a bioelectrochemically assisted mi-
crobial reactor (BEAMR). International Journal of Hydrogen 
Energy, 32: 2296–2304. DOI: 10.1016/j.ijhydene.2007.02.035.

Emetere M.E., 2025. Progress, limitations, and advances of biohy-
drogen technologies: bringing the technology close to energy 
participants in developing countries. Biofuels, 16: 912–928. DOI: 
10.1080/17597269.2025.2467493.

Etchebehere C., Castelló E., Wenzel J., del Pilar Anzola-Rojas M., 
Borzacconi L., Buitrón G., Cabrol L., Carminato V.M., Carrillo- 
-Reyes J., Cisneros-Pérez C., Fuentes L., Moreno-Andrade I., 
Razo-Flores E., Filippi G.R., Tapia-Venegas E., Toledo-Alarcón J., 
Zaiat M., 2016. Microbial communities from 20 different hydro-
gen-producing reactors studied by 454 pyrosequencing. Applied 
Microbiology and Biotechnology, 100: 3371–3384. DOI: 10.1007/
s00253-016-7325-y.

Faraloni C., Torzillo G., Balestra F., Moia I.C., Zampieri R.M., 
Jiménez-Conejo N., Touloupakis E., 2025. Advances and 
Challenges in Biohydrogen Production by Photosynthetic 
Microorganisms. Energies, 18: 2319. DOI: 10.3390/en18092319.

Fernandes B.S., Saavedra N.K., Maintinguer S.I., Sette L.D., 
Oliveira V.M., Varesche M.B.A., Zaiat M., 2013. The Effect 
of Biomass Immobilization Support Material and Bed Porosity 
on Hydrogen Production in an Upflow Anaerobic Packed-Bed 
Bioreactor. Applied Biochemistry and Biotechnology, 170: 1348–
1366. DOI: 10.1007/s12010-013-0262-7.



NAFTA-GAZ

284

NAFTA-GAZ

284

Gómez Hernández S., Sosa Villalobos C.A., Domínguez Sánchez G., 
Rodríguez Andrade A., Onofre Chacón L., Peñalvo López E., 
Valencia Salazar I., 2026. Biophotolysis as a Sustainable Tool 
for Biohydrogen Production: A Systematic Review. Biotecnia, 
28: e2882. DOI: 10.18633/biotecnia.v28.2882.

Gomez-Romero J., Gonzalez-Garcia R.A., Chairez I., Torres L., 
García-Peña E.I., 2016. Continuous two-staged co-digestion 
process for biohydrogen production from agro-industrial wastes. 
International Journal of Energy Research, 40: 257–272. DOI: 
10.1002/er.3466.

Hallenbeck P.C., Benemann J.R., 2002. Biological hydrogen pro-
duction; fundamentals and limiting processes. International 
Journal of Hydrogen Energy, 27: 1185–1193. DOI: 10.1016/
S0360-3199(02)00131-3.

Han W., Hu Y., Li S., Li F., Tang J., 2016a. Biohydrogen production 
in the suspended and attached microbial growth systems from 
waste pastry hydrolysate. Bioresource Technology, 218: 589–594. 
DOI: 10.1016/j.biortech.2016.07.009.

Han W., Yan Y., Shi Y., Gu J., Tang J., Zhao H., 2016b. Biohydrogen 
production from enzymatic hydrolysis of food waste in batch and 
continuous systems. Scientific Reports, 6: 38395. DOI: 10.1038/
srep38395.

Hassan S.H.A., Morsy F.M., 2015. Feasibility of installing and main-
taining anaerobiosis using Escherichia coli HD701 as a facultative 
anaerobe for hydrogen production by Clostridium acetobutylicum 
ATCC 824 from various carbohydrates. Enzyme and Microbial 
Technology, 81: 56–62. DOI: 10.1016/j.enzmictec.2015.08.002.

Hay J.X.W., Wu T.Y., Juan J.C., Md. Jahim J., 2017. Effect of adding 
brewery wastewater to pulp and paper mill effluent to enhance 
the photofermentation process: wastewater characteristics, bio-
hydrogen production, overall performance, and kinetic modeling. 
Environmental Science and Pollution Research, 24: 10354–10363. 
DOI: 10.1007/s11356-017-8557-9.

Hitam C.N.C., Jalil A.A., 2023. A review on biohydrogen production 
through photo-fermentation of lignocellulosic biomass. Biomass 
Conversion and Biorefinery, 13: 8465–8483. DOI: 10.1007/
s13399-020-01140-y.

Hosseini S.E., Abdul Wahid M., Jamil M.M., Azli A.A.M., 
Misbah M.F., 2015. A review on biomass-based hydrogen pro-
duction for renewable energy supply. International Journal of 
Energy Research, 39: 1597–1615. DOI: 10.1002/er.3381.

Hu H., Fan Y., Liu H., 2008. Hydrogen production using single-cham-
ber membrane-free microbial electrolysis cells. Water Research, 
42: 4172–4178. DOI: 10.1016/j.watres.2008.06.015.

International Energy Agency, 2024. Global Hydrogen Review 2024. 
<https://iea.blob.core.windows.net/assets/89c1e382-dc59-46ca-
aa47-9f7d41531ab5/GlobalHydrogenReview2024.pdf>(access 
10.06.2026).

Jafary T., Daud W.R.W., Ghasemi M., Kim B.H., Carmona- 
-Martínez A.A., Bakar M.H.A., Jahim J.M., Ismail M., 2017. 
A comprehensive study on development of a biocathode for 
cleaner production of hydrogen in a microbial electrolysis cell. 
Journal of Cleaner Production, 164: 1135–1144. DOI: 10.1016/ 
j.jclepro.2017.07.033.

Jeremiasse A.W., Hamelers H.V.M., Saakes M., Buisman C.J.N., 
2010. Ni foam cathode enables high volumetric H2 production in 
a microbial electrolysis cell. International Journal of Hydrogen 
Energy, 35: 12716–12723. DOI: 10.1016/j.ijhydene.2010.08.131.

Kanniah Goud R., Arunasri K., Yeruva D.K., Krishna K.V., Dahiya S., 
Mohan S.V., 2017. Impact of selectively enriched microbial 
communities on long-term fermentative biohydrogen produc-
tion. Bioresource Technology, 242: 253–264. DOI: 10.1016/ 
j.biortech.2017.03.147.

Kapdan I.K., Kargi F., 2006. Bio-hydrogen production from waste 
materials. Enzyme and Microbial Technology, 38: 569–582. DOI: 
10.1016/j.enzmictec.2005.09.015.

Kapdan I.K., Kargi F., Oztekin R., Argun H., 2009. Bio-hydrogen pro-
duction from acid hydrolyzed wheat starch by photo-fermentation 
using different Rhodobacter sp. International Journal of Hydrogen 
Energy, 34: 2201–2207. DOI: 10.1016/j.ijhydene.2009.01.017.

Karadag D., Köroğlu O.E., Ozkaya B., Cakmakci M., Heaven S., 
Banks C., 2014. A review on fermentative hydrogen production 
from dairy industry wastewater. Journal of Chemical Technology 
& Biotechnology, 89: 1627–1636. DOI: 10.1002/jctb.4490.

Kim M.-S., Lee D.-Y., 2010. Fermentative hydrogen production 
from tofu-processing waste and anaerobic digester sludge using 
microbial consortium. Bioresource Technology, 101: S48–S52. 
DOI: 10.1016/j.biortech.2009.03.040.

Kisielewska M., Dębowski M., Zieliński M., 2015. Improvement of 
biohydrogen production using a reduced pressure fermentation. 
Bioprocess and Biosystems Engineering, 38: 1925–1933. DOI: 
10.1007/s00449-015-1434-3.

Levin D., 2004. Biohydrogen production: prospects and limitations to 
practical application. International Journal of Hydrogen Energy, 
29: 173–185. DOI: 10.1016/S0360-3199(03)00094-6.

Li S., Li F., Zhu X., Liao Q., Chang J.-S., Ho S.-H., 2022. Biohydrogen 
production from microalgae for environmental sustainability. 
Chemosphere, 291: 132717. DOI: 10.1016/j.chemosphere.2021. 
132717.

Li Y., Zhu J., Wu X., Miller C., Wang L., 2010. The Effect of pH on 
Continuous Biohydrogen Production from Swine Wastewater 
Supplemented with Glucose. Applied Biochemistry and 
Biotechnology, 162: 1286–1296. DOI: 10.1007/s12010-010-8914-3.

Lin C.-N., Wu S.-Y., Chang Jian-Sheng, Chang Jo-Shu, 2009. 
Biohydrogen production in a three-phase fluidized bed bioreac-
tor using sewage sludge immobilized by ethylene–vinyl acetate 
copolymer. Bioresource Technology, 100: 3298–3301. DOI: 
10.1016/j.biortech.2009.02.027.

Liu B.-F., Ren N.-Q., Ding J., Xie G.-J., Cao G.-L., 2009. Enhanced 
photo-H2 production of R. faecalis RLD-53 by separation of CO2 
from reaction system. Bioresource Technology, 100: 1501–1504. 
DOI: 10.1016/j.biortech.2008.08.027.

Liu H., Grot S., Logan B.E., 2005. Electrochemically Assisted 
Microbial Production of Hydrogen from Acetate. Environmental 
Science & Technology, 39: 4317–4320. DOI: 10.1021/es050244p.

Logan B.E., Call D., Cheng S., Hamelers H.V.M., Sleutels T.H.J.A., 
Jeremiasse A.W., Rozendal R.A., 2008. Microbial Electrolysis 
Cells for High Yield Hydrogen Gas Production from Organic 
Matter. Environmental Science & Technology, 42: 8630–8640. 
DOI: 10.1021/es801553z.

Łukajtis R., Hołowacz I., Kucharska K., Glinka M., Rybarczyk P., 
Przyjazny A., Kamiński M., 2018. Hydrogen production from 
biomass using dark fermentation. Renewable and Sustainable 
Energy Reviews, 91: 665–694. DOI: 10.1016/j.rser.2018.04.043.

Maswanna T., Phunpruch S., Lindblad P., Maneeruttanarungroj C., 
2018. Enhanced hydrogen production by optimization of im-
mobilized cells of the green alga Tetraspora sp. CU2551 grown 
under anaerobic condition. Biomass and Bioenergy, 111: 88–95. 
DOI: 10.1016/j.biombioe.2018.01.005.

Meky N., Ibrahim M.G., Fujii M., Elreedy A., Tawfik A., 2020. 
Integrated dark-photo fermentative hydrogen production from 
synthetic gelatinaceous wastewater via cost-effective hybrid reac-
tor at ambient temperature. Energy Conversion and Management, 
203: 112250. DOI: 10.1016/j.enconman.2019.112250.

Mitov M., Chorbadzhiyska E., Nalbandian L., Hubenova Y., 2017. 
Nickel-based electrodeposits as potential cathode catalysts for 



3/2026

285

3/2026

285

hydrogen production by microbial electrolysis. Journal of Power 
Sources, 356: 467–472. DOI: 10.1016/j.jpowsour.2017.02.066.

Mu Y., Yu H.-Q., Wang G., 2007. Evaluation of three methods 
for enriching H2-producing cultures from anaerobic sludge. 
Enzyme and Microbial Technology, 40: 947–953. DOI: 10.1016/ 
j.enzmictec.2006.07.033.

Nagarajan D., Lee D.-J., Kondo A., Chang J.-S., 2017. Recent insights 
into biohydrogen production by microalgae – From biophotolysis 
to dark fermentation. Bioresource Technology, 227: 373–387. 
DOI: 10.1016/j.biortech.2016.12.104.

Nath K., Das D., 2004. Improvement of fermentative hydrogen 
production: various approaches. Applied Microbiology and 
Biotechnology, 65: 520–529. DOI: 10.1007/s00253-004-1644-0.

Nikolaidis P., Poullikkas A., 2017. A comparative overview of hy-
drogen production processes. Renewable and Sustainable Energy 
Reviews, 67: 597–611. DOI: 10.1016/j.rser.2016.09.044.

Papazi A., Gjindali A.-I., Kastanaki E., Assimakopoulos K., 
Stamatakis K., Kotzabasis K., 2014. Potassium deficiency, 
a “smart” cellular switch for sustained high yield hydrogen pro-
duction by the green alga Scenedesmus obliquus. International 
Journal of Hydrogen Energy, 39: 19452–19464. DOI: 10.1016/ 
j.ijhydene.2014.09.096.

Pessiot J., Nouaille R., Jobard M., Singhania R.R., Bournilhas A., 
Christophe G., Fontanille P., Peyret P., Fonty G., Larroche C., 
2012. Fed-batch Anaerobic Valorization of Slaughterhouse By-
products with Mesophilic Microbial Consortia Without Methane 
Production. Applied Biochemistry and Biotechnology, 167: 1728–
1743. DOI: 10.1007/s12010-011-9516-4.

Rahman S.N.A., Masdar M.S., Rosli M.I., Majlan E.H., Husaini T., 
Kamarudin S.K., Daud W.R.W., 2016. Overview biohydrogen tech-
nologies and application in fuel cell technology. Renewable and 
Sustainable Energy Reviews, 66: 137–162. DOI: 10.1016/j.rser. 
2016.07.047.

Ramos L.R., Silva E.L., 2017. Continuous Hydrogen Production from 
Agricultural Wastewaters at Thermophilic and Hyperthermophilic 
Temperatures. Applied Biochemistry and Biotechnology, 182: 
846–869. DOI: 10.1007/s12010-016-2366-3.

Rani P., Kumar Yadav D., Yadav A., Ram Bishnoi N., Kumar V., 
Ram C., Pugazhendhi A., Kumar S.S., 2024. Frontier in dark 
fermentative biohydrogen production from lignocellulosic bio-
mass: Challenges and future prospects. Fuel, 366: 131187. DOI: 
10.1016/j.fuel.2024.131187.

Redwood M.D., Orozco R.L., Majewski A.J., Macaskie L.E., 2012. 
An integrated biohydrogen refinery: Synergy of photofermenta-
tion, extractive fermentation and hydrothermal hydrolysis of food 
wastes. Bioresource Technology, 119: 384–392. DOI: 10.1016/ 
j.biortech.2012.05.040.

Rozendal R.A., Hamelers H.V.M., Euverink G.J.W., Metz S.J., 
Buisman C.J.N., 2006. Principle and perspectives of hydro-
gen production through biocatalyzed electrolysis. International 
Journal of Hydrogen Energy, 31: 1632–1640. DOI: 10.1016/ 
j.ijhydene.2005.12.006.

Rozendal R.A., Hamelers H.V.M., Molenkamp R.J., Buisman C.J.N., 
2007. Performance of single chamber biocatalyzed electrolysis 
with different types of ion exchange membranes. Water Research, 
41: 1984–1994. DOI: 10.1016/j.watres.2007.01.019.

Ruiz-Marin A., Canedo-López Y., Chávez-Fuentes P., 2020. 
Biohydrogen production by Chlorella vulgaris and Scenedesmus 
obliquus immobilized cultivated in artificial wastewater under 
different light quality. AMB Express, 10: 191. DOI: 10.1186/
s13568-020-01129-w.

Saratale G.D., Kshirsagar S.D., Sampange V.T., Saratale R.G.,  
Oh S.-E., Govindwar S.P., Oh M.-K., 2014. Cellulolytic Enzymes 

Production by Utilizing Agricultural Wastes Under Solid State 
Fermentation and its Application for Biohydrogen Production. 
Applied Biochemistry and Biotechnology, 174: 2801–2817. DOI: 
10.1007/s12010-014-1227-1.

Seifert K., Waligorska M., Laniecki M., 2010a. Brewery wastewaters 
in photobiological hydrogen generation in presence of Rhodobacter 
sphaeroides O.U. 001. International Journal of Hydrogen Energy, 
35: 4085–4091. DOI: 10.1016/j.ijhydene.2010.01.126.

Seifert K., Waligorska M., Laniecki M., 2010b. Hydrogen generation 
in photobiological process from dairy wastewater. International 
Journal of Hydrogen Energy, 35: 9624–9629. DOI: 10.1016/ 
j.ijhydene.2010.07.015.

Sharma A.K., Ghodke P.K., Chen W.-H., Shah S.V., Patel A.K., 2025. 
Circular economy in biohydrogen: A state-of-the-art review on 
advances in sustainable production, storage, and transportation. 
Journal of Cleaner Production, 500: 145305. DOI: 10.1016/ 
j.jclepro.2025.145305.

Si B.-C., Li J.-M., Zhu Z.-B., Zhang Y.-H., Lu J.-W., Shen R.-X., 
Zhang C., Xing X.-H., Liu Z., 2016. Continuous production of 
biohythane from hydrothermal liquefied cornstalk biomass via 
two-stage high-rate anaerobic reactors. Biotechnology for Biofuels, 
9: 254. DOI: 10.1186/s13068-016-0666-z.

Touloupakis E., Faraloni C., Silva Benavides A.M., Masojídek J., 
Torzillo G., 2021. Sustained photobiological hydrogen production 
by Chlorella vulgaris without nutrient starvation. International 
Journal of Hydrogen Energy, 46: 3684–3694. DOI: 10.1016/ 
j.ijhydene.2020.10.257.

Touloupakis E., Rontogiannis G., Silva Benavides A.M., Cicchi B., 
Ghanotakis D.F., Torzillo G., 2016. Hydrogen production by im-
mobilized Synechocystis sp. PCC 6803. International Journal of 
Hydrogen Energy, 41: 15181–15186. DOI: 10.1016/j.ijhydene. 
2016.07.075.

Tripathy D.B., Pradhan S., Agarwal P., 2025. Current trends of biohy-
drogen production, storage and applications. International Journal 
of Hydrogen Energy, 196: 152530. DOI: 10.1016/j.ijhydene. 
2025.152530.

Vendruscolo F., 2015. Starch: a potential substrate for biohydro-
gen production. International Journal of Energy Research, 39: 
293–302. DOI: 10.1002/er.3224.

Wang H., Xu J., Sheng L., Liu X., Lu Y., Li W., 2018. A review on 
bio-hydrogen production technology. International Journal of 
Energy Research, 42: 3442–3453. DOI: 10.1002/er.4044.

Wang Y.-Z., Zhang L., Xu T., Ding K., 2017. Influence of initial 
anolyte pH and temperature on hydrogen production through 
simultaneous saccharification and fermentation of lignocellulose 
in microbial electrolysis cell. International Journal of Hydrogen 
Energy, 42: 22663–22670. DOI: 10.1016/j.ijhydene.2017.07.214.

Wongthanate J., Chinnacotpong K., Khumpong M., 2014. Impacts of pH, 
temperature, and pretreatment method on biohydrogen production 
from organic wastes by sewage microflora. International Journal 
of Energy and Environmental Engineering, 5: 6. DOI: 10.1186/ 
2251-6832-5-6.

Wu Y.-R., Zhang M., Zhong M., Hu Z., 2017. Synergistic enzymatic sac-
charification and fermentation of agar for biohydrogen production. 
Bioresource Technology, 241: 369–373. DOI: 10.1016/j.biortech. 
2017.05.117.

Yang P., Zhang R., McGarvey J.A., Benemann J.R., 2007. Biohydrogen 
production from cheese processing wastewater by anaerobic fermen-
tation using mixed microbial communities. International Journal 
of Hydrogen Energy, 32: 4761–4771. DOI: 10.1016/j.ijhydene. 
2007.07.038.

Yeshanew M.M., Frunzo L., Pirozzi F., Lens P.N.L., Esposito G., 2016. 
Production of biohythane from food waste via an integrated system 



NAFTA-GAZ

286

NAFTA-GAZ

286

of continuously stirred tank and anaerobic fixed bed reactors. 
Bioresource Technology, 220: 312–322. DOI: 10.1016/j.biortech. 
2016.08.078.

Yusuf N.Y., Masdar M.S., Nordin D., Husaini T., 2015. Challenges 
in biohydrogen technologies for fuel cell application. American 
Journal of Chemistry, 5: 40–47. DOI: 10.5923/c.chemistry. 
201501.06.

Zhang Q., Jiao Y., He C., Ruan R., Hu J., Ren J., Toniolo S., Jiang D., 
Lu C., Li Y., Man Y., Zhang H., Zhang Z., Xia C., Wang Y., 
Jing Y., Zhang X., Lin R., Li G., Yue J., Tahir N., 2024. Biological 
fermentation pilot-scale systems and evaluation for commercial 
viability towards sustainable biohydrogen production. Nature 
Communications, 15: 4539. DOI: 10.1038/s41467-024-48790-4.

Zhang Q., Zhang Z., Wang Y., Lee D.-J., Li G., Zhou X., Jiang D., 
Xu B., Lu C., Li Y., Ge X., 2018. Sequential dark and photo 
fermentation hydrogen production from hydrolyzed corn stover: 
A pilot test using 11 m3 reactor. Bioresource Technology, 253: 
382–386. DOI: 10.1016/j.biortech.2018.01.017.

Zhang X., Ye X., Finneran K.T., Zilles J.L., Morgenroth E., 2013. 
Interactions between Clostridium beijerinckii and Geobacter 
metallireducens in co-culture fermentation with anthrahydro-
quinone-2,6-disulfonate (AH2QDS) for enhanced biohydrogen 
production from xylose. Biotechnology and Bioengineering, 110: 
164–172. DOI: 10.1002/bit.24627.

Zhu H., Fang H.H.P., Zhang T., Beaudette L.A., 2007. Effect of ferrous 
ion on photo heterotrophic hydrogen production by Rhodobacter 
sphaeroides. International Journal of Hydrogen Energy, 32: 
4112–4118. DOI: 10.1016/j.ijhydene.2007.06.010.

Bartosz ADAMCZYK, PhD Eng.
Assistant, Department of Sustainable Energy Development
Faculty of Energy and Fuels
AGH University of Krakow
al. Adama Mickiewicza 30, 30-059 Krakow, Poland
E-mail: badamczyk@agh.edu.pl

Anita ZYCH, PhD Eng.
Assistant Professor, Department of Sustainable Energy Development
Faculty of Energy and Fuels
AGH University of Krakow
al. Adama Mickiewicza 30, 30-059 Krakow, Poland
E-mail: zycha@agh.edu.pl

Zhu S., Zhang Z., Li Y., Tahir N., Liu H., Zhang Q., 2018. Analysis of 
shaking effect on photo-fermentative hydrogen production under dif-
ferent concentrations of corn stover powder. International Journal 
of Hydrogen Energy, 43: 20465–20473. DOI: 10.1016/j.ijhydene. 
2018.09.150.

Ziara R.M.M., Miller D.N., Subbiah J., Dvorak B.I., 2019. Lactate 
wastewater dark fermentation: The effect of temperature and 
initial pH on biohydrogen production and microbial community. 
International Journal of Hydrogen Energy, 44: 661–673. DOI: 
10.1016/j.ijhydene.2018.11.045.


