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Abstract: One of the approaches widely used today to intensify processes is their miniaturization.
Small, compact, portable devices that can be used directly in the field will become popular in
the near future. The use of microstructured devices is becoming more widespread in diagnostics,
analytics, and production, so there is no doubt that the same approach is being applied to energy
production. The question is whether it is possible to create an energy production system that has
all the external characteristics of a miniaturized device but is sustainable, durable, environmentally
friendly, based on renewable sources, and cost-effective. The first challenge is to choose a production
route, an energy source that has the required characteristics, and then to adapt this production on a
microscale. Among the different energy sources, biohydrogen meets most of the requirements. The
carbon emissions of biohydrogen are much lower, and its production is less energy-intensive than
conventional hydrogen production. Moreover, it can be produced from renewable energy sources. The
challenge today is to make this process sustainable due to the low substrate conversion, production
rate, and yield. Microfluidic systems are one of the technologies that could address the above
shortcomings of the current biohydrogen production processes. The combination of microdevices
and biohydrogen production opens up new possibilities for energy production. Although this
area of research is growing, the focus of this review is on the possibility of using microfluidics for
biohydrogen production.

Keywords: microfluidics; biohydrogen; sustainably; environmentally friendly; renewable processes

1. Introduction

Accelerating fossil fuel depletion, market instability, and negative environmental
impacts are just some of the reasons why the Kyoto Protocol [1] and the recent Paris Proto-
cols [2] call for the use of clean, green, and renewable energy sources. Biofuels (bioethanol,
biodiesel, biohydrogen, etc.) are considered an acceptable alternative to fossil fuels, whose
use reduce carbon dioxide emissions, make many countries independent of major fossil
producers, and stabilize energy prices, which are extremely important nowadays. Biofuels
can be obtained from different sources and by applying different technologies. Among
them, hydrogen is considered one of the most promising alternative energy solutions and is
expected to bring a revolution to the energy supply of the 21st century [3]. This is because
hydrogen has a high energy content (143 kJ/g) [4]; does not release CO2 and other toxic
gasses (CO, NOx, SOx, etc.); and the energy produced by H2 is 2.75-fold higher than that of
hydrocarbon fuels [5]. Hydrogen does not exist in nature but can be produced by chemical
and biological methods. The main disadvantages of the conventional, chemical method
of hydrogen production are the investment and overall costs, high energy consumption
during production, and low process efficiency [6,7]. To overcome the above problems, and
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to justify and improve the process of hydrogen production itself ecologically and economi-
cally, intensive work is being done to improve existing and develop new technologies and
processes. Biological processes for hydrogen production have become accepted as a good
alternative to chemical processes. The hydrogen produced in such processes is referred
as to biohydrogen. Biological processes require less energy and operate in mild reaction
conditions (atmospheric pressure and mild temperature). The most favorable method for
biohydrogen production is fermentation [8] (dark fermentation or photo-fermentation or
hybrid dark and photo-fermentation). Unfortunately, regardless of the production method,
the substrate conversion, production rate, and yield are still low. To overcome these
problems, new approaches are being explored, such as the better use of light [9], genetic
modification of microorganisms used in the process [10], and process optimization [11].
Another direction is to develop new reactor designs or even to change the scale of operation,
i.e., to move from a macro- to microscale. Microfluidic systems are one of the new technolo-
gies that could overcome the above shortcomings of the current biohydrogen production
processes. The combination of biohydrogen production and device miniaturization could
represent a significant step into the future of medicine, sensors, small-scale local biofuel
production facilities, and domestic energy supply. However, as with any new technology,
there are obstacles that must be overcome in order for this technology to come to life.
The development of integrated systems is always a challenge. The number of cells per
unit volume and the availability of reduced media will likely lead to completely different
cell behavior. The developments of a modular system, analytics, a completely new fluid
behavior at the microscale, material selection, etc. are just some of the challenges that will
be addressed in this manuscript.

In this review paper, the focus is on the possibility of using microfluidics for biohy-
drogen production. First, we explain the basic principles of hydrogen and biohydrogen
production. Then, the advantages of microfluidics and their properties that can be used for
a better process performance are discussed. Finally, the recent achievements in the field of
combining microfluidics and biohydrogen production are explained, and a brief outlook
on the future of biohydrogen production is given.

2. Hydrogen Production—A Challenge with Undefined Colors

Hydrogen is a chemical that is used in various processes today. It can be used as a
feedstock in various processes such as ammonia and fertilizer production, methanol and
polymer synthesis, petroleum refining (hydrocracking and hydrotreating), the pharmaceu-
tical industry, etc. It is estimated that 55% of the hydrogen produced is used for ammonia
production, 25% for refineries, and about 10 % for methanol production. The remaining
10% is used for other applications. Despite the fact that hydrogen is mainly used as a raw
material, it has great potential as an energy source [4]. Nowadays, due to the global energy
crisis, there is an increased need for the development of new energy sources. According to
Zhang et al. [7], hydrogen is considered the cleanest and most promising energy source of
the 21st century, and according to Horvath et al. [12], hydrogen fuel cells are most likely
to replace fossil internal combustion engines in 2040. Different sources [13–15] assume
different demands for hydrogen, but a rough estimate is shown in Figure 1.

It is also believed that the use of hydrogen can significantly support the decarboxyla-
tion process, with a focus on decarboxylation in the transportation, industrial, and heating
sectors. Switching to cleaner fuels such as biofuels, nuclear energy, and hydrogen could
lead to a 22% reduction in greenhouse gas (GHG) emissions [12]. Some of the advantages
and disadvantages of hydrogen as a fuel are listed in Table 1.



Energies 2022, 15, 7065 3 of 22Energies 2022, 15, x FOR PEER REVIEW 3 of 24 
 

 

 

Figure 1. Estimations of the hydrogen demand for the period from 2020 to 2050 (□ minimum and □ 

maximum projected demands) (adopted from [13,15]). 

It is also believed that the use of hydrogen can significantly support the decarboxy-

lation process, with a focus on decarboxylation in the transportation, industrial, and heat-

ing sectors. Switching to cleaner fuels such as biofuels, nuclear energy, and hydrogen 

could lead to a 22% reduction in greenhouse gas (GHG) emissions [12]. Some of the ad-

vantages and disadvantages of hydrogen as a fuel are listed in Table 1. 

Table 1. Advantages and disadvantages of hydrogen as a fuel [6,7]. 

Advantages Disadvantages 

produced from various sources dependence on fossil fuels to drive some processes 

high energy conversion investment and overall costs 

environmentally friendly storage and transport 

renewable highly flammable 

regeneration  

zero carbon emission  

reduces carbon footprint  

versatility of use  

Since hydrogen is the most abundant element on Earth, it is accessible and renewable. 

The major drawback is that it does not occur naturally as a molecule, so it must be pro-

duced from various sources. Hydrogen can be produced by different thermodynamic; 

electrochemical; and biological processes, such as electrolysis, pyrolysis, oil reforming, 

gasification, fracking, photo-fermentation, dark fermentation, etc., and from various 

sources such as natural gas, coal, renewable electricity, biomass, etc. [16–19]. To distin-

guish hydrogen produced by different processes, it is assigned different colors (Table 2). 

The color classification of hydrogen can vary depending on the study [20–23], but the 

main colors are green, blue, gray, and turquoise [18]. Some processes produce carbon, 

while others are carbon-free. Until a few years ago, 95% of the hydrogen produced world-

wide was gray hydrogen produced by steam methane reforming (SMR), autothermal re-

forming (ATR) of natural gas, and by the partial oxidation (POX) of coal or heavy oil [24]. 

Each process produces syngas (a mixture of H2 and CO) from which carbon monoxide 

must be removed, resulting in significant CO2 production that is released into the atmos-

phere [25]. Since the GHG emissions from this process are very high (about 530 Mt/a), 

nonrenewable sources are depleted, and this process is very energy-intensive, so research 

is being conducted into alternative processes. For this reason, other hydrogen colors such 

as blue, turquoise, and especially green hydrogen are becoming increasingly important 

Figure 1. Estimations of the hydrogen demand for the period from 2020 to 2050 (� minimum and �
maximum projected demands) (adopted from [13,15]).

Table 1. Advantages and disadvantages of hydrogen as a fuel [6,7].

Advantages Disadvantages

produced from various sources dependence on fossil fuels to drive some processes
high energy conversion investment and overall costs
environmentally friendly storage and transport
renewable highly flammable
regeneration
zero carbon emission
reduces carbon footprint
versatility of use

Since hydrogen is the most abundant element on Earth, it is accessible and renew-
able. The major drawback is that it does not occur naturally as a molecule, so it must be
produced from various sources. Hydrogen can be produced by different thermodynamic;
electrochemical; and biological processes, such as electrolysis, pyrolysis, oil reforming, gasi-
fication, fracking, photo-fermentation, dark fermentation, etc., and from various sources
such as natural gas, coal, renewable electricity, biomass, etc. [16–19]. To distinguish hy-
drogen produced by different processes, it is assigned different colors (Table 2). The color
classification of hydrogen can vary depending on the study [20–23], but the main colors
are green, blue, gray, and turquoise [18]. Some processes produce carbon, while others are
carbon-free. Until a few years ago, 95% of the hydrogen produced worldwide was gray
hydrogen produced by steam methane reforming (SMR), autothermal reforming (ATR)
of natural gas, and by the partial oxidation (POX) of coal or heavy oil [24]. Each process
produces syngas (a mixture of H2 and CO) from which carbon monoxide must be removed,
resulting in significant CO2 production that is released into the atmosphere [25]. Since the
GHG emissions from this process are very high (about 530 Mt/a), nonrenewable sources
are depleted, and this process is very energy-intensive, so research is being conducted into
alternative processes. For this reason, other hydrogen colors such as blue, turquoise, and
especially green hydrogen are becoming increasingly important [16]. The basic idea is to
use renewable energy sources (RES) in combination with energy efficient technologies to
produce hydrogen in a process with low GHG emissions. When CO2 is captured and stored
(Carbon Capture and Storage (CCS) process) by downstream processes as part of the SMR
process, the hydrogen produced is referred to as blue hydrogen. Greenhouse gas emissions
from this process are low but only if the captured CO2 is permanently stored [25].
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Table 2. The colors of hydrogen. Inspired by [18].

Gray Blue Turquoise Green

Hydrogen produced by steam
methane reforming or coal

gasification using natural gas or coal.

Hydrogen produced by steam
methane reforming or gasification
with carbon capture and storage

using natural gas.

Hydrogen produced by methane
pyrolysis from natural gas.

Hydrogen produced by polymer
electrolyte membrane water

electrolysis using water.

GHG footprint: high GHG footprint: low GHG footprint: carbon free GHG footprint: carbon free

To produce hydrogen without carbon emissions, methane pyrolysis is used. This
is a process of methane cracking in which H2 and C are formed [26,27]. Since no CO2
is produced in the process, this turquoise hydrogen is considered to pave the way for
the energy transition [28]. Another carbon-free technology for hydrogen production is
electrolysis. In this process, water is split into O2 and H2 by an electric current. If the
electric current comes from renewable sources, the hydrogen produced is called green
hydrogen [29,30].

As with any process, the use of a particular process and substrates determines the
final price of the product. Depending on the production process and the origin of the
substrate, the price of hydrogen varies (Figure 2). Currently, the price of gray hydrogen is
about 0.8–2 EUR/kg, while green hydrogen costs about 3–5 EUR/kg [20]. Newborough
and Cooley [25] estimated in 2020 that green hydrogen will soon be cheaper than blue due
to falling costs in renewable electricity and electrolysis. Then, it will be cheaper than gray
hydrogen and, eventually, cheaper than natural gas. Unfortunately, the economic crisis in
2022 has shown that their predictions were too optimistic. Unless new solutions are found
to reduce production costs, 95% of the hydrogen produced worldwide will continue to be
gray hydrogen.
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In addition to the hydrogen types mentioned above, there are also some types that have
not yet been assigned a color [31–34]. This is mainly due to the fact that these production
technologies are still in the development and research phase, and it will take some time
before they reach the level of development of today’s technologies. The use of biomass and
biohydrogen is certainly one of the most interesting approaches to hydrogen production.
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Biohydrogen Production

Biohydrogen (BioH2) is the hydrogen produced in biological processes by metabolism.
Compared to black/grey hydrogen production, BioH2 production is much cleaner and
more sustainable, because carbon emissions are much lower, and the process is less energy-
intensive. In addition, these processes use renewable substrates, which makes them
interesting. The idea of BioH2 production is not new, and the synthesis routes are well-
known. What is new and challenging is the industrial sustainability of this process, since
the substrate conversion, production rate, and yield are low [35]. The process would be
economically justified if the substrate conversion reached 60–80% [36].

There are several pathways for BioH2 production [4,37,38], such as photo-fermentation
(direct photolysis, indirect photolysis, and light fermentation); microbial electrolysis; and
anaerobic fermentation (dark fermentation) (Figure 3). All of these methods are considered
environmentally friendly.
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Photo-fermentation (PF) can be divided into two processes. The first is biophotolysis,
which is based on the production of BioH2 from water and various raw materials using
mainly green algae and cyanobacteria [39]. Biophotolysis can be further divided into direct
and indirect photolysis. Direct photolysis is used to convert water into BioH2 and O2 in
the presence of light and CO2 [40]. In indirect photolysis, there are two distinct phases. In
the first phase, CO2 and H2O are converted into organic products and O2 in the presence
of cyanobacteria. In the second phase, the organic products formed are converted by
the cyanobacteria into BioH2, CO2, and other metabolites. The main disadvantages of
these processes are the formation of O2, which can inhibit the existing strains, and the
formation of an explosive mixture of O2 and H2. In addition, indirect photolysis requires
the inhibition of hydrogenases to prevent the degradation of BioH2 [39]. The second
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process is photo- or light fermentation, in which BioH2 is produced from organic substrates
together with alcohols, acetone, and CO2. Purple non-sulfur photosynthetic bacteria such
as Rhodospirillum, Rhodopseudomonas, and Rhodobacter are used to produce BioH2 in the
presence of light. As far as the efficiency of the process is concerned, the yields obtained
are comparable to those of biophotolysis [41].

Dark fermentation (DF) is based on the growth of anaerobic bacterial strains (Clostridia,
Escherichia coli, Enterobacter, Citrobacter, Alcaligenes, and Bacillus) [42] in the dark fermenter
and the conversion of carbohydrates into BioH2 and other valuable components such as
acetic acid, butyric acid, and volatile fatty acids [43].

The disadvantage of both fermentation processes is the resulting biogas, which is a
mixture of CO2 and BioH2. To obtain BioH2, the CO2 must be removed so that it is not
released into the atmosphere. Additionally, DF is faster compared to other processes, but
the amount of H2 produced is small, because many other byproducts are produced during
the process. In addition to CO2, various acids (butyric acid, lactic acid, and acetic acid);
alcohols (methanol, butanol, and acetone); and gasses such as methane and hydrogen
sulfide can also be produced.

Although the amount of BioH2 that could be produced during fermentation can be
theoretically calculated using mass balances and depending on the substrate chosen, the
theoretical amount cannot be achieved due to the many byproducts that are produced. For
example, if glucose is used as a substrate and acetic acid is produced during DF, 4 mol
H2/mol glucose can theoretically be obtained, but in practice, this number is lower and
usually in the range of 1–2.5 H2/mol glucose [41].

The last process is microbial electrolysis cells (MECs). This is a combination of mi-
crobial metabolism and electrochemistry. In this process, the selected strain or a mixture
of strains convert organic material into CO2, electrons, and protons (H+). The generated
electrons are transferred to the anode, while H+ remains in the electrolyte solution. Under
the influence of the external electric circuit, electrons move from the cathode to the anode,
where they combine with H+ to produce BioH2 [39]. MEC is still a new technology com-
pared to other BioH2 production processes. Therefore, many shortcomings and obstacles
still need to be addressed. First and foremost, the production cost must be reduced, the
mechanism of the electron transfer must be fully understood, the methanogenic activity
must be reduced, the electrode material must be selected to be cheap but efficient, the
microorganisms must be selected to achieve a high yield, etc. An overview of some recent
BioH2 production technologies can be found in Table 3.



Energies 2022, 15, 7065 7 of 22

Table 3. Overview of BioH2 production technologies.

Process Substrate Microorganism BioH2 Yield Reference

D
ir

ec
t

ph
ot

ol
ys

is Chlorophyll a + b Synechocystis sp. PCC 6803 4.44 µmol H2/mg chlorophyll [44]

Chlorophyll a + b Desertifilum sp. IPPAS B1220 38.014 µmol H2/mg chlorophyll [44]

Chlorophyll a + b and 10 mM 3-(3,4-dichlorophenyl)-1,
1-dimethylurea Desertifilum sp. IPPAS B1220 57.77 µmol H2/mg chlorophyll [44]

In
di

re
ct

ph
ot

ol
ys

is Crude glycerol Cyanothece sp. ATCC 51142 74.2 mL H2/L glycerol [45]

Starch Chlamydomonas reinhardtii D240, D239-40,
D240-41 388–490 mL H2/L starch [46]

Crude glycerol Chlorella sp. 11.65 mL H2/L glycerol [47]

Ph
ot

o-
fe

rm
en

ta
ti

on

Corn stalk

Mixed strains (Rhodospirillum rubrum,
Rhodopseudomonas capsulata,
Rhodopseudomonas palustris,

Rhodobacter capsulatus, Rhodobacter sphaeroides)

160.4 ± 2.7 mL H2/g corn stalk [48]

Corn stover Photosynthetic bacteria HAU-M1 and dark
fermentative bacteria Enterobacter aerogenes 36.08–141.42 mL H2/g total solids [49]

Acetate Rhodopseudomonas palustris CGA009 2.31 mol H2/mol acetate [50]

Brewery wastewater Rhodobacter sphaeroides 158 DSM 408.33 mL H2/L wastewater [51]

Mixed substrate (biosuccinate effluent) Rhodobacter sphaeroides KKU-PS1 1217 mL H2/L biosuccinate [52]

Cellulose Cellulomonas fimi ATCC 484 and
Rhodopseudomonas palustris GCA009 44 mmol H2/L cellulose [53]

Brewery wastewater and pulp and paper mill effluent Rhodobacter sphaeroides NCIMB 8253 0.69 mol H2/L medium [54]

Palm oil mill effluent and pulp and paper mill effluent Rhodobacter sphaeroides NCIMB8253 9.98 mol H2/L medium [55]

D
ar

k
fe

rm
en

ta
ti

on

Cashew apple bagasse Clostridium roseum ATCC 17797 1.89 mL H2/g cashew apple bagasse [56]

Coconut husk Enterobacter aerogenes NBRC 13534 0.279 mol H2/mol reducing sugar [57]

Potato and glucose Rhodopseudomonas palustris 7.35 mmol H2/substrate [53]

Cassava Enterobacter aerogenes ATCC 13408 124.3 mL H2/substrate [58]

Corn stew Sludge 1287.06 mL H2/g total organic carbon [59]

Sago wastewater Enterobacter aerogenes 7.42 mmol H2/g glucose [60]

Coffee silverskin Indigenous microflora 24.1 mL H2/g COD (chemical oxygen demand) [61]

Glucose Mixed culture 198.3 mg H2/g glucose [62]

Waste activated sludge Mixed culture 10.73 mL H2/g volatile suspended solids [63]
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The efficiency of all the above processes depends mainly on the metabolic pathways of
the microorganisms used for production. Therefore, the selection of suitable microorganisms
is of crucial importance [64]. The most commonly used microorganisms for BioH2 production
are bacteria such as Clostridum spp., Enterobacter spp., Escherichia coli, Klebsiella spp., and
Bacillus spp. [65–69]. Since the use of wild types results in low yields, genetic manipulations
are performed to increase productivity.

In addition to the microorganisms, the choice of substrate is another important factor
contributing to the efficiency of the process. The most important requirement is that the
substrate be rich in carbohydrates [70]. Costly substrates such as glucose and sucrose have
been thoroughly researched [71–73], but today, the lignocellulosic biomass is receiving
more and more attention. Lignocellulosic biomass is the most abundant renewable source
of organic carbon on Earth. It is mainly composed of cellulose (33–40%), hemicellulose
(20–25%), and lignin (15–20%) and is considered one of the most important feedstocks for
biofuel production due to its price and availability. Most of the lignocellulosic biomass is
generated as waste from the agriculture, food, and wood industries (e.g., grass, straw, and
wood). Although BioH2 production from lignocellulosic feedstocks is promising, it has not
yet been commercialized [74–77].

The use of lignocellulosic feedstocks for BioH2 production requires their treatment,
which includes three phases: pretreatment, hydrolysis, and, if necessary, detoxification of
the resulting hydrolysates. The pretreatment processes are used to modify the composition
and structure of the feedstock. These include separation of the lignin and modification of the
lignocellulosic structure, hydrolysis of the hemicellulose, decrystallization of the cellulose,
and creation of a surface accessible to enzymes. In addition to enzymes, steam, organic
solvents, acids, alkalis, ammonia, sulfur dioxide, ionic liquids, gamma rays, or ultrasound
can be used for pretreatment. Pretreatment of the feedstock is followed by hydrolysis of the
structural carbohydrates (saccharification), fermentation of the hydrolysate, and, finally, the
separation of BioH2. The hydrolysis of cellulose to fermentable sugars is most commonly
performed by enzymes isolated from the molds Trichoderma reesei and Aspergillus niger. Since
the hydrolysis process can be inhibited by reaction products and intermediates, saccharification
and fermentation are carried out simultaneously after hydrolysis [78].

Other interesting and promising substrates include animal waste, kitchen waste,
wastewater, and sewage sludge.

In addition to the choice of microorganisms and substrate, the pH, temperature, and
light intensity, the substrate concentration, use of pure or mixed strains, reactor design and
type (batch: fed batch and continuous), and process type also affect BioH2 production [79].
Since there are many parameters that can affect the process, the amount of BioH2 produced
varies significantly between processes, as shown in Table 3.

In addition, as mentioned earlier, the yield of BioH2 is low due to the many byproducts
produced by the above processes. By combining several processes, the yield of BioH2 can
be significantly increased [80]. Usually, this involves a combination of DF and photo-
fermentation, which can be carried out as a two-stage sequential process or as a single-stage
process [5]. In the two-stage sequential process, the first stage is usually the DF. In the
second stage, the acids produced as byproducts in the DF are used as feed for hydrogen
production by photo-fermentation. The disadvantage of this process is that two reactors
and pretreatment prior to photo-fermentation are required. When the combined process is
carried out as single-stage fermentation, only one bioreactor is used. The main challenge in
this process is to create conditions suitable for both DF and photo-fermentative bacteria.

An integrated system can also be built by combining DF and MEC to produce BioH2,
or DF can even be coupled with other processes to utilize the remaining organic matter and
obtain valuable products (Figure 4) [81].
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3. Microfluidic Technology for Enhancing Biohydrogen Production

Miniaturization, microengineering, and the development of microfluidics in general
have brought significant breakthroughs to science, analytics, medicine, manufacturing,
etc. in the 21st century [82]. Starting from early research in the 1980s and microfluidics,
where a simple straight line was chiseled into a plate with no concrete idea of the final
application, we now see microdevices that can be used for cancer cell diagnosis [83], point-
of-care testing [84], or even replicating different organs [85]—an organ-on-a-chip concept.
Rapid development and prototyping, the advent of 3D printing, new materials, and precise
engineering are just some of the new technologies that have enabled this tremendous
explosion of microfluidic applications worldwide.

Due to the small channel size (on the order of micrometers), many advantages have
emerged over similar macro-sized devices. A large surface-to-volume ratio, short diffu-
sion paths, laminar flow, fast and efficient mass, and heat transfer are some of the main
advantages of microreactor systems successfully used in the field of synthesis and produc-
tion. The main difference between micro- and macroscale processes is the fluid behavior.
Low Reynolds numbers, high Peclet numbers, and surface tensions combined with the
above properties are the driving forces for microfluidic high performances. Additionally,
compared to reactions carried out in conventional reactor systems, higher conversions and
productivities have been observed [82]. Some of microfluidic advantages in comparison to
classical reactor systems are listed in Table 4.

The application of various microreactor systems to intensify the hydrogen production
process has been the subject of numerous studies [86,87], and the results obtained show that
the use of microfluidic technology is justified in terms of conversion and productivity. One of
the greatest advantages of microfluidics is the possibility of integrating different processes
and technical solutions even on a single chip. In hydrogen production, the integration of
micromixers to improve the mass transfer or microseparators for gas separation could make a
significant difference. Due to the excellent mass/photon transfer, optomicrofluidics could also
provide better control of light during the process. In these reactors, the photocatalytic surface
area is much larger compared to conventional reactor systems.

So far, microreactors have been used in the water–gas shift (WGS) reaction to adjust the
H2/CO ratio in the final gas mixture [87,88] and to produce hydrogen from hydrocarbons
(mainly methane and propane [89]), alcohols (mainly methanol and ethanol), and from
other substrates such as ammonia and dimethyl ether [90].
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When it comes to the application of microfluidics in biotechnology and BioH2 pro-
duction, microfluidics can be used for strain screening, process optimization, and media
engineering, which could lead to better process performances [91]. Due to the small size,
microfluidics can be used to develop low-cost, portable, accurate, and robust portable
BioH2 energy sources such as microbial electrochemical cells (MXC), microbial electrolysis
cells (MEC), or microbial fuel cells (MFC) [92]. Among them, microfluidic MFC (MMFC)
are of particular interest. MMFC are based on the use of microorganisms as biocatalysts
for energy production from organic substrates or biomass [93]. The use of microorganisms
instead of noble metals as anodes significantly reduces the cost, opens up new possibilities
for design and integration on a single chip, and makes the overall process more envi-
ronmentally friendly [84–97] due to the mild operating conditions. Unfortunately, these
systems have not yet gained widespread acceptance, because they are limited by their low
power density.

Table 4. Advantages of microreactors in comparison to conventional reactors.

Property Advantage of Microreactors

Surface-to-volume (S/V) ratio

• usually ranges from 104 to 108 m−1 (in comparison: S/Vfed-batch reactor = 1 m−1, S/V continuously stirred tank reactor = 1 m−1,
S/Vmilireacor = 103 m−1)

• responsible for intensive mass and heat transfer in microfluidics, which leads to a higher reaction rate and consequently to
considerable savings in energy and raw material consumption

Dimensionless numbers

• dimensionless numbers provide insight into the physical phenomena occurring in microreactors that are substantially
different in comparison to conventional reactors

Conventional
reactor Microreactor Change

Bond number (ratio of gravitational forces and surface tension) 3 · 10−2 10−3 Reduced

Eötvös number (similar to the Bond feature; the difference is that
the characteristic dimension can be length) 3 · 10−2 10−3 Reduced

Weber number (ratio of internal force and surface tension force) 8 · 10−3 10−7 Reduced

Reynolds number (ratio of inertial force and viscous force) 106 1 Reduced

Capillary number (viscosity to surface ratio tension) 10−2 10−4 Reduced

Froude number (ratio of inertial and gravitational force) 2 · 10−1 10−4 Reduced

Ohnesorge number (ratio of viscous force to to the square root of
the product of internal and surface forces tension) 10−5 10−2 Increased

Suratman number (surface tension ratio according to the
momentum transfer) 107 103 Reduced

Diffusion time • Diffusion time is the ratio of the square of the path and the diffusion coefficient so by reducing the size of the process
equipment of microfluidics results in the very short time needed for the molecule to diffuse in the process space

Surface tensions • Macroreactor: gravity and pressure play important role in fluid dynamics
• Microreactor: capillary forces and surface tensions play important role in fluid dynamic

3.1. Small Size for Large Properties

As mentioned earlier, the characteristics of microfluidics differ from those of macrosys-
tems. The main advantages of microfluidics that could be used for biohydrogen production
relate to flow and transport phenomena, a large surface-to-volume ratio, and a short
diffusion path. Whether it is cell cultivation, cell immobilization, photo-fermentation,
downstream processing, or screening, microfluidics offers many advantages that can be
used for successful BioH2 production at the microscale or to optimize production on the
macroscale by collecting information on cell behaviour, light irradiation, etc.

3.1.1. Cell Cultivation in Microfluidics

Whether it is direct photolysis, indirect photolysis, or photo-fermentation, dark fer-
mentation cells play the most important role in BioH2 production. In these processes, minia-
turized devices can be used as a screening platform to optimize the physical and nutrient
requirements. When working with microfluidics, smaller amounts of substrates/chemicals
are used. This is very useful when screening or collecting information, because the media
must be prepared. In addition, the physical and chemical properties are the same when



Energies 2022, 15, 7065 11 of 22

using multiple microsystems produced by precise engineering, allowing the comparison of
results with high accuracy [98]. The use of microfluidics also requires a small footprint; as
there is little waste, less heating is required due to excellent heat transfer, and the cleaning is
minimal. Microfluidics also enables multiparametric studies by combining a wide network
of channels, mixers, sensors, light sources, etc. Since microfluidics allows the monitoring
and analysis of the growth and work of a single cell, growth kinetics can be accurately
described.

For example, microfluidic bioreactors are an ideal tool for studying fuel-producing
cells in a microenvironment [91]. Under micro conditions, it is easy to control the pH,
temperature, and oxygen content. In addition, microbioreactors are heated uniformly
at every point of the reactor due to good heat transfer (better thermal management).
Microbioreactors have shorter hydraulic residence times: the operation is isothermal, and
the reaction time is shorter [99]. The use of a microbioreactor could increase the BioH2
production rate, reduce microbial contamination, and improve heterogeneity [100].

Microfluidics can also be used to screen strains. In this way, the desired strains can
be separated from contaminants [101] or better-performing strains can be isolated for
further applications. This allows a better control of biocatalyst growth and selection of
the best microorganisms. In addition, only a small starting amount of microorganisms is
required, which also reduces the cost of process development. When using microbioreactors
for cell cultivation, cells usually grow in a single layer. This effect can contribute to a
better understanding of biofilm formation [102] and interactions between cells (quorum
sensing) [103].

There are several types of microfluidic technologies most commonly used for cell
cultures: microfluidics with mechanical traps [104,105], microfluidics for droplet forma-
tion [106–110], and microfluidics with microchambers [111–115] (Figure 5).
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Figure 5. Schematic diagram for (a) microfluidics with different mechanical traps/pillars, (b) mi-
crofluidics for droplet formation, and (c) microfluidics with microchambers.

Microfluidics with mechanical traps/pillars are used to retain cells in flow-through
systems. These systems are best suited for the study of single cells, as they allow continuous
cell monitoring with a microscope. In droplet systems, cells are entrapped in a solvent.
These systems allow single or multiple cells to be confined in a specific environment. This
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approach can mimic a batch system to define the optimal process conditions. Finally, in
microfluidics with microchambers, the cells are free in a confined environment. Which
system will be chosen depends on what information or products are to be obtained.

In the previously mentioned systems, the cells are used in a suspended form. However,
microfluidics, especially microfluidics with pillars, can also be used to immobilize cells
(Figure 6).
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According to Sekoai et al. [100], cell immobilization has numerous advantages over
suspended cells. Immobilized cells can withstand harsh fermentation conditions, down-
stream processes are simpler, and cells can be reused, because their activity is extended.
On the other hand, the main disadvantage of such systems is that they are very difficult to
remove from microfluidic device once their activity decreases.

3.1.2. Light Irradiation in Microfluidics

In hydrogen production by direct photolysis, one of the major drawbacks of conven-
tional macrosystems is that they require a high light intensity and a small surface area [39].
By using microfluidics, the surface area-to-volume ratio is significantly increased, and
less light intensity is required due to the intensive mass transfer in microfluidic devices.
According to Alias et al. [117], due to the small size of a microfluidic device, the effects of
light self-shading on cell cultures are minimal. This allows for the acquisition of detailed
information on the response of cells to illumination conditions. Most microfluidic devices
used for cell cultures are made from glass, which means that the intensity of the light inside
is identical to the intensity of the external source, allowing precise control.

To date, most research has focused on the impact of the light, design, and fabrication
of a microfluidic photobioreactor on algal cultures for biofuel production [118–121].

However, in a study by Velasquez-Orta et al. [122], the authors showed that algae
can serve as a renewable source of electricity production in MFC if they are additionally
improved to make them competitive with alternative energy technologies. Bioelectricity
production from Chlorella vulgaris and Ulva lactuca was investigated in a single-chamber
MFC. The maximum power densities obtained with both the single-cycle and multiple-cycle
methods were 0.98 W/m2 with C. vulgaris and 0.76 W/m2 with U. lactuca.

3.1.3. Laminar Flow

Microfluidic fuel cells (MFFCs, Figure 7), also known as co-laminar flow-based fuel
cells, also use one of the fundamental properties of microchannels for their function. When
fluids are introduced into the microchannel, the flow is predominantly laminar due to the
small diameter of the channel [82]. The laminar flow is very predictable and allows the
fluids to flow side by side in straight, parallel lines. There is no mixing, and mass transfer
occurs solely by diffusion. MFFCs do not require a membrane to separate the anolyte and
catholyte [102] compared to macrosystems. The use of MFFCs reduces the costs and avoids
membrane degradation. MFFCs are interesting, because they are continuously operating
systems with a constant substrate supply and power generation, which makes them more
valuable compared to batteries.



Energies 2022, 15, 7065 13 of 22

Energies 2022, 15, x FOR PEER REVIEW 13 of 24 
 

 

3.1.2. Light Irradiation in Microfluidics 

In hydrogen production by direct photolysis, one of the major drawbacks of conven-

tional macrosystems is that they require a high light intensity and a small surface area 

[39]. By using microfluidics, the surface area-to-volume ratio is significantly increased, 

and less light intensity is required due to the intensive mass transfer in microfluidic de-

vices. According to Alias et al. [117], due to the small size of a microfluidic device, the 

effects of light self-shading on cell cultures are minimal. This allows for the acquisition of 

detailed information on the response of cells to illumination conditions. Most microfluidic 

devices used for cell cultures are made from glass, which means that the intensity of the 

light inside is identical to the intensity of the external source, allowing precise control. 

To date, most research has focused on the impact of the light, design, and fabrication 

of a microfluidic photobioreactor on algal cultures for biofuel production [118–121]. 

However, in a study by Velasquez-Orta et al. [122], the authors showed that algae 

can serve as a renewable source of electricity production in MFC if they are additionally 

improved to make them competitive with alternative energy technologies. Bioelectricity 

production from Chlorella vulgaris and Ulva lactuca was investigated in a single-chamber 

MFC. The maximum power densities obtained with both the single-cycle and multiple-

cycle methods were 0.98 W/m2 with C. vulgaris and 0.76 W/m2 with U. lactuca. 

3.1.3. Laminar Flow 

Microfluidic fuel cells (MFFCs, Figure 7.), also known as co-laminar flow-based fuel 

cells, also use one of the fundamental properties of microchannels for their function. When 

fluids are introduced into the microchannel, the flow is predominantly laminar due to the 

small diameter of the channel [82]. The laminar flow is very predictable and allows the 

fluids to flow side by side in straight, parallel lines. There is no mixing, and mass transfer 

occurs solely by diffusion. MFFCs do not require a membrane to separate the anolyte and 

catholyte [102] compared to macrosystems. The use of MFFCs reduces the costs and 

avoids membrane degradation. MFFCs are interesting, because they are continuously op-

erating systems with a constant substrate supply and power generation, which makes 

them more valuable compared to batteries. 

 

Figure 7. Microfluidic fuel cell (MFFC). 

  

Figure 7. Microfluidic fuel cell (MFFC).

3.1.4. Integration of Different Processes and Technical Solutions

As mentioned earlier, one of the biggest advantages of microfluidics is the possibility
to integrate different processes and technical solutions even on a single chip [94]. The
development of the so-called Micro Total Analysis System (µTAS), which can perform
different operations such as preparation, production, separation, and analysis on a single
chip, can become a valuable option for biofuel production. Due to their small size, they have
the potential to become fully portable, small-scale energy production devices. Although
this idea will only be realized in the future, some steps have already been taken in this
direction.

Based on this, the development of so-called microfluidic microbial electrochemical
cells [123] (MMXCs) or microfluidic microbial fuel cells (MFMFCs) could bring up a signifi-
cant change in continuous BioH2 production [92]. In the work of Shirkosh et al. [124], the
authors also showed how easy it is to integrate engineered solutions to increase the power
density. The authors simply integrated a magnetic field into MFMFCs and managed to
increase the power density by more than 2.4 times using a Zn anode (Figure 8). This simple
approach would be challenging if implemented on a large scale.
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3.1.5. Numbering Up

Increasing the production capacity and increasing the scale of microfluidics was solved
by connecting individual units in a series or parallel. Following this concept, compact
microplants could be built to achieve the capacity of BioH2 production for industrial
applications [125–127]. This approach is much simpler, less time-consuming, and cheaper
than the classical scale-up. Another advantage of numbering up is the smooth operation
of continuous processes in case one of the units fails. In this case, it is possible to replace
a chip without interrupting the processes running in the parallel units. Moreover, in a
traditional scale-up, each increase in scale leads to a new design, new calculations, and a
new adaptation of the process, which is time-consuming. In microfluidics, once the process
is described in a single chip, the capacity can be increased by combining the same units.

3.2. Microfluidic Production of BioH2

As far as microfluidics is concerned, while reactors have become smaller and smaller,
many accompanying devices such as pumps, downstream analytical devices, power sup-
plies, etc. have remained unchanged in size for a long time. Therefore, to truly implement
the concept of miniaturization, these areas had to be considered as well. Micropumps for
microfluidic devices [128,129], green micro total analysis systems (GµTAS) [130], which are
a further step compared to the classical µTAS but still a strong alternative to the traditional
macroscale analysis systems, etc. are some of the new directions of total miniaturization.
In addition, over the years, more and more work has been done on the development of
portable green energy sources [86]. When we already use microdevices that fit in the palms
of our hands, no one wants to carry around/use devices that are hundreds of times larger
than themselves for the sole purpose of powering them. Moreover, with the development
of microbiosensors, medical diagnostic devices, and microimplants, a small, reliable power
source was needed. Thus, the idea was born to develop a microfluidic technology for
on-site or on-board applications. The idea was based on the generation of hydrogen for
distributed consumption by fuel cells. Kolb et al. [86] emphasized that microstructured
reactors for decentralized and mobile fuel processing could be used as hydrogen sources
for duel cells. For powering microdevices such as microbiosensors, medical diagnostic
devices, and microimplants, most of the conventional methods of hydrogen production are
not suitable. Therefore, not only are new raw materials and new substrate sources being
sought but also new technologies and approaches that can improve hydrogen production.
Microfluidic fuel cells could be the next step. A good example of the application of a
microfluidic BioH2 fuel cell (MBioH2FC) to power microdevices is the work of Mardanpour
et al. [131]. The aforementioned authors developed a microfluidic microbial electrolysis
cell (MMEC) with a nickel electrode and glucose and urine as substrates, with E. coli as the
biocatalyst. They succeeded in producing a power of 2.2 µW/cm2 and 1.4 µL BioH2/µL
substrate per day. The authors concluded that this is a promising technology for medical
applications for several reasons: a significant generation of biohydrogen, use of cheap
substrates, minimal consumption of expensive materials, and simple design. In this study
they used E. coli, which lives in the lower intestines of humans. However, they emphasized
that further research is needed to use non-pathogenic microorganisms in medical devices.

In the work by Fadakar et al. [92], the authors coupled a microfluidic microbial
electrochemical cell (MXC), including MMFCs and a microfluidic microbial electrolysis cell
(MEC), as a self-powered BioH2 generator. By using a non-phatogenic E. coli strain as the
biocatalyst, they were able to achieve the maximum hydrogen production rates of 46 and
28 ppm/h for glucose- and urea-based substrates, respectively.

In the work presented by Delavar and Wang [132], the authors produced biohydrogen
in a microbiorector during photo-fermentation. They used microbioreactors for rapid
screening of the process. They studied the effects of illumination, glucose concentration,
and rate on biohydrogen production. The authors found that there was a threshold for
the illumination level. Below this threshold, the amount of BioH2 increased when the
illumination level was increased. Above this threshold, productivity decreased when the
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illuminance was increased. They also examined the effect of the glucose concentration and
concluded that, as the concentration increased, the BioH2 concentration and extraction
efficiency increased, but the BioH2 yield decreased. When the velocity was examined, it
was found that a lower inlet viscosity resulted in a higher BioH2 production rate and con-
centration but decreased the extraction efficiency and yield. Finally, the authors presented
a mathematical model based on the lattice Boltzman method that takes into account the
bacterial growth, light energy conversion, and light transmittance during biofilm growth.
The proposed mathematical model could improve the design of future microbioreactors.

The same authors [116] also studied the effects of pH on anaerobic bacteria on BioH2
production during dark fermentation in a microbioreactor. The results showed the impor-
tance of acidity and pH on BioH2 production and extraction rates.

Gele et al. [133] performed a comparative study of three types of zinc anodes in a
MMFC. They performed their experiments in a spiral microchannel with a channel width of
500 µm and an internal volume of 16.5 µL using Shewanella oneidensis MR-1 as the biocatalyst
and oxalate as the substrate. They compared zinc foil, externally connected stainless-steel
zinc foil, and modified zinc foil as anode electrodes and concluded that the zinc oxide
nanorods could not serve as an effective way to improve the MMFC performance.

4. Obstacles to Be Overcome

As can be seen, there are very few examples of the application of microfluidics in
the production of BioH2. Although microfluidics was initially hailed as a revolutionary
tool that would overcome many obstacles in many fields, it is now viewed much more
cautiously and critically [134,135]. This is probably because many obstacles still need to be
overcome for microdevices to become attractive for BioH2 production in a broader range of
applications.

4.1. Cell Cultivation

The first challenge concerns the behavior of cells for BioH2 production in the microchan-
nels and microchambers. In the transition from a macroenvironment to microenvironment,
many standardized approaches should be changed. According to Halldorsson et al. [136],
the switch to microdimensions has strong impacts on the process: a different culture surface,
reduced media volume, different rates, different medium exchange, etc. This will lead to a
large number of different devices being developed before the right one is found.

In microfluidic cell cultivation, pH regulation is always a challenge. If CO2 removal is
not controlled, the pH will deviate significantly from the physiological range. The question
is how to remove CO2 and obtain BioH2.

Another question is how to culture cells under flow conditions. A large number of
cells in a small volume requires constant media exchange in the chamber, as the nutrients
are rapidly consumed.

Moreover, the lifetime of such devices is short compared to classical systems due to
biofouling, air entrapment, etc. [135].

4.2. Modular Systems vs. Integrated Systems

One of the promising directions of BioH2 production is to use microfluidic flexibility
in the design to develop an integrated system, leading to better productivity and efficiency.
For example, dark fermentation could be performed in one microbioreactor, followed by
the photo-fermentation of organic acids in a second microfluidic unit connected in a series
using combined cocultures. While this sounds theoretically possible, the commercialization
of such a system is still a problem. Most of today’s microfluidic devices are complex,
with specific purposes, with holders and connectors, tubing, and many other accessories
required for assembly. Many of them combine all the necessary functions on a single
chip. However, manufacturing and developing such microfluidics is expensive and time-
consuming. Once the microfluidic is made, it is also difficult to make further adjustments.
For this reason, when building a two-stage BioH2 production system, a modular system



Energies 2022, 15, 7065 16 of 22

would be a better choice. Modular systems allow for much greater flexibility in design,
leading to the development of devices with the desired characteristics. With these systems,
it would be easy to replace a specific unit rather than redesign an entire system, as is the
case with fully integrated systems. An example of such devices is LEGO microfluidics,
which can have both fluidic and active functions (detection, sorting, etc.) [137]. According
to Mark et al. [138], the development of more generic platforms with the ability to integrate
multiple functions will increase the impact of microfluidics in the global market and make
the overall system more attractive to non-microfluidics users.

4.3. Sensors

To successfully use a microfluidic system for BioH2 production, integrated sensors
should be used. In addition to simple detection, the sensors should also have quantitative
detection properties. The most commonly used sensors in microfluidics are optical and
electrochemical sensors, both of which can be used for the detection of BioH2. In the
work of Luong et al. [139], the authors developed a class of lightweight optical hydrogen
sensors based on a meta-surface of Pd nano-patchy particle arrays that meet the increasing
requirements for a safe hydrogen sensing system without the risk of sparking. In addition
to the Pb layer, a WO3 layer can also be used. The advantages of the different optical
sensors were discussed in the work by Zhang et al. [140].

Nowadays, the challenge is not in the development of the sensors but in their minia-
turization, adaptation to microfluidics, and integration.

4.4. Microscale CCS

BioH2 is considered environmentally friendly, and it is widely believed that CO2
produced in this way can be released into the atmosphere. However, CO2 can be captured
with CCS, leading to the production of negative-carbon hydrogen. The challenge is to
transfer the current CCS technology to the microscale. One possible solution is gas–liquid
absorption. In the article of Ganapathy et al. [141], the authors proposed carbon capture in
a multiport microscale absorber. The absorber consisted of 15 straight parallel channels.
The authors tested the absorption of CO2 mixed with N2 in aqueous diethanolamine and
reported that a high absorption efficiency of almost 100% was observed under certain
operating conditions. Although this approach is promising, new approaches for CO2
removal should be developed.

4.5. Selection of the Substrate

Special attention should also be given to the study of substrates (i.e., biomass) that
can be used for BioH2 production. Although many will agree that renewable materials
such as lignocellulose and wastes are the preferred substrate source, there is the question
of available quantities. Although microfluidics requires only small amounts of substrates,
there is general concern about whether the available quantities are sufficient. According
to the European Commission, Directorate General for Energy [142], potential biomass
resources amount to about 10% of the EU energy consumption. There is also a general
concern about whether there will be a biomass in the future. In the Xu et al. [143] paper, the
authors ask a valid question—what will happen to the biomass for large-scale bioenergy
production in the context of global warming? As crop yields decline and the food industry
is affected, the availability of a biomass will rapidly decrease. Therefore, new substrates
and new technologies with negative emission should be explored.

4.6. Selection of the Material for the Production of Microdevices

Another problem is the choice of material for microfluidic production. The most
commonly used microdevices are made of polydimethylsiloxane (PDMS). It is said that
the use of PDMS has accelerated the development and application of microfluidics [134].
This material is easy to handle, cheap, and available. In cell cultivation, this material is
chosen, because it is gas-permeable. It allows O2 permeation through the material to the
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buffer to oxygenate the medium and releases CO2 generated in the system. On the other
hand, this property is undesirable in BioH2 production, because it would lead to losses
during production. As a possible solution, microfluidics made of glass or silicone can be
used, but their use in microfluidic production requires special manufacturing processes
that make the whole production process more expensive. For this reason, a new material
for microfluidic devices for BioH2 production should be investigated that is easy to handle,
cheap, and not gas-permeable.

4.7. Changing the User’s Perspective

For non-microfluidic experts, using microfluidics is still a challenge. Usually, their
assembly is not easy. Avoiding clogging and damage, setting the right process conditions,
etc. require knowledge. It is also difficult to convince people, and it takes an exceptional
performance of microdevices to encourage them to switch from conventional macropro-
cesses and technologies to microfluidics. The initial equipment costs are always a challenge
when replacing something old with something new [144]. Users are also skeptical about
the quantities of products that can be achieved in microfluidics, so a better understanding
of the “numbering up” concept is needed.

5. Outlook and Conclusions

At this point, it can be said that microfluidics will find its place in power generation,
just as it has found its place in many other fields. Considering its characteristics, such as
reduction of the reaction time, reduction of the energy required for operation, small number
of samples needed, small amount of waste generated, and high precision, the future of
microfluidics in power generation is more than promising. At the same time, BioH2 can be
produced using immobilized cells or enzymes, in which the mass transfer is significantly
reduced through the use of microreactors, thus intensifying the processes.

It is very likely that, in the near future, we will see microdevices that can power
devices much larger than themselves, but their focus and use will likely be on powering
biosensors, implantable medical devices, and as environmental monitoring systems. Given
the different approaches to BioH2 production and the adaptability of microfluidics, the
possibilities are very different. We can only look forward to seeing what the future holds.
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Biomass Using Dark Fermentation. Renew. Sustain. Energy. Rev. 2018, 91, 665–694. [CrossRef]

42. Ghimire, A.; Frunzo, L.; Pirozzi, F.; Trably, E.; Escudie, R.; Lens, P.N.L.; Esposito, G. A Review on Dark Fermentative Biohydrogen
Production from Organic Biomass: Process Parameters and Use of By-Products. Appl. Energy 2015, 144, 73–95. [CrossRef]

43. Elbeshbishy, E.; Dhar, B.R.; Nakhla, G.; Lee, H.S. A Critical Review on Inhibition of Dark Biohydrogen Fermentation. Renew.
Sustain. Energy. Rev. 2017, 79, 656–668. [CrossRef]

44. Kossalbayev, B.D.; Tomo, T.; Zayadan, B.K.; Sadvakasova, A.K.; Bolatkhan, K.; Alwasel, S.; Allakhverdiev, S.I. Determination of
the Potential of Cyanobacterial Strains for Hydrogen Production. Int. J. Hydrogen Energy 2019, 45, 2627–2639. [CrossRef]

45. Rather, A.H.; Srivastav, A.K. A Study on Biohydrogen Production based on Biophotolysis from Cyanobacteria. Ann. Rom. Soc.
Cell Biol. 2021, 25, 12500–12509.

46. Oncel, S.S.; Kose, A.; Faraloni, C.; Imamoglu, E.; Elibol, M.; Torzillo, G.; Sukan, F.V. Biohydrogen Production Using Mutant Strains
of Chlamydomonas Reinhardtii: The Effects of Light Intensity and Illumination Patterns. Biochem. Eng. J. 2014, 92, 47–52. [CrossRef]

47. Sengmee, D.; Cheirsilp, B.; Suksaroge, T.T.; Prasertsan, P. Biophotolysis-Based Hydrogen and Lipid Production by Oleaginous
Microalgae Using Crude Glycerol as Exogenous Carbon Source. Int. J. Hydrogen Energy 2017, 42, 1970–1976. [CrossRef]

48. Lu, C.; Li, W.; Zhang, Q.; Liu, L.; Zhang, N.; Qu, B.; Yang, X.; Xu, R.; Chen, J.; Sun, Y. Enhancing Photo-Fermentation Biohydrogen
Production by Strengthening the Beneficial Metabolic Products with Catalysts. J. Clean. Prod. 2021, 317, 128437. [CrossRef]

49. Zhang, T.; Jiang, D.; Zhang, H.; Jing, Y.; Tahir, N.; Zhang, Y.; Zhang, Q. Comparative Study on Bio-Hydrogen Production
from Corn stover: Photo-Fermentation, Dark-Fermentation and Dark-Photo Co-fermentation. Int. J. Hydrogen Energy 2020, 45,
3807–3814. [CrossRef]

50. Ji, Y.; Sultan, M.A.; Kim, D.Y.; Meeks, N.; Hastings, J.T.; Bhattacharyya, D. Effect of Silica-Core Gold-Shell Nanoparticles on
The Kinetics of Biohydrogen Production and Pollutant Hydrogenation Via Organic Acid Photofermentation Over Enhanced
Near-Infrared Illumination. Int. J. Hydrogen Energy 2021, 46, 7821–7835. [CrossRef] [PubMed]

51. Al-Mohammedawi, H.H.; Znad, H.; Eroglu, E. Improvement of Photofermentative Biohydrogen Production Using Pre-Treated
Brewery Wastewater with Banana Peels Waste. Int. J. Hydrogen Energy 2019, 44, 2560–2568. [CrossRef]

52. Fitri Hanipa, M.A.; Abdul, P.M.; Jahim, J.; Sobri Takriff, M.; Reungsang, A. Valorising Fermentation Effluent Rich in Short-Chain
Fatty Acids and Sugars for Biohydrogen Via Photofermentation by Rhodobacter sphaeroides KKU-PS1. IOP Conf. Ser. Earth Environ.
Sci. 2019, 268, 012077. [CrossRef]

53. Hitit, Z.Y.; Lazaro, C.Z.; Hallenbeck, P.C. Single Stage Hydrogen Production from Cellulose Through Photo-Fermentation by A
Co-Culture of Cellulomonas fimi and Rhodopseudomonas palustris. Int. J. Hydrogen Energy 2017, 42, 6556–6566. [CrossRef]

54. Hay, J.X.W.; Wu, T.Y.; Juan, J.C.; Jahim, J.M. Effect of Adding Brewery Wastewater to Pulp and Paper Mill Effluent to Enhance the
Photofermentation Process: Wastewater Characteristics, Biohydrogen Production, Overall Performance, and Kinetic Modeling.
Environ. Sci. Pollut. Res. 2017, 24, 10354–10363. [CrossRef]

55. Budiman, P.M.; Wu, T.Y.; Ramanan, R.N.; Jahim, J.M. Reusing Colored Industrial Wastewaters in a Photofermentation for
Enhancing Biohydrogen Production by Using Ultrasound Stimulated Rhodobacter sphaeroides. Environ. Sci. Pollut. Res. 2017, 24,
15870–15881. [CrossRef]

56. Silva, J.; Mendes, J.; Correia, J.; Rocha, M.; Micoli, L. Cashew Apple Bagasse as New Feedstock for the Hydrogen Production
Using Dark Fermentation Process. J. Biotechnol. 2018, 286, 71–78. [CrossRef]

57. Muharja, M.; Junianti, F.; Ranggina, D.; Nurtono, T.; Widjaja, A. An Integrated Green Process: Subcritical Water, Enzymatic
Hydrolysis, and Fermentation, for Biohydrogen Production from Coconut Husk. Biores. Technol. 2018, 249, 268–275. [CrossRef]

58. Lin, R.; Cheng, J.; Ding, L.; Song, W.; Liu, M.; Zhou, J.; Cen, K. Enhanced Dark Hydrogen Fermentation by Addition of Ferric
Oxide Nanoparticles Using Enterobacter aerogenes. Biores. Technol. 2016, 207, 213–219. [CrossRef]

59. Li, Y.; Zhang, Z.; Zhang, Q.; Tahir, N.; Jing, Y.; Xia, C.; Zhu, S.; Zhang, X. Enhancement of Bio-Hydrogen Yield and Ph Stability in
Photo Fermentation Process Using Dark Fermentation Effluent as Succedaneum. Biores. Technol. 2019, 297, 122504. [CrossRef]
[PubMed]

60. Ulhiza, T.A.; Puad, N.I.M.; Azmi, A.S. Optimization of Culture Conditions for Biohydrogen Production from Sago Wastewater by
Enterobacter Aerogenes Using Response Surface Methodology. Int. J. Hydrogen Energy 2018, 43, 22148–22158. [CrossRef]

61. Renaudie, M.; Dumas, C.; Vuilleumier, S.; Ernst, B. New Way of Valorization of Raw Coffee Silverskin: Biohydrogen and Acetate
Production by Dark Fermentation Without Exogenous Inoculum. Bioresour. Technol. Rep. 2022, 17, 100918. [CrossRef]

62. Sun, Y.; Ma, Y.; Zhang, B.; Sun, H.; Wang, N.; Wang, L.; Zhang, J.; Xue, R. Comparison of Magnetite/Reduced Graphene Oxide
Nanocomposites and Magnetite Nanoparticles on Enhancing Hydrogen Production in Dark Fermentation. Int. J. Hydrogen Energy
2022, 47, 22359–22370. [CrossRef]

http://doi.org/10.3390/en12010071
http://doi.org/10.1002/ceat.201900400
http://doi.org/10.1016/j.rser.2021.111413
http://doi.org/10.1016/j.rser.2013.11.022
http://doi.org/10.1016/j.rser.2018.04.043
http://doi.org/10.1016/j.apenergy.2015.01.045
http://doi.org/10.1016/j.rser.2017.05.075
http://doi.org/10.1016/j.ijhydene.2019.11.164
http://doi.org/10.1016/j.bej.2014.06.019
http://doi.org/10.1016/j.ijhydene.2016.10.089
http://doi.org/10.1016/j.jclepro.2021.128437
http://doi.org/10.1016/j.ijhydene.2019.04.170
http://doi.org/10.1016/j.ijhydene.2020.11.257
http://www.ncbi.nlm.nih.gov/pubmed/35185266
http://doi.org/10.1016/j.ijhydene.2018.11.223
http://doi.org/10.1088/1755-1315/268/1/012077
http://doi.org/10.1016/j.ijhydene.2016.12.035
http://doi.org/10.1007/s11356-017-8557-9
http://doi.org/10.1007/s11356-017-8807-x
http://doi.org/10.1016/j.jbiotec.2018.09.004
http://doi.org/10.1016/j.biortech.2017.10.024
http://doi.org/10.1016/j.biortech.2016.02.009
http://doi.org/10.1016/j.biortech.2019.122504
http://www.ncbi.nlm.nih.gov/pubmed/31813819
http://doi.org/10.1016/j.ijhydene.2018.10.057
http://doi.org/10.1016/j.biteb.2021.100918
http://doi.org/10.1016/j.ijhydene.2022.05.073


Energies 2022, 15, 7065 20 of 22

63. Wu, M.; Fu, Q.; Huang, J.; Xu, Q.; Wang, D.; Liu, X.; Yang, J.; Wu, Y.; He, D.; Ni, B.J.; et al. Effect of Sodium Dodecylbenzene
Sulfonate on Hydrogen Production from Dark Fermentation of Waste Activated Sludge. Sci. Total Environ. 2021, 799, 149383.
[CrossRef]

64. Sivaramakrishnan, R.; Shanmugam, S.; Sekar, M.; Mathimani, T.; Incharoensakdi, A.; Kim, S.H.; Parthiban, A.; Geo, V.A.;
Brindhadevi, K.; Pugazhendhi, A. Insights on Biological Hydrogen Production Routes and Potential Microorganisms for High
Hydrogen Yield. Fuel 2021, 291, 120136. [CrossRef]

65. Ortigueira, J.; Alves, L.; Gouveia, L.; Moura, P. Third Generation Biohydrogen Production by Clostridium Butyricum and Adapted
Mixed Cultures from Scenedesmus Obliquus Microalga Biomass. Fuel 2015, 153, 128–134. [CrossRef]

66. Shanmugam, S.; Sun, C.; Zeng, X.; Wu, Y.R. High-Efficient Production of Biobutanol by a Novel Clostridium Sp. Strain WST With
Uncontrolled Ph Strategy. Bioresour. Technol. 2018, 256, 543–547. [CrossRef]

67. Santiago, S.G.; Trably, E.; Latrille, E.; Buitron, G.; Moreno-Andrade, I. The Hydraulic Retention Time Influences the Abundance
of Enterobacter, Clostridium and Lactobacillus During the Hydrogen Production from Food Waste. Lett. Appl. Microbiol. 2019, 69,
138–147. [CrossRef]

68. Mthethwa, N.P.; Nasr, M.; Kiambi, S.L.; Bux, F.; Kumari, S. Biohydrogen fermentation from Pistia stratiotes (aquatic weed) using
mixed and pure bacterial cultures. Int. J. Hydrogen Energy 2019, 44, 17720–17731. [CrossRef]

69. Turhal, S.; Turanbaev, M.; Argun, H. Hydrogen Production from Melon and Watermelon Mixture by Dark Fermentation. Int. J.
Hydrogen Energy 2019, 44, 18811–18817. [CrossRef]

70. Shanmugam, S.; Krishnaswamy, S.; Chandrababu, R.; Veerabagu, U.; Pugazhendhi, A.; Mathimani, T. Optimal Immobilization
of Trichoderma Asperellum Laccase on Polymer Coated Fe3O4@Sio2 Nanoparticles for Enhanced Biohydrogen Production from
Delignified Lignocellulosic Biomass. Fuel 2020, 273, 117777. [CrossRef]

71. Machado, R.G.; Moreira, F.S.; Batista, F.R.X.; Ferreira, J.S.; Cardoso, V.L. Repeated Batch Cycles as an Alternative for Hydrogen
Production by Co-Culture Photofermentation. Energy 2018, 153, 861–869. [CrossRef]

72. Hitit, Z.Y.; Lazaro, C.Z.; Hallenbeck, P.C. Hydrogen Production by Co-Cultures of Clostridium butyricum and Rhodospeudomonas
palustris: Optimization of Yield Using Response Surface Methodology. Int. J. Hydrogen Energy 2017, 42, 6578–6589. [CrossRef]

73. Penniston, J.; Gueguim Kana, E.B. Impact of Medium Ph Regulation on Biohydrogen Production in Dark Fermentation Process
Using Suspended and Immobilized Microbial Cells. Biotechnol. Biotechnol. Equip. 2018, 32, 204–212. [CrossRef]

74. Keskin, T.; Abubackar, H.N.; Arslan, K.; Azbar, N. Biohydrogen Production from Solid Wastes. In Biohydrogen; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 321–346.

75. Mirza, S.S.; Qazi, J.I.; Zhao, Q.; Chen, S. Photo-Biohydrogen Production Potential of Rhodobacter capsulatus-PK from Wheat Straw.
Biotechnol. Biofuels. 2013, 6, 2–13. [CrossRef]

76. Jiang, D.; Ge, X.; Zhang, T.; Liu, H.; Zhang, Q. Photo-Fermentative Hydrogen Production from Enzymatic Hydrolysate of Corn
Stalk Pith with A Photosynthetic Consortium. Int. J. Hydrogen Energy 2016, 41, 16778–16785. [CrossRef]

77. Chen, C.C.; Chuang, Y.S.; Lin, C.Y.; Lay, C.H.; Sen, B. Thermophilic Dark Fermentation of Untreated Rice Straw Using Mixed
Cultures for Hydrogen Production. Int. J. Hydrogen Energy 2012, 37, 15540–15546. [CrossRef]

78. Beig, B.; Riaz, M.; Raza Naqvi, S.; Hassan, M.; Zheng, Z.; Karimi, K.; Pugazhendhi, A.; Atabani, A.; Thuy Lan Chi, N. Current
Challenges and Innovative Developments in Pretreatment of Lignocellulosic Residues for Biofuel Production: A Review. Fuel
2021, 287, 119670. [CrossRef]

79. Gorgec, F.K.; Karapinar, I. Biohydrogen Production from Hydrolyzed Waste Wheat by Dark Fermentation in a Continuously
Operated Packed Bed Reactor: The Effect of Hydraulic Retention Time. Int. J. Hydrogen Energy 2019, 44, 136–143. [CrossRef]

80. Hitit, Z.Y.; Lazaro, C.Z.; Hallenbeck, P.C. Increased Hydrogen Yield and COD Removal from Starch/Glucose Based Medium by
Sequential Dark and Photo-Fermentation Using Clostridium butyricum and Rhodopseudomonas palustris. Int. J. Hydrogen Energy
2017, 42, 18832–18843. [CrossRef]

81. Kuppam, C.; Pandit, S.; Kadier, A.; Dasagrandhi, C.; Velpuri, J. Biohydrogen Production: Integrated Approaches to Improve the
Process Efficiency. Microb. Appl. 2017, 1, 189–210. [CrossRef]

82. Convery, N.; Gadegaard, N. 30 Years of Microfluidics. Micro Nano Eng. 2019, 2, 76–91. [CrossRef]
83. Bargahi, N.; Ghasemali, S.; Jahandar-Lashaki, S.; Nazari, A. Recent Advances for Cancer Detection and Treatment by Microfluidic

Technology Review and Update. Biol. Proced. Online 2022, 24, 5. [CrossRef] [PubMed]
84. Xie, Y.; Dai, L.; Yang, Y. Microfluidic Technology and Its Application in the Point-of-Care Testing Field. Biosens. Bioelectron. X.

2022, 10, 100109. [CrossRef] [PubMed]
85. Moradi, E.; Jalili-Firoozinezhad, S.; Solati-Hashjin, M. Microfluidic Organ-on-A-Chip Models of Human Liver Tissue. Acta.

Biomater. 2020, 116, 67–83. [CrossRef]
86. Kolb, G. Review: Microstructured Reactors for Distributed and Renewable Production of Fuels and Electrical Energy. Chem. Eng.

Process. 2013, 65, 1–44. [CrossRef]
87. Soler, L.; Divins, N.J.; Vendrell, X.; Serrano, I.; Llorca, J. Hydrogen Production in Microreactors. In Current Trends and Future

Developments on (Bio-) Membranes, New Perspectives on Hydrogen Production, Separation, and Utilization; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 141–182. [CrossRef]

88. Goerke, O.; Pfeifer, P.; Schubert, K. Water Gas Shift Reaction and Selective Oxidation of CO In Microreactors. Appl. Catal. A Gen.
2004, 263, 11–18. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2021.149383
http://doi.org/10.1016/j.fuel.2021.120136
http://doi.org/10.1016/j.fuel.2015.02.093
http://doi.org/10.1016/j.biortech.2018.02.077
http://doi.org/10.1111/lam.13191
http://doi.org/10.1016/j.ijhydene.2019.05.152
http://doi.org/10.1016/j.ijhydene.2018.10.011
http://doi.org/10.1016/j.fuel.2020.117777
http://doi.org/10.1016/j.energy.2018.04.101
http://doi.org/10.1016/j.ijhydene.2016.12.122
http://doi.org/10.1080/13102818.2017.1408430
http://doi.org/10.1186/1754-6834-6-144
http://doi.org/10.1016/j.ijhydene.2016.07.129
http://doi.org/10.1016/j.ijhydene.2012.01.036
http://doi.org/10.1016/j.fuel.2020.119670
http://doi.org/10.1016/j.ijhydene.2018.08.155
http://doi.org/10.1016/j.ijhydene.2017.05.161
http://doi.org/10.1007/978-3-319-52666-9_9
http://doi.org/10.1016/j.mne.2019.01.003
http://doi.org/10.1186/s12575-022-00166-y
http://www.ncbi.nlm.nih.gov/pubmed/35484481
http://doi.org/10.1016/j.biosx.2022.100109
http://www.ncbi.nlm.nih.gov/pubmed/35075447
http://doi.org/10.1016/j.actbio.2020.08.041
http://doi.org/10.1016/j.cep.2012.10.015
http://doi.org/10.1016/b978-0-12-817384-8.00007-8
http://doi.org/10.1016/j.apcata.2003.11.036


Energies 2022, 15, 7065 21 of 22

89. Im, Y.; Hyung Lee, J.; Sub Kwak, B.; Yeon Do, J.; Kang, M. Effective Hydrogen Production from Propane Steam Reforming Using
M/Nio/YSZ Catalysts (M = Ru, Rh, Pd, and Ag). Catal. Today 2018, 203, 168–176. [CrossRef]

90. Zhu, L.; Kroodsma, N.; Yeom, J.; Haan, J.L.; Shannon, M.A.; Meng, D.D. An on-Demand Microfluidic Hydrogen Generator with
Self-Regulated Gas Generation and Self-Circulated Reactant Exchange with a Rechargeable Reservoir. Microfluid. Nanofluid 2011,
11, 569. [CrossRef]

91. Banerjee, R.; Kumar, S.P.J.; Mehendale, N.; Sevda, S.; Garlapati, V.K. Intervention of Microfluidics in Biofuel and Bioenergy
Sectors: Technological Considerations and Future Prospects. Renew. Sust. Energ. Rev. 2019, 101, 548–558. [CrossRef]

92. Fadakar, A.; Mahdi Mardanpour, M.; Yaghmaei, S. The Coupled Microfluidic Microbial Electrochemical Cell as a Self-Powered
Biohydrogen Generator. J. Power Sources 2020, 451, 227817. [CrossRef]

93. Parkhey, P.; Sahu, R. Microfluidic Microbial Fuel Cells: Recent Advancements and Future Prospects. Int. J. Hydrogen Energy 2021,
46, 3105–3123. [CrossRef]

94. Goel, S. From Waste to Watts in Micro-Devices: Review on Development of Membraned and Membraneless Microfluidic Microbial
Fuel Cell. Appl. Mater. Today 2018, 11, 270e9. [CrossRef]

95. Mousavi, M.R.; Ghasemi, S.; Sanaee, Z.; Nejad, Z.G.; Mardanpour, M.M.; Yaghmaei, S.; Ghorbanzadeh, M. Improvement of the
Microfluidic Microbial Fuel Cell Using a Nickel Nanostructured Electrode and Microchannel Modifications. J. Power Sources 2019,
437, 226891. [CrossRef]

96. Luo, X.; Xie, W.; Wang, R.; Wu, X.; Yu, L.; Qiao, Y. Fast Start-Up Microfluidic Microbial Fuel Cells with Serpentine Microchannel.
Front. Microbiol. 2018, 9, 2816. [CrossRef]

97. Jiang, H.; Ali, M.A.; Xu, Z.; Halverson, L.J.; Dong, L. Integrated Microfluidic Flow-Through Microbial Fuel Cells. Sci. Rep. 2017, 7, 41208.
[CrossRef]

98. Ma, X.; Huo, Y.X. The Application of Microfludic-Based Technologies in the Cycle of Metabolic Engineering. Synth. Syst. Biotechnol.
2016, 1, 137–142. [CrossRef]

99. Commenge, J.M.; Falk, L.; Corriou, J.P.; Matlosz, M. Optimal Design for Flow Uniformity in Microchannel Reactors. AIChE J 2002,
48, 345–358. [CrossRef]

100. Sekoai, P.T.; Awosusi, A.A.; Yoro, K.O.; Singo, M.; Oloye, O.; Ayeni, A.O.; Bodunri, M.; Daramola, M.O. Microbial Cell
Immobilization in Biohydrogen Production: A Short Overview. Crit. Rev. Biotechnol. 2018, 38, 157–171. [CrossRef]

101. Syed, S.M.; Rafeie, M.; Vandamme, D.; Asadnia, M.; Henderson, R.; Taylor, R.A.; Warkiani, M.E. Selective Separation of Microalgae
Cells Using Inertial Microfluidics. Bioresour. Technol. 2017, 252, 91–99. [CrossRef] [PubMed]

102. Ye, D.; Zhang, P.; Li, J.; Zhu, X.; Chen, R.; Liao, Q. In Situ Visualization of Biofilm Formation in a Microchannel for a Microfluidic
Microbial Fuel Cell Anode. Int. J. Hydrogen Energy 2020, 46, 14651–14658. [CrossRef]

103. Subramanian, S.; Huiszoon, R.C.; Chu, S.; Bentley, W.E.; Ghodssi, R. Microsystems for Biofilm Characterization and Sensing—A
Review. Biofilm 2020, 2, 100015. [CrossRef]

104. Kim, H.S.; Devarenne, T.P.; Han, A. A high Throughput Microfuidic Singlecell Screening Platform Capable of Selective Cell
Extraction. Lab Chip. 2015, 15, 2467–2475. [CrossRef] [PubMed]

105. Eu, Y.J.; Park, H.S.; Kim, D.P.; Wook Hong, J. A Microfuidic Perfusion Platform for Cultivation and Screening Study of Motile
Microalgal Cells. Biomicrofuidics 2014, 8, 024113. [CrossRef] [PubMed]

106. Luke, C.S.; Selimkhanov, J.; Baumgart, L.; Cohen, S.E.; Golden, S.S.; Cookson, N.A.; Hasty, J. A Microfuidic Platform for
Long-Term Monitoring of Algae in a Dynamic Environment. ACS Synth. Biol. 2016, 5, 8–14. [CrossRef]

107. Kaminski, T.S.; Garstecki, P. Controlled Droplet Microfuidic Systems for Multistep Chemical and Biological Assays. Chem. Soc.
Rev. 2017, 46, 6210–6226. [CrossRef]

108. Chou, W.L.; Lee, P.Y.; Yang, C.L.; Huang, W.Y.; Lin, Y.S. Recent Advances in Applications of Droplet Microfuidics. Micromachines
2015, 6, 1249–1271. [CrossRef]

109. Lapierre, F.; Wu, N.; Zhu, Y. Influence of Flow Rate on the Droplet Generation Process in a Microfuidic Chip. In Smart Nano-Micro
Materials and Devices; International Society for Optics and Photonics: Melbourne, Australia, 2011; p. 82040H.

110. Lim, J.; Caen, O.; Vrignon, J.; Konrad, M.; Taly, V.; Baret, J.C. Parallelized Ultrahigh Throughput Microfuidic Emulsifer for
Multiplex Kinetic Assays. Biomicrofuidics 2015, 9, 034101. [CrossRef]

111. Cui, W.; Zhang, M.; Duan, X.; Pang, W.; Zhang, D.; Zhang, H. Dynamics of Electrowetting Droplet Motion in Digital Microfuidics
Systems: From Dynamic Saturation to Device Physics. Micromachines 2015, 6, 778–789. [CrossRef]

112. Au, S.H.; Shih, S.C.C.; Wheeler, A.R. Integrated Microbioreactor for Culture and Analysis of Bacteria, Algae and Yeast. Biomed.
Microdevices. 2011, 13, 41–50. [CrossRef] [PubMed]

113. Cho, S.K.; Moon, H.; Kim, C.J. Creating, Transporting, Cutting, And Merging Liquid Droplets by Electrowetting-Based Actuation
for Digital Microfuidic Circuits. J. Microelectromech. Syst. 2003, 12, 70–80. [CrossRef]

114. Zhao, Y.; Chakrabarty, K. Cross-Contamination Avoidance for Droplet Rout- Ing in Digital Microfuidic Biochips. IEEE Trans
Comput Aided Des. Integr Circuits Syst. 2012, 31, 817–830. [CrossRef]

115. Lin, C.C.Y.; Chang, Y.W. Cross-Contamination Aware Design Methodology for Pin-Constrained Digital Microfuidic Biochips.
IEEE Trans Comput Aided Des. Integr Circuits Syst. 2011, 30, 817–828. [CrossRef]

116. Aghajani Delavar, M.; Wang, J. Numerical Investigation of Ph Control on Dark Fermentation and Hydrogen Production in a
Microbioreactor. Fuel 2021, 292, 120355. [CrossRef]

http://doi.org/10.1016/j.cattod.2017.08.056
http://doi.org/10.1007/s10404-011-0822-5
http://doi.org/10.1016/j.rser.2018.11.040
http://doi.org/10.1016/j.jpowsour.2020.227817
http://doi.org/10.1016/j.ijhydene.2020.07.019
http://doi.org/10.1016/j.apmt.2018.03.005
http://doi.org/10.1016/j.jpowsour.2019.226891
http://doi.org/10.3389/fmicb.2018.02816
http://doi.org/10.1038/srep41208
http://doi.org/10.1016/j.synbio.2016.09.004
http://doi.org/10.1002/aic.690480218
http://doi.org/10.1080/07388551.2017.1312274
http://doi.org/10.1016/j.biortech.2017.12.065
http://www.ncbi.nlm.nih.gov/pubmed/29306136
http://doi.org/10.1016/j.ijhydene.2020.08.170
http://doi.org/10.1016/j.bioflm.2019.100015
http://doi.org/10.1039/C4LC01316F
http://www.ncbi.nlm.nih.gov/pubmed/25939721
http://doi.org/10.1063/1.4871522
http://www.ncbi.nlm.nih.gov/pubmed/24803962
http://doi.org/10.1021/acssynbio.5b00094
http://doi.org/10.1039/C5CS00717H
http://doi.org/10.3390/mi6091249
http://doi.org/10.1063/1.4919415
http://doi.org/10.3390/mi6060778
http://doi.org/10.1007/s10544-010-9469-3
http://www.ncbi.nlm.nih.gov/pubmed/20838902
http://doi.org/10.1109/JMEMS.2002.807467
http://doi.org/10.1109/TCAD.2012.2183369
http://doi.org/10.1109/TCAD.2011.2108010
http://doi.org/10.1016/j.fuel.2021.120355


Energies 2022, 15, 7065 22 of 22

117. Alias, A.B.; Mishra, S.; Pendharkar, G.; Chen, C.S.; Liu, C.H.; Liu, Y.J.; Yao, D.J. Microfluidic Microalgae System: A Review.
Molecules 2022, 27, 1910. [CrossRef]

118. Yang, Y.T.; Wang, C.Y. Review of Microfluidic Photobioreactor Technology for Metabolic Engineering and Synthetic Biology of
Cyanobacteria and Microalgae. Micromachines 2016, 7, 185. [CrossRef]

119. Kwak, H.S.; Kim, J.Y.H.; Sim, S.J. A Microreactor System for Cultivation of Haematococcus Pluvialis and Astaxanthin Production.
J. Nanosci. Nanotechnol. 2015, 15, 1618–1623. [CrossRef]

120. Perin, G.; Cimetta, E.; Monetti, F.; Morosinotto, T.; Bezzo, F. Novel Micro-Photobioreactor Design and Monitoring Method for
Assessing Microalgae Response to Light Intensity. Algal Res. 2016, 19, 69–76. [CrossRef]

121. Graham, P.J.; Riordon, J.; Sinton, D. Microalgae on Display: A Microfluidic Pixel-Based Irradiance Assay for Photosynthetic
Growth. Lab Chip 2015, 15, 3116–3124. [CrossRef]

122. Velasquez-Orta, S.B.; Curtis, T.P.; Logan, B.E. Energy from Algae Using Microbial Fuel Cells. Biotechnol. Bioeng. 2009, 103,
1068–1076. [CrossRef] [PubMed]

123. Pinck, S.; Ostormujof, L.M.; Teychené, S.; Erable, B. Microfluidic Microbial Bioelectrochemical Systems: An Integrated Investiga-
tion Platform for a More Fundamental Understanding of Electroactive Bacterial Biofilms. Microorganisms 2020, 8, 1841. [CrossRef]
[PubMed]

124. Shirkosh, M.; Hojjat, Y.; Mardanpour, M.M. Boosting Microfluidic Microbial Fuel Cells Performance Via Investigating Electron
Transfer Mechanisms, Metal-Based Electrodes, and Magnetic Field Effect. Sci. Rep. 2022, 12, 7417. [CrossRef] [PubMed]

125. Amador, C.; Gavriilidis, A.; Angeli, P. Flow Distribution in Different Microreactor Scaleout Geometries and the Effect of
Manufacturing Tolerances and Channel Blockage Chem. Eng. J. 2004, 101, 379–390. [CrossRef]

126. Wang, J. Theory of Flow Distribution in Manifolds. Chem. Eng. J. 2011, 168, 1331–1345. [CrossRef]
127. Wang, J. Theory and Practice of Flow Field Designs for Fuel Cell Scaling-Up: A Critical Review. Appl. Energy. 2015, 157, 640–663.

[CrossRef]
128. Huo, C.; Bai, C.; Zhang, P. Micropumps for Microfluidic Devices and BioMEMS. J. Phys. Conf. Ser. 2020; 1626, 012040. [CrossRef]
129. Das, P.K.; Hasan, A.B.M.T. Mechanical Micropumps and Their Applications: A Review. AIP Conf. Proc. 2017, 1851, 020110.

[CrossRef]
130. Keçili, R.; Hussain, C.M. Green Micro Total Analysis Systems (Gµtas) For Environmental Samples. Trends Environ. Anal. Chem.

2021, 31, e00128. [CrossRef]
131. Mardanpour, M.M.; Yaghmaei, S. Dynamical Analysis of Microfluidic Microbial Electrolysis Cell Via Integrated Experimental

Investigation and Mathematical Modeling. Electrochim. Acta 2017, 227, 317–329. [CrossRef]
132. Delavar, M.A.; Wang, J. Three-Dimensional Modeling of Photo Fermentative Biohydrogen Generation in A Microbioreactor.

Renew. Energy 2022, 181, 1034–1045. [CrossRef]
133. Gele, M.Y.; Yaghmaei, S.; Mardanpour, M.M. A Comparative Study of Three Types of Anode Electrodes in A Microfluidic. Iran. J.

Hydrog. Fuel Cell 2021, 8, 13–21. [CrossRef]
134. Chiu, D.T.; deMello, A.J.; Di Carlo, D.; Doyle, P.S.; Hansen, C.; Maceiczyk, R.M.; Wootton, R.C.R. Small but Perfectly Formed?

Successes, Challenges, and Opportunities for Microfluidics in the Chemical and Biological Sciences. Chem 2017, 2, 201–223.
[CrossRef]

135. Fernandes, A.C.; Gernaey, K.V.; Krühne, U. Connecting Worlds—A View on Microfluidics for a Wider Application. Biotechnol.
Adv. 2018, 36, 1341–1366. [CrossRef] [PubMed]

136. Halldorsson, S.; Lucumi, E.; Gómez-Sjöberg, R.; Fleming, R.M.T. Advantages and Challenges of Microfluidic Cell Culture in
Polydimethylsiloxane Devices. Biosens. Bioelectron. 2015, 63, 218–231. [CrossRef]

137. Owens, C.E.; Hart, A.J. High-Precision Modular Microfluidics by Micromilling of Interlocking Injection-Molded Blocks. Lab Chip
2018, 18, 890–901. [CrossRef]

138. Mark, D.; Haeberle, S.; Roth, G.; von Stetten, F.; Zengerle, R. Microfluidic Lab-on-a-Chip Platforms: Requirements, Characteristics
and Applications. Chem. Soc. Rev. 2010, 39, 1153–1182. [CrossRef]

139. Luong, H.M.; Pham, M.T.; Guin, T.; Pokharel Madhogaria, R.; Phan, M.H.; Keefe Larsen, G.; Nguyen, T.H. Sub-Second and
Ppm-Level Optical Sensing of Hydrogen Using Templated Control of Nano-Hydride Geometry and Composition. Nat. Commun.
2021, 12, 2414. [CrossRef]

140. Zhang, Y.; Peng, H.; Qian, X.; Zhang, Y.; An, G.; Zhao, Y. Recent Advancements in Optical Fiber Hydrogen Sensors. Sens. Actuators
B Chem. 2017, 244, 393–416. [CrossRef]

141. Ganapathy, H.; Steinmayer, S.; Shooshtari, A.; Dessiatoun, S.; Alshehhi, M.; Ohadi, M.M. Enhanced Carbon Capture in a
Multiport Microscale Absorber. In Proceedings of the ASME 2013 International Mechanical Engineering Congress and Exposition,
IMECE2013. San Diego, CA, USA, 15–21 November 2013 ; Volume 56291, p. V06BT07A006. [CrossRef]

142. Sustainable and Optimal Use of Biomass for Energy in the EU Beyond 2020. European Commission, Directorate General
for Energy. 2017. Available online: https://ec.europa.eu/energy/sites/ener/files/documents/biosustain_annexes_final.pdf
(accessed on 17 August 2022).

143. Xu, S.; Wang, R.; Gasser, T.; Ciais, P.; Peñuelas, J.; Balkanski, Y.; Boucher, O.; Janssens, I.A.; Sardans, J.; Clark, J.H.; et al. Delayed
Use of Bioenergy Crops Might Threaten Climate and Food Security. Nature 2022, 609, 299–306. [CrossRef]

144. Shields, C.W.; Ohiri, K.A.; Szott, L.M.; López, G.P. Translating Microfluidics: Cell Separation Technologies and Their Barriers to
Commercialization. Cytom. Part B Clin. Cytom. 2017, 92, 115–125. [CrossRef]

http://doi.org/10.3390/molecules27061910
http://doi.org/10.3390/mi7100185
http://doi.org/10.1166/jnn.2015.9321
http://doi.org/10.1016/j.algal.2016.07.015
http://doi.org/10.1039/C5LC00527B
http://doi.org/10.1002/bit.22346
http://www.ncbi.nlm.nih.gov/pubmed/19418564
http://doi.org/10.3390/microorganisms8111841
http://www.ncbi.nlm.nih.gov/pubmed/33238493
http://doi.org/10.1038/s41598-022-11472-6
http://www.ncbi.nlm.nih.gov/pubmed/35523838
http://doi.org/10.1016/j.cej.2003.11.031
http://doi.org/10.1016/j.cej.2011.02.050
http://doi.org/10.1016/j.apenergy.2015.01.032
http://doi.org/10.1088/1742-6596/1626/1/012040
http://doi.org/10.1063/1.4984739
http://doi.org/10.1016/j.teac.2021.e00128
http://doi.org/10.1016/j.electacta.2017.01.041
http://doi.org/10.1016/j.renene.2021.09.120
http://doi.org/10.22104/IJHFC.2021.4765.1217
http://doi.org/10.1016/j.chempr.2017.01.009
http://doi.org/10.1016/j.biotechadv.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29733891
http://doi.org/10.1016/j.bios.2014.07.029
http://doi.org/10.1039/C7LC00951H
http://doi.org/10.1039/b820557b
http://doi.org/10.1038/s41467-021-22697-w
http://doi.org/10.1016/j.snb.2017.01.004
http://doi.org/10.1115/imece2013-66345
https://ec.europa.eu/energy/sites/ener/files/documents/biosustain_annexes_final.pdf
http://doi.org/10.1038/s41586-022-05055-8
http://doi.org/10.1002/cyto.b.21388

	Introduction 
	Hydrogen Production—A Challenge with Undefined Colors 
	Microfluidic Technology for Enhancing Biohydrogen Production 
	Small Size for Large Properties 
	Cell Cultivation in Microfluidics 
	Light Irradiation in Microfluidics 
	Laminar Flow 
	Integration of Different Processes and Technical Solutions 
	Numbering Up 

	Microfluidic Production of BioH2 

	Obstacles to Be Overcome 
	Cell Cultivation 
	Modular Systems vs. Integrated Systems 
	Sensors 
	Microscale CCS 
	Selection of the Substrate 
	Selection of the Material for the Production of Microdevices 
	Changing the User’s Perspective 

	Outlook and Conclusions 
	References

