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Abstract: Billions of litres of wastewater are produced daily from domestic and industrial areas,
and whilst wastewater is often perceived as a problem, it has the potential to be viewed as a rich
source for resources and energy. Wastewater contains between four and five times more energy
than is required to treat it, and is a potential source of bio-hydrogen—a clean energy vector, a
feedstock chemical and a fuel, widely recognised to have a role in the decarbonisation of the future
energy system. This paper investigates sustainable, low-energy intensive routes for hydrogen
production from wastewater, critically analysing five technologies, namely photo-fermentation, dark
fermentation, photocatalysis, microbial photo electrochemical processes and microbial electrolysis
cells (MECs). The paper compares key parameters influencing H2 production yield, such as pH,
temperature and reactor design, summarises the state of the art in each area, and highlights the
scale-up technical challenges. In addition to H2 production, these processes can be used for partial
wastewater remediation, providing at least 45% reduction in chemical oxygen demand (COD), and
are suitable for integration into existing wastewater treatment plants. Key advancements in lab-based
research are included, highlighting the potential for each technology to contribute to the development
of clean energy. Whilst there have been efforts to scale dark fermentation, electro and photo chemical
technologies are still at the early stages of development (Technology Readiness Levels below 4);
therefore, pilot plants and demonstrators sited at wastewater treatment facilities are needed to
assess commercial viability. As such, a multidisciplinary approach is needed to overcome the current
barriers to implementation, integrating expertise in engineering, chemistry and microbiology with the
commercial experience of both water and energy sectors. The review concludes by highlighting MECs
as a promising technology, due to excellent system modularity, good hydrogen yield (3.6–7.9 L/L/d
from synthetic wastewater) and the potential to remove up to 80% COD from influent streams.

Keywords: wastewater; energy; hydrogen production; microbial electrolysis cell; photo-fermentation;
dark fermentation; photocatalysis; microbial photo electrochemical cell

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) states that reducing CO2
emissions will play a critical role in addressing the challenges posed by climate change.
Increasing energy production from renewable sources, and eliminating waste through the
continual use of resources via a circular economy approach, are key aspects of the mitigation
strategy [1]. The International Energy Agency (IEA) [2] and the UK Environment Agency
(EA) [3] have emphasised the role the water industry can play to address the effects of
climate change. Whilst the sector uses a significant amount of energy for water distribution
and wastewater treatment (around 3–5% of the global energy use [4]), wastewater (WW)
is widely recognised as a potential source of energy. Researchers have quantified the
energy available in wastewater to be in the range of 17.8 to 28.7 kJ per gram of chemical
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oxygen demand (COD), with calculations demonstrating that wastewater contains between
four and five times more energy than is required for treatment [4]. There is therefore
potential to recover thermal, kinetic and chemical energy from wastewater, including
energy-rich gases such as methane and hydrogen. Hydrogen is an energy vector, a feedstock
chemical and a fuel, and it is widely recognised that hydrogen produced via low-carbon
footprint technologies, commonly defined as bio-hydrogen, will play a significant role in
the decarbonisation of the energy system [5]. To date, many processes have been developed
for hydrogen production, but the majority are energy-intensive and based on fossil fuels,
often termed “black” hydrogen [6], and as such contribute to CO2 emissions. Therefore,
there is a clear need to identify both new sources and low-energy processes for hydrogen
production, enabling decarbonisation of the energy system, coupled with improving the
uptake of low-energy intensive wastewater treatment processes.

This paper reviews sustainable low-energy intensive processes that use domestic
and/or industrial wastewater as a feedstock for bio-hydrogen production, describing the
underpinning theory and state of the art relating to photo-fermentation (PF), photocataly-
sis, microbial photo electrochemical cells (MPEC), dark fermentation (DF) and microbial
electrolysis cells (MEC). We examine the pros and cons of each technology, the key parame-
ters influencing hydrogen yield, and highlight areas for technical development to drive
commercial feasibility.

Previous reviews in this field have focused on a single technology or specific aspects of
technologies producing bio-hydrogen from municipal wastewater. For example, Yasri et al.
[7] reviewed MECs, focusing on the influence of the system design, electrolyte properties,
and anode and cathode materials, while Preethi et al. [8] described the role and influ-
ence of various operating parameters on dark fermentative biohydrogen production from
industrial wastewater. Banu et al. [9] discussed the recent developments, enhancement
strategy, economical aspects and scale-up of dark fermentative hydrogen production from
industrial wastewater. A recent review by Hay et al. [10] focused mainly on photo and dark
fermentation, providing only a short introduction to microbial electrolysis cells. Pretreat-
ment approaches to enhance hydrogen yields in microbial-based generation systems were
recently reviewed by Sharmila et al. [11], and reduction in influent toxicity significantly in-
creased bio-hydrogen production, thereby aiding economic viability. Hydrogen production
through photocatalysis was reviewed by Rioja-Cabanillas et al., describing the underpin-
ning materials involved in electrode/catalysts and the efficiencies of both photocatalysis
and photochemical processes [12]. The need for researchers to move from synthetic to
real wastewater substrates and an opportunity to couple treatments through simultaneous
bioremediation was also highlighted. Capson-Tojo et al. [13] critically analysed the role of
purple phototrophic bacteria (PPB) in recovering value-added products from wastewater,
including bio-hydrogen, through artificial and solar irradiation (sometimes referred to as
biological “batteries”, converting sewage to clean energy).

Some authors broaden the scope further to analyse bio-hydrogen production from
organic waste, considering both organic waste and wastewater with the analysis of both
fermentation-based processes and MECs [14], and indeed, the integration of low-energy
intensive processes with existing technologies. Kadier et al. [15] reviewed MEC integration
with MFC, anerobic digestion, dye-sensitised solar cells and thermoelectric microconverters
to generate more sustainable hydrogen from wastewater, identifying strategies for scale-up.
However, to the authors’ knowledge, there is no comprehensive review including light-
dependent and -independent technologies to produce bio-hydrogen from domestic and
industrial wastewater.

The objectives of the paper are to (1) develop a comparative analysis of both light-
dependent and -independent H2 production technologies; (2) identify the key challenges
facing low-energy processes; (3) discuss the current trends and future research pathways
to improve H2 yield from wastewater.
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2. Methodology
2.1. Web of Science-Based Trend Analysis

Clarivate’s Web of Science (WoS) advanced search tool was used to assess research
activities related to “hydrogen production processes from wastewater”. The output from
the tool (Table 1) identified 1030 documents from 2001 to July 2020 [16]. No acronyms
were considered in this search operation. In addition, 13 query strings were selected
based on five specific technologies presented in the review, and additional relevant vari-
ables/parameters were included with respect to low-energy intensive hydrogen production
processes (Table 1). Although the number of publications returned in the search was com-
prehensive, some articles linked to the topic may not have been identified through the use
of the specific strings. An analysis of the data in Table 1 shows that dark fermentation
returned the highest number of related documents (125), followed by microbial electrolysis
cell (64), photocatalysis (43), photo-fermentation (28) and microbial photo electrochemical
cells (8). Among the results, “reactor” (set # 2) returned the highest number of publications
(397), whereas “configuration” (set # 12) generated a low number of publications (38).
Figure 1 shows the number of publications per year as a function of topic as well as other
associated fields between 2001 and 2020. The data confirm the steady increase in research
output within this field, with the number of publications across the technologies (set # 1)
rising from 8 in 2001, to 144 in 2019 (an 18-fold increase). The refinement of technology
and focus on increased efficiency were evident from the large number of papers from 2013
onwards focusing on reactor development, materials and/or fabrication techniques.

Table 1. Publication results for the different search query strings used in this study.

Set# Query String No of Publication

1 TS = (Hydrogen* production processes * from wastewater) 1030

2 #1 AND TS = (reactor) 397

3 #1 AND TS = (material* OR fabrication*) 160

4 #1 AND TS = (energy generation*) 152

5 # 1 AND TS = (dark fermentation) 125

6 #1 AND TS = (microorganism*) 85

7 #1 AND TS = (COD reduction rate*) 72

8 # 1 AND TS = (microbial electrolysis cell*) 64

9 #1 AND TS = (biofilm) 63

10 #1 AND TS = (photocatalysis) 43

11 #1 AND TS = (photocatalyst*) 41

12 #1 AND TS = (configuration*) 38

13 # 1 AND TS = (photo-fermentation) 28

14 #1 AND TS = (Microbial photo* electrochemical cell) 08

Analysis of research publication trends not only permits the review and identification
of “hot topics” and progress towards the production of clean renewable hydrogen, as
it also permits the identification of research gaps. Figure 1a highlights the increase in
research focused on hydrogen production; whilst this is coupled with wastewater remedi-
ation (primarily a reduction in COD), the analysis shows significant interest and growth
specifically for hydrogen production within the sector. Figure 1b analyses trends in those
low-energy intensive hydrogen production processes, demonstrating increased research
activity in DF, photocatalysis and MEC. If areas such as photo-fermentation and PMEC are
to make significant contributions to the area, additional focus is needed in these specific
areas. Figure 1c details the specific research topics which underpin progress in the area;
whilst there has been an increase over the past 10 years in articles related to reactor designs
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and materials, these laboratory-based advances have not yet transferred into industry
application.
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2.2. VOS Viewer-Based Strength Analysis

The 1030 publications selected by Clarivate’s WoS database were analysed by VOS
viewer (version 1.6.15, April 2020) to establish and visualise bibliometric networks as-
sociated with the relative strength of the keywords. The clustering and co-occurrence
networks demonstrate the synergy between the research areas, but highlight the use of
differing terminology (bio-hydrogen relating to fermentation-based systems; anaerobic
digestion (AD) favouring hydrogen linked with biogas). Of the 2595 keywords within the
selected publications, 22 were identified based on the minimum occurrence threshold level
of 15. Hydrogen exhibited the highest link strength (72) followed by biohydrogen (70) and
wastewater (66). Among the process keywords, dark fermentation showed the highest
strength (41) followed by MEC (26) and photocatalysis (10), whereas photo-fermentation
and MPEC did not exhibit results. A concept map (Figure 2) was developed, visualising
the cluster of keywords with their relative linked strengths. Four different clusters were
identified; Cluster 1 (red) is the biggest cluster with 8 keywords, including MEC linked
to wastewater treatment and bioenergy generation, whereas Cluster 4 (yellow) forms the
smallest cluster with 4 keywords, including photocatalysis, linked to hydrogen produc-
tion and olive mill wastewater. The growing interest in MEC was highlighted through
association with the main cluster [17].
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3. Hydrogen Production Process Analysis

Low-energy intensive hydrogen production processes utilising domestic or industrial
wastewater as a feedstock can be classified based on their dependence on the input of
light (UV/Vis energy); however, many other routes are available (Figure 3) [18]. Light-
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dependent processes can be split into photo-fermentation, photocatalysis and microbial
photoelectrochemical systems, whereas dark fermentation and microbial electrolysis cells
do not depend on photonic based energy input. In addition to these low-energy intensive
processes, several other processes have been used to generate hydrogen from wastewater,
including electrolysis, reverse electrodialysis, microbial electrodialysis and super critical
water gasification (energy-intensive H2 production processes, requiring significant electri-
cal input and/or high temperature). It is noted that additional catalysts are required for
photocatalysis [19], and small-voltage bias is often used for MEC and MPEC [20].
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3.1. Photo-Fermentation (PF)
3.1.1. Description of the Process

Photo-fermentation has been well studied for the production of H2 from industrial
wastewaters, as shown in Table 2. Batch-mode photoreactors ensure the absence of oxygen,
permitting purple non-sulphur (PNS) bacteria [21] to anaerobically break down organic
compounds producing hydrogen (Figure 4) [22]. The reactions shown in Equation (1)
and (2) describe the energetics of the process for two model compounds (acetic acid and
glucose), confirming the non-spontaneous reaction. As such, the input of photons is
essential, typically limiting process efficiency. Photosynthetic bacteria convert the organic
content to hydrogen, primarily via nitrogenase and hydrogenase enzyme systems. A
greater molar yield is theoretically generated from glucose-based substrates.

2CH3COOH + 2H2O→ 4H2 + 2CO2, (∆Go = +104 kJ) (1)

C6H12O6 + 6H2O→12H2 + 6CO2 (∆Go = +3.2 kJ) (2)
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In the presence of molecular nitrogen (N2), nitrogenase catalyses the formation of
ammonium (NH4

+) and H2 (Equation (3)), with the reaction also sustainable in the absence
of N2 (Equation (4)).

N2 + 8 e− +10 H+ + 16 MgATP→ 2 NH4
+ + H2 + 16 MgADP + 16 Pi (3)

8 e− + 8 H+ + 16 MgATP→ 4 H2 + 16 MgADP + 16 Pi (4)

where Pi signifies orthophosphate.
Table 2 describes hydrogen production by PF from different types of wastewater using

both natural and artificial photon input. Whilst low-cost and carbon-free, using sunlight has
drawbacks, including limited working time (daylight hours only) and intensity fluctuation
due to seasonality and weather changes [23]. Generally, as a source of artificial light,
mercury–tungsten lamps have been used with light intensities in the range of 4000 lux to
9000 lux. With dairy wastewater, the highest hydrogen production rate (0.057 L/L/h) was
achieved using a 9000 lux lamp, suggesting that high photon flux can increase hydrogen
production. A high hydrogen production rate (0.015 L/L/h) was reported from olive
wastewater using a 150 W/m2 tungsten lamp [24]; conversely, a low H2 yield (0.009L/L/h)
was reported from olive mill wastewater using a lamp intensity of 200 W/m2 [25]. Such
variations provide an idea of the complexity of the process, the importance of reactor
configuration and the need to optimise parameters to ensure efficient H2 production.

Table 2. Batch photo fermentative hydrogen production.

Effluent
Type Microorganism Pre-Treatment

Light
Intensity
Source

Temp (◦C) pH
H2

Production
Rate (L/L/d)

Reference

Brewery
wastewater

Rhodobacter
sphaeroides

Sterilised at
120◦C for 20 min

9000
lux/Hg-W

lamp
28 ± 2 7–7.2 0.045 [23]

Dairy
wastewater

Rhodobacter
sphaeroides

Sterilised at
120◦C for 20 min

9000
lux/Hg-W

lamp
28 ± 2 7–7.2 0.057 [26]

Olive oil
wastewater

Rhodobacter
sphaeroides - 200 W/m2 32 6.8–7 0.009 [25]

Palm oil mill
effluent

Rhodopseudomonas
sp - 2500 lux 30 ± 2 7 0.01 [27]

Tofu
wastewater

Rhodobacter
sphaeroides - 8000 lux 30 7.9 0.015 [27]
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3.1.2. Important Process Parameters

Both the rate and yield of H2 production are influenced by light intensity, temperature,
pH, hydraulic retention time (HRT) and substrate C/N ratio. The configuration of the
photobioreactor also plays a key role relating to both efficient light capture and the growth
of microbes inside the reactor. Table 3 summarises the parameters that influence hydrogen
production, highlighting optimal ranges. Zhang et al. reported a temperature range from
30 to 40 ◦C to be optimal for hydrogen production, whereas the pH range depends on
the influent type [28]. Baffle-based bioreactors were reported to show a high hydrogen
production rate and cumulative hydrogen yield, this being effective for uninterrupted
production of H2. Substrate C/N ratio plays a vital role, being inversely proportional to H2
production rate [29]. If C/N is higher than 2/3, then it is likely that H2 production will be
hindered due to the accumulation of NH4

+. In regard to HRT, no linear relationship with
H2 production rate was reported; however, hydrogen yield may be decreased when HRT
below 24 h [28].

Table 3. Key parameters and optimal range influencing the H2 production in photo-fermentation.

Parameter Value Range Reference

Wavelength Visible radiation (400–950 nm) [30]

Temperature 30 to 40 ◦C [28]

pH 7.0–8.0 for mixed culture and 8.0–9.0 for acetate
and butyrate [31]

C/N ratio Less than 2/3 with 25:1 optimal for batch reactor
processing [29]

Reactor High surface area to volume ratio aids light
capture and distribution [30]

HRT
Dependent on the reactor configuration and

type; for baffle photobioreactor an HRT >24 h
was reported to be optimal

[28]

3.1.3. Strengths, Weakness and H2 Production Enhancement

Photo-fermentative hydrogen production is not economically viable at a larger scale,
but this is an active area of research with some promising recent progress. The main chal-
lenges include (1) the high cost and complexity of the photobioreactors [32], (2) the fact that
microbes are highly sensitive to temperature and light intensity, (3) the low catalytic activity
of nitrogenase [33], and (4) the bacterial contamination and synthesis of competing by-
products, such as polyhydroxybutyrate. Although the process has several drawbacks, there
is significant potential, as follows: (1) the possibility of using solar energy, a free, renewable
and clean energy source [34]; (2) a variety of substrates can be utilised by the PNS bacteria,
and (3) the process can be integrated with other technologies, such as dark fermentation
(DF), enhancing hydrogen output [34]. Assawamongkholsiri & Reungsang [35] reported
optimisation of the process by controlling key factors such as (1) microbial cell density,
(2) initial pH, (3) light intensity and (4) molybdenum concentration, increasing the hydro-
gen production rate and yield 1.6–2.5-fold. Recent advancements in bio-nanotechnology,
especially the application of nano-metal ions and oxides in photo-fermentative hydro-
gen processes, have shown promising results. The addition of TiO2 (300 mg/L), ZnO
(100 mg/L) and SiC (200 mg/L) to the medium can enhance hydrogen production by up
to 18.6% [36]. The use of genetically modified and mixed bacterial consortia have been
reported to be effective when scaling-up the photo fermentative hydrogen production from
dark fermented effluent (residue produced from anaerobic digester), with increased COD
reduction also reported [37]. Improved photobioreactor kinetics, increasing light diffusion
coupled with effective mixing, can also increase photoconversion efficiency [32]. Net
hydrogen production can also be increased by improving the efficiency of key nitrogenase
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enzymes, with one study using genetic engineering to knock out specific PNS genes and
reduce the suppression of nitrogenase by ammonium ions [38].

3.2. Photocatalysis
3.2.1. Description of the Process

Photocatalysis is defined as the acceleration of a photoreaction in the presence of a
catalyst. Photocatalytic hydrogen generation can be achieved through the photo-splitting
of water [39] or the photo-reforming/degradation of organic species [40]. Solar photocat-
alytic processes require the catalyst to absorb radiation in the UV and/or visible range to
promote electrons from the valence band to the conduction band, thereby generating the
required potential for surface-based redox reactions and, in this case, hydrogen formation
(Figure 5) [41,42].
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Short-chain alcohols (e.g., methanol, ethanol and glycerol), carboxylic acids, (e.g.,
formic acid), and carbohydrates (e.g., glucose) present in wastewater are commonly ox-
idised in photo-reforming processes [43–46]. Photocatalytic treatment of industrial and
domestic wastewater streams has been achieved, demonstrating potential for a combined
process of wastewater treatment with simultaneous hydrogen generation [45]. For efficient
hydrogen production, a high irradiated surface area to volume ratio is required [44].

Table 4 reports H2 production rate (micromole per gram of catalyst per hour) as a
function of photocatalyst, wastewater source and light intensity. Much of the research
being undertaken focuses on the implementation of new catalysts or the optimisation of
process parameters and influent properties. The modification of the catalyst plays a vital
role in hydrogen production; for example, the use of Au/TiO2 was reported to result in a
greater rate of hydrogen production from municipal wastewater in comparison to Cu/TiO2
(22 and 0.1 µmol/g_cat/h, respectively), and achieved 115.2 and 10.27 µmol/g_cat/h,
respectively, with a juice production wastewater as the substrate.
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Table 4. Photocatalytic hydrogen production from selected wastewater streams

Effluent Source Catalyst Irradiation
Source

Duration
(h)

H2 Production Rate
(µmol/g_cat/h) Reference

Max SD

Municipal
wastewater Au/TiO2 1 kW/m2 2 0.1 0.030 [45]

Municipal
wastewater Cu/TiO2 1 kW/m2 2 0.1 0.030 [45]

Municipal
wastewater Au/TiO2

Solar
(305–550 nm) 5 22 7.025 [46]

Industrial
wastewater Au/TiO2

Solar
(305–550 nm) 5 12 3.646 [46]

Juice
production
wastewater

Au/TiO2 1 kW/m2 2 115.2 20.341 [45]

Juice
production
wastewater

Cu/TiO2 1 kW/m2 2 10.27 1.646 [45]

Secondary
effluent Pt-TiO2

Xe-arc lamp
(400–700 nm) 3.3 0.60 0.158 [47]

3.2.2. Important Process Parameters

Experimental parameters which can be optimised include photocatalyst composition
and dose, light intensity, reactor configuration, irradiated surface area to volume ratio,
and energy input cost (Table 5). TiO2 is the most extensively utilised photocatalyst due
to its commercial availability, low cost, stability in different pH conditions, and non-toxic
properties. Temperature does not significantly influence photocatalytic kinetics, although
pollutant desorption and gas solubility can de decreased at elevated temperatures. One
study reports the use of a Pt/TiO2 photocatalyst to enhance H2 production with increasing
the temperature from 45 ◦C to 55 ◦C Catalyst concentration significantly influences the
efficiency of the photocatalytic process; upon reaching the optimal loading, H2 production
is maximised; however, photon absorption can be limited due to scattering and blocking at
high catalyst concentrations. Baniasadi et al. [48] reported additional hydrogen production
(20% increase) with increasing light intensity (from 900 to 1000 W/m2) in the presence of a
ZnS photocatalyst. Photocatalytic activity can also be enhanced through the introduction
of biological material, which can play a hole-scavenging role, permitting increased change
carrier separation efficiency. Photoreactor architecture plays a crucial role in efficient
reaction kinetics. Compound parabolic concentrator reactors (CPC) are considered an
effective option to capture both direct and diffuse solar radiation, leading to higher yields
of hydrogen than flat plate systems [49]. Interestingly, Wei et al. [50] presented promising
research investigating antibiotic degradation and simultaneous hydrogen production by
photocatalysis. They demonstrated progress in the remediation of micropollutants with
a reduction in effluent toxicity, and highlighted the significant role catalysts play in the
generation of hydrogen production.
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Table 5. Key parameters influencing photocatalytic H2 production.

Parameter Description Reference

Catalyst
Reports include chalcogenides (ZnS, CdS, CdSe), metal oxides (TiO2, Cu2O, ZrO2),

carbonaceous materials (g-C3N4) and solid solutions [(Ga1-xZnx)(N1-xOx),
(AgIn)xZn2(1-x)S2]. Bare and modified TiO2 remains most common.

[49]

pH pH plays an important role in photocatalytic hydrogen production from wastewater.
Acidic solution (pH < 7) of wastewater is more favorable than basic solution (pH >7). [51]

Temperature Generally ambient, with some exception showing increased H2 production rates between
45 ◦C and 55 ◦C and even up to 80 ◦C. [52]

Concentration of
catalyst

Concentration should be optimised to the reactor system. At low concentrations, rate is
directly proportional to the catalyst concentration; however, high-loading photon

scattering dominates.
[53]

Light Intensity Increased photon flux typically increased H2 production rate—but dependent on catalyst
concentration. [48]

Sacrificial reagent Sacrificial reagents can enhance polarity and absorption, with electron donation
providing additional redox capability. [54]

Photoreactor Compound parabolic concentrator reactors (CPC) reported to be effective in harvesting
direct and diffuse solar radiation. [55]

3.2.3. Strengths, Weaknesses and H2 Production Enhancement

Photocatalysis offers the following: (1) alternative low energy approach to water
treatment compared to conventional treatment methods (activated carbon, ultrafiltration,
reverse osmosis, coagulation, ion exchange) with the capacity to use solar energy [55]; (2)
enhanced removal of a wide range of toxic recalcitrant compounds prior to conventional
treatment, and full mineralisation of pollutants is theoretically possible [56]; (3) the reaction
conditions for photocatalysis are moderate, the reaction time is limited, and the chemical
by-products produced are of low toxicity [57].

Although widely researched within academia, this promising low-energy process
is still in its infancy with respect to commercial-scale operation due to key drawbacks,
including inefficient photon-absorption and, as such, energy utilisation [58]. A major
challenge is the design of effective photocatalytic reactors [59], with parameters such as
simple and low-cost construction and operational costs difficult to balance against photon
efficiency and operation at large volume [60]. Photocatalytic hydrogen production could be
improved by (1) doping catalysts with, for example, noble metallic nanoparticles, providing
enhanced H2 generation via surface plasmon resonance (SPR) impacts [61], (2) designing
and developing effective photoreactors [60], (3) greater academic–industry collaboration to
drive commercial viability, and (4) the significant potential to use low-energy, high-output
light-emitting diodes as photon sources, which can be tuned to catalyst absorption.

3.3. Microbial Photo Electrochemical Cells (MPEC)
3.3.1. Description of the Process

In MPEC systems, microbial activities and photochemical processes take place within
the reactor generating hydrogen with or without a small external bias. The bioanode and
photocathode are separated by a bipolar membrane (Figure 6). In this system, wastewater
microbes, particularly electrochemically active bacteria (EABs), break down the organic sub-
stances within wastewater, releasing electrons and protons. Protons exchange through the
membrane, with electrons passing through the external circuit to assist proton photoreduc-
tion to gaseous H2 [62]. A nanostructured cost-effective black silicon (b-Si) photocathode
was reported to be efficient for the absorption of visible light energy and electron transport
without the need of an external bias [62,63]. In this case, the H2 production rate was higher
than in other classical MPEC systems, and greater than unassisted photo electrochemical
cell (PEC) water splitting systems [64]. Table 6 shows the hydrogen production rate via
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MPEC from wastewater and synthetic wastewater. Unbiased hydrogen production using
brewery wastewater, with black silicon (b-Si) catalyst and a light intensity ranging between
6.54 and 9.88 mW/cm2, showed normalised hydrogen production rates in the range of
0.31–0.43 L/L/d [62], which is higher than that observed with synthetic wastewater [64].
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Table 6. Hydrogen production via MPEC.

Effluent Source Name and Type of
Catalyst

Light Intensity/Energy
input

Duration
(h)

H2 Production Rate
(L/L/d) Reference

Max SD

Brewery
wastewater

b-Si/MoSx-1

1 Sun
(0.654–9.88 mW/cm2)

90 0.31 0.057

[62]
b-Si/MoSx-2 90 0.37 0.061

b-Si/Pt-1 90 0.42 0.063

b-Si/Pt-2 90 0.43 0.065

Synthetic
wastewater TiO2 30 W mercury lamp 200 0.018 0.001 [65]

Synthetic
wastewater CuO2/NiOx

Visible light
illumination/0 to 0.4 Volt

external bias
2–6 0.07 0.004 [66]

3.3.2. Important Process Parameters

Table 7 summaries key process variables, materials chosen for the photocathode and
bioanode construction, coupled with light intensity play vital roles for the performance of
MPEC. A sound reactor configuration is vital to ensure high surface area for both biological
growth and chemical reactions, and therefore optimal efficiency [67].
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Table 7. Key parameters influencing H2 production via an MPEC.

Parameter Description Reference

Bioanode High surface area conducting material—typically carbon,
e.g., carbon brush, graphite felt. [67]

Substrate and
Concentration

Versatility in wastewater source; however, conductivity is an important consideration to aid
charge carrier transfer and catalyst performance. [62]

Photocathode Photoactive materials can be used as photocathode, or photoactive catalysts can be deposited
onto efficient conductive supporting cathode materials. [68]

Light intensity Light intensity varies based on reactor configuration. Wavelength should be matched to or
exceed the band-gap of the photocathode material. [62]

Catalyst CuO2/NiOx, TiO2, b-Si/Pt, b-Si/MoSx etc are widely used. [62]

pH pH of the electrolyte varies over the time. Maintaining stable pH can help with consistent
production of H2. [62]

3.3.3. Strengths, Weakness and H2 Enhancement

MPEC is a promising technology with strengths including the following: (1) a wide
range of organic pollutants can be remediated without additional consumable chemicals;
(2) the stability and good lifetime of common catalysts, and (3) the combination of microbial
and chemical systems reduces energy input. The use of solar energy is a possibility [66].
However, MPEC technology is still at the laboratory stage of development, with several
challenges, as follows: (1) low rates of H2 production in comparison to other processes;
(2) the overall efficiency, and the quality of the produced effluent is low; (3) reliability
and durability requires long-term study; (4) current fabrication and operational cost is
high [68]. Additional opportunities for research include co-catalyst development to increase
photocatalytic activity [69], and the fabrication of electrically conductive three-dimensional
anode electrodes with large surface areas, which could enhance hydrogen productivity [70].

3.4. Dark Fermentation (DF)
3.4.1. Description of the Process

DF is the most widely studied fermentation process, whereby, in the absence of light
and oxygen, hydrogen-producing microorganisms and microalgae can produce hydrogen
from a wide variety of substrates, including the organic fraction of wastewater (Figure 7).
Glucose is considered the ideal substance for fermentation, which, during glycolysis, is con-
verted to pyruvate, and through various pathways, H2 can be produced (Equations (5)–(7)).
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In the case of wastewater, the major soluble and bio-available organic products include
organic acids (acetic, propionic, and butyric) and short-chain alcohols [71]. Theoretically,
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one mole of glucose can produce 12 mol of hydrogen (Equation (2)), but practically, the
production rate is much lower (typically 3.47 mol H2/mol glucose via the acetic acid
pathway [72]). A range of operational parameters can influence hydrogen production
volume and rate of production in batch production, including the activity and growth
rate of the anaerobic microorganisms [73], with continuous operation mode being more
complex as the microbial activity is very sensitive to pH and toxic shock [74]. The content
and bio-availability of organic and inorganic substrates also significantly influences process
performance [75].

C6H12O6 + 2H2O→ 2CH3COOH + 2CO2 + 4H2 (acetic acid pathway) (5)

C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2 (butyric acid pathway) (6)

C6H12O6→CH3COOH + CH3CH2COOH + CO2 + H2 (propionic acid pathway) (7)

Table 8 compares the dark fermentative hydrogen production rates from a range of
industrial effluents by batch and continuous mode processes. DF operates in typically
acidic conditions; the pH varies from 4.5 to 7.5, at low operational temperature (mesophilic
conditions). The effects of the operational conditions, the COD of the influent wastewater,
the HRT and the importance of the optimisation of the inoculum (the source of natural
microorganisms) are all evident with respect to beverage wastewater treatment, with
studies reporting both high H2 (1.75 L/L/d) and low H2 production rates (0.03 L/L/d).
In continuous-mode cheese whey, wastewater was reported to yield higher rates of H2
production than studies using batch mode; however, close process control is required to
maintain steady gas production in the continuous mode [76]. Although the substrate COD
is a key element in the production of H2, DF is a multi-parametric process.

Table 8. Hydrogen production by dark fermentation.

Effluent Source Inoculum
Source pH Temp

(◦C)

Substrate
Concentration

(gCOD/L)

Operation
Mode

H2 Production
Rate

(L/L/d)
Reference

Beverage WW EMC 6.5 37.0 5.0

Batch

1.75 [77]

Beverage WW AM 4–6 28 2.4–4.7 0.03 [78]

Cheese
processing WW ADS 4.8 35–38 5–7 1.0 [79]

Cheese whey
WW ADS 5.5 55 21–47 1.5 [76]

Distillery WW AS 5.5 37.0 34.8 2.88 [80]

Plastic industry
WW AS 5.5 36 3 0.28 [81]

Olive mill WW AS 7.0 37 50 0.42 [82]

Textile WW - 7.0 37 20 4.32 [83]

Sugary WW AS 4.5 35 6

Continuous

3.45 [84]

Molasses WW AS 4.4 35 8 7.47 [84]

Olive mill WW AS 7.0 35 39 7.00 [77]

Cheese whey
WW ADS 5.9 22–25 20 8.64 [76]

Legend—WW: wastewater; AS: anaerobic sludge; ADS: anaerobic digester sludge; EMC: enriched mix culture; AM: anaerobic mixed
microflora.

3.4.2. Important Process Parameters

The mode of operation, substrate and microorganism culture/inoculum source play a
significant role in DF-mediated H2 production (Table 8). The control reactor parameters
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include pH, temperature and HRT, with organisms particularly sensitive to high-strength
effluents. The key parameters investigated in the literature are described in Table 9.

Table 9. Key parameters influencing dark fermentative H2 production.

Parameter Description Reference

Inoculum The choice of organisms is critical. Soil, wastewater sludge, compost, manure, digester
sludge and solid waste can all be used. [85]

Pre-treatment Thermal, mechanical, chemical, microwave and biological pre-treatment enhance the
bio-availability of the substrate and the hydrogen yield from both waste and wastewater. [86]

Temperature Typically, mesophilic conditions (25–49 ◦C) produce a higher H2 yield with mixed cultures.
Effective H2 yields are possible with increases in temperature to 60 ◦C. [81]

pH pH is a critical factor significantly determining the growth and metabolic activities of
microbes. Optimum pH ranges from 4.5 to 9. [85]

HRT Depending on reactor conditions and inoculum, the optimum HRT for hydrogen
production ranges between hours and days. [84]

3.4.3. Strengths, Weaknesses and H2 Enhancement Strategy

Dark fermentation is a relatively low-tech, low-cost process producing moderate rates
of H2 and organic removal [87]. Additional advantages include the following: (1) complex
forms of organic substrate can be utilised by anaerobic microorganisms or microalgae; (2)
simple reactor construction; (3) the possibility of producing value-added by-products; (4)
no need for external energy input (light or electrical bias); (5) continuous, all-day operation
is possible. One challenge of anaerobic systems is managing the effluent gases to ensure
that methane, hydrogen sulphide and carbon monoxide are separated from H2 [77]. The
pre-treatment of feedstock, process optimisation, co-fermentation, the supplementation of
additives such as metal ions, and improving inoculum specificity for H2 production are
avenues for continued research [88]. The addition of nickel may also accelerate the action
of hydrogenase, which ultimately contributes to the increased hydrogen evolution [88].
Recently, Rambabu et al. [89] demonstrated improved H2 yields as well as COD reduction
rates with the introduction of nanoparticles (NiO and CoO) to the dark fermentation
process using rice mill wastewater, confirming that research in the area is improving the
outlook for this technology.

3.5. Microbial Electrolysis Cell (MEC)
3.5.1. Description of the Process

MECs have recently attracted significant attention as a means to produce sustainable
hydrogen from wastewater streams [90]. MECs harness anaerobic microorganisms to
convert organic waste matter into H2 in single-chamber or within double-chamber reactors;
Figure 8 shows a schematic of a double-chamber MEC. The anode and cathode cham-
bers are separated by a membrane, which can comprise anion exchange, cation exchange,
bipolar, charge-mosaic and battery separator materials. Organic material entering the
anode chamber is degraded by naturally occurring exo-electrogenic strains of anaerobic
microorganisms, which form a biofilm on the anode’s electrode surface. Microbial degrada-
tion generates electrons, protons, and carbon dioxide (CO2), with the electrons flowing to
the cathode through the exterior circuit. Protons migrate through the membrane, where
cathodic reduction produces H2 gas. Methane (CH4) can also be produced in the cathode
chamber, and careful control is required to optimise H2 production. A small external bias,
ranging from 0.2 to 0.8 volt, is necessary to ensure electron migration and efficient proton
reduction [20]. Model reactions occurring within the MEC using acetic acid as a model
carbon source are shown in Equations (8)–(10).

CH3COOH + 2H2O→ 2CO2 +8e− + 8H+ (Anode) (8)



Clean Technol. 2021, 3 171

8e− + 8H+ → 4H2 (Cathode) (9)

CH3COOH + 2H2O→ 2CO2 +4H2 (Overall) (10)
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In laboratory settings, MECs produce 1 to 4 L/L/d of hydrogen [91–94]; however,
these rates of production have not been observed using real wastewater. Using a six-
cassette-style double-chamber MEC, Heidrich et al. reported pure hydrogen production
(0.015 L/L/d) using urban wastewater in a small-scale trial at a wastewater treatment
plant, along with simultaneous COD reduction (44.5%) [95]. Trials by the same group
increased H2 production to 0.6 L/L/d, using a cassette-type double-chamber MEC at
ambient temperature, demonstrating stability for more than 12 months at the wastewater
treatment plant with 33% COD reduction [96]. Researchers at the University of Leon
reported around 90% COD reduction from both synthetic and municipal wastewater with
a membrane-free MEC, but H2 production rates were relatively low [97,98]. Table 10
shows the application of MEC across a wide range of wastewater sources, highlighting the
columbic efficiency, which ultimately drives the hydrogen production rate. COD reduction
rates and H2 production rates vary significantly, depending on the effluent source and
particular reactor configuration, demonstrating the challenge in developing technology
to attain both hydrogen production and good-quality water treatment. However, with
systems optimised specifically for H2 production, in which the external bias is carefully
controlled, greater H2 production yields are reported.
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Table 10. H2 production from wastewater through MEC.

EFFLUENT
SOURCE

Study Duration
(days)

MEC Capacity
(L)

Columbic
Efficiency

(%)

COD Removal
(%)

Temp
(◦C)

H2/CH4
Production Rate

(L/L/d)
Reference

Domestic WW ≥365 100 41.2 33 1–22 0.007 [96]

Domestic ≥730 2 9–30 80 20 0.006–0.045 [99]

Domestic WW 149 120 55 34 16.6 0.015 [95]

Domestic WW ≥730 2 10–94 85 20 0.045 [97]

Domestic WW 35 0.2 38–65 76 30 0.3 [100]

Municipal WW 120 120 43 43.6 3.7–19.4 0.003–0.004 [101]

Municipal WW >100 130 28 5.9–25.4 - 0.031 [102]

Substrate/WW 100 0.028 15–52 73.5–100 23 0–0.94 [92]

Effluent/WW 28 0.028 60–90 - 25 0.1 [103]

Industrial WW - 0.028 7–12 85–89 30 0.8–1.8 [104]

Molasses WW 25 0.025 83.6–95 - 9 0.72–1.69 [105]

Piggery WW - 0.72 9–30 48 - 0.095 [106]

Swine WW 15 0.028 29–70 19–72 30 0.8–1.0 [107]

3.5.2. Important Process Parameters for MEC

A wide range of operational parameters require careful consideration, such as sub-
strate flow rate, HRT, organic matter concentration (e.g., COD), pH, temperature and
external bias. A range of reactor designs and material factors have been considered by
researchers, including increasing the active area of the anode and cathode and the suitabil-
ity of membrane materials [108]. Table 11 summarises the key parameters influencing the
performance of this complex system.

Table 11. Key parameters influencing H2 production via MEC.

Parameter Description Reference

pH Neutral or slightly acidic pH results in optimal biofilm cultures. [109]

Temperature
Majority of MEC research conducted at low/ambient temperatures (8–22 ◦C). Raising the
temperature to 45 oC can increase the growth of some strains of microorganism but H2

production rates drop above 50 ◦C.

[109]
[110]

Inoculum
MECs frequently inoculated (1) by anodes prepared in MFCs, (2) with treated effluent

from MFC/MEC, (3) seeding with real wastewater/anaerobic sludge and (4) using
cultured pure bacterial species.

[111]
[112]

HRT Reactor design specific; however, COD reduction rate typically proportional with HRT. [111]
[112]

Configuration of MEC
Both single- and double-chamber (H-type, rectangle, cube, cassette type, cylindrical,

tubular, etc.) configurations widely used. Cassette-type modular structure preferred for
scale-up studies.

[108]

External bias In theory MEC requires > = 0.4 V, but 0.8–1.0 V is considered optimum for H2 production. [111]

3.5.3. Strengths, Weaknesses and H2 Performance Strategy

The primary advantage of MECs is the good H2 yield, with 67% to 91% conversion
of the substrate reported from a wide range of effluents with significant COD reduction
noted [113]. In addition, it has been reported that duel-chamber MECs can recover phos-
phorus, with accumulation reaching up to 95% and with simultaneous H2 production [114].
Although the maintenance costs for operation have been reported to be comparatively
low [115], capex costs are often high. Technical challenges requiring attention include
(1) voltage losses (electrode overpotentials and ohmic losses) that reduce efficiency, (2)
high construction costs, (3) consistently meeting effluent discharge standards, and (4) the
instability of MEC due to fouling and the blockage of membranes [112]. To enhance MEC
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performance, increasing the anode surface area, improving the anode microbiome, ensur-
ing optimal temperature and adding catalysts to the electrode have all formed the basis
of many studies. Bioaugmentation and -enrichment is reported to promote the growth of
microbes, and as such leads to improved H2 yields. Wastewater pre-treatments have also
been reported to impact MEC efficiency [116]. The inhibition of methanogens is an impor-
tant strategy to aid in increased H2 yields; the strategies include using pure cultures or
adding catalysts (e.g., 2-bromoethanesulfonate, 2-chloroethanesulfonate, etc.) to suppress
methanogens [91].

4. Discussion
4.1. General Comparison

Although there is a significant body of research exploring H2 production using
wastewater (WW) as a feedstock, no single technology is ready for large-scale appli-
cation. Both photo- and dark fermentation are mature technologies, but in the case of
photo-fermentation, efficiency is still too low and dependent on a small group of specific
bacteria. Furthermore, there is a need to design expensive reactors with high-photon flux
sources and high irradiation areas. For light-dependent technologies, the possibility of us-
ing solar energy is positive, but the most challenging element is the reduced working time
and output intermittency. Photon losses, low conversion efficiencies and poor bio-catalyst
stability reduce the yield of hydrogen in both photocatalysis and MPEC systems. In a recent
study, Lu et al. reported a maximum MPEC stability of only 90 h [62]. Although most
photocatalytic studies focus on pollutant degradation in wastewater, there is a growing
body of research starting to focus on energy production coupled to wastewater treatment,
but this is still at an early stage. Though dark fermentation is a mature technology [117]
and the outcomes from several pilot trials show good yields and rates of hydrogen pro-
duction, the process instability and inconsistency in COD reduction rate remain an issue.
Conversely, studies with MECs demonstrate reasonable COD reduction rates from a range
of wastewater streams, with inconsistency in hydrogen production rates. In theory, a H2
yield of 12 mol/mol hexose is possible with MEC, whereas only 4 mol/mol hexose can
be generated in dark fermentation [90]. Pilot trials using domestic WW show 85% COD
reduction within MECs, wherein the energy requirement was typically less than the energy
required by aerobic WW treatment [96]. With respect to COD removal, studies comparing
systems show MEC performance to be relatively high (80–95%) [98] compared to both
fermentation processes (33%) [118] and water photocatalysis (65%) [119]. Although MEC
technology has been shown to efficiently convert substrate energy to hydrogen, it is not
widely utilised, due primarily to the cost of MEC construction and difficulties in scale-up.
Table 12 summarises the main strengths and technical challenges of each H2 production
process.

Whilst it is difficult to draw direct comparisons, we consider the main parameters de-
termining the application of processes via efficiency (expressed by mechanism-appropriate
means), unit production cost of H2 and percentage COD reduction, and technology matu-
rity (via technology readiness level (TRL)) in Table 13. Fermentative process efficiencies
are articulated as the ratio of output energy based on the produced H2 to the total input
energies, both from the substrate and the external sources (either light or electrical bias).
For photocatalysis, the efficiency is expressed as apparent quantum efficiency (AQE), the
ratio of two times the number of moles of H2 evolved to the number of incident photons,
whereas the MPEC’s efficiency is expressed by the solar to hydrogen (STH) efficiency, which
is the ratio of change in Gibbs free energy per mole of produced H2 to the total illuminated
light energy on the reactor area. By this analysis, MEC shows the highest efficiency (80%);
dark fermentation showed low efficiency (~25%) and photo-fermentation demonstrated a
poor conversion efficiency (10%). With respect to COD reduction rate, MPEC is reported
to remove the highest percentage (90%), followed by MEC (80%), with dark fermentation
the lowest at 45%. Regarding the production cost and maturity of technologies of H2,
dark fermentation is the most economical and the highest TRL, but efficiency and COD
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reduction are still great challenges. Photocatalysis shows an intermediate value of COD
reduction with generally low H2 production efficiency. For MEC, Cheng and Logan [120]
reported reasonable hydrogen production rates (8.55 mol H2/mol-glucose), whereas only
4 mol H2/mol-glucose can be produced by dark fermentation. Furthermore, if operational
conditions are optimised, MECs can produce pure H2 gas without the requirement for
clean-up. If the materials cost (ion exchange membranes, anode material in particular)
could be reduced, MECs could be a very competitive technology; however, scale-up and
pilot trials are needed to evaluate commercial applicability. Work in this area is accel-
erating, with Logan et al. having recently developed a low-cost MFC cathode using an
activated carbon catalyst, reducing the cost to 15 USD/m−2 in comparison to the widely
used platinum catalysts’ 1814 USD/m−2 [121].

Table 12. Process comparison, strengths and technical challenges.

Process Name Strengths Technical Challenges Reference

Photo-fermentation

PNS bacteria can absorb
photonic energy from

broad-spectrum solar sources.
Various type of wastewater

can be used.

Interrupted supply of solar energy due to daylight
and night cycle.

Poor light conversion efficiency.
An exterior power (light source) is needed.

H2 production rate is low.

[32]
[33]

Photocatalysis

Photocatalyst can be tuned to
capture visible and UV energy.

Easy recovery of the
photocatalyst.

Reasonable H2 production
rates and COD reduction rate

(67.4%).

Design and configuration of photoreactor for
optimum light absorption is challenging.

Catalyst fouling is a significant issue.

[49]
[119]

MPEC Potential to use solar energy.
High substrate conversion.

Low H2 production rate.
Unstable and complex systems given dependence on
catalyst, light energy, microorganism, anode cathode

and external bias variability.

[62]

Dark fermentation

Simple reactor technology.
Requires no light and external

bias.
Stability of anaerobic process.

Produces value-added
by-products.

Utilisation of a wide variety of
carbon sources.

Low substrate conversion rate.
Gas (H2, CO2) separation required.

Thermodynamic limitations.
Accumulation of acid-rich intermediate metabolites

with need for further treatment
before discharge.

COD reduction efficiency is low (28.3%).

[118]
[87]

MEC

Complex organic substrate
processed to produce H2.

High theoretical yield of H2.
Light-independent process.

Good COD removal.
Possibility for value=added

by-product production.

High cost of reactor materials.
Need for external energy.

Energy losses.

[18]
[108]
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Table 13. Comparative assessment of H2-generating processes.

Process
Name

External
Energy
Source

Efficiency
(%)

COD
Reduction

(%)
TRL H2 Production

Cost (USD/kg)
Cost Calculation

Year Reference

Photo-
fermentation Solar 10 52.2 1–3 2.83 2014

[122]
[123]
[124]
[87]

Photocatalysis Solar 23–24 a 50 1–3 2–4 2013 [122]
[125]

MPEC Solar and/or
external bias 3–30 b 90 1–3 >4 2019 [62]

[124]

Dark
fermentation none 19–28 c 45 7 2.57 2014

[122]
[124]
[87]

MEC External bias 80 c 80.2 2–6 5.09 2019
[123]
[124]
[126]

a Apparent quantum efficiency (AQE) = (2*No. of evolved mol H2)/(No. of incident photons); b Solar to hydrogen (STH) efficiency (STH =
(rH2*∆G)/(P*A), Here rH2: No. mol H2 produced; ∆G: change in Gibbs free energy due to produced H2; P: power density of illuminated
light; A: Illuminated area of electrode); c Overall efficiency is the ratio of output energy of produced H2 to input energy both from substrate
and external sources (if any).

4.2. Strategy to Enhance H2 Production from Wastewater

To develop affordable technologies producing high yields of sustainable hydrogen
from wastewater requires the optimisation of the key performance parameters, considera-
tion of innovative ways to integrate and combine energy-producing systems into existing
WWTP, and indeed the identification of viable opportunities for the use of produced
hydrogen.

4.2.1. Optimising Process Parameters

Process parameters play a vital role for all systems. As shown above, the optimum
production of hydrogen depends on several parameters, such as substrate type and concen-
tration, pH, temperature and HRT. Temperature and pH play a key role in the high yield of
hydrogen; low pH (below 5) and low temperature can prevent methanogenesis activity
and increase pure H2 production. For light-dependent processes, the effective capture and
utilisation of visible and UV photons is critical to efficient performance.

4.2.2. The Reactor Design

H2 production for all the processes analysed is significantly affected by the respective
reactor architecture, configuration and design. Dark fermentation and MEC reactors are
light-independent, but anaerobic conditions must be maintained for hydrogen production.
Construction and configuration are generally simple for DF, but complex for MPEC and
MEC, as they requires anode and cathode separation and an external power supply system.
For photo-fermentation, photocatalysis, and in some instances MPEC, the photo reactor is
designed in such a way as to capture maximum light energy from the reactor; however,
this often negates efficient mixing. In these cases, the surface area for light collection
needs to be increased, with CPC reactors starting to show promise under solar irradiation.
MPEC further challenges reactor configuration with the complex interaction of the catalyst
cathode with the bio-anode, and again progress is being made, but systems are at low
TRL [62]. The design of dark fermentative H2 production systems is advanced, with a
range of configurations examined. Continuous stirred tank reactors (CSTR) and anaerobic
granular sludge beds (AnGSB) are popular, with the AnGSB producing higher hydrogen
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yields than traditional CSTR. In the case of photo-fermentation, up-flow anaerobic sludge
blanket (UASB) bioreactors have been shown to maximise the hydrogen production [127].
For MEC, double-chamber cassette configuration as well as tubular-type reactors show
increased performance, but their complex design results in greater capital costs. From
a practical construction point of view, MPEC and MEC reactors are engineering-heavy,
requiring careful consideration of the positions of the anode and cathode, the membrane,
the influent flow pattern and the effluent exit route. It is also essential to have provision for
the collection of debris, and to minimise membrane fouling.

4.2.3. Identification and Enrichment of Effective Microorganisms and Catalysts

Given the diversity of microorganisms, significant attention is being focused on the
isolation and modification of efficient and tolerant hydrogen producers. Pure cultures
optimised for hydrogen production are favourable when a single or defined substrate is
employed for DF, MPEC or MEC, whereas a mixed culture was found to be more suitable
for general wastewater, resulting in higher rates of hydrogen production. For photo-
fermentation-specific strains of PNS, bacteria are widely used, but enrichment is often
conducted for improved output. Bioaugmentation represents an opportunity to improve
microbial performance, and is a hot area of research [128]. Combinations of heat-shock and
chemical pre-treatment have been effectively employed to optimise cultures in terms of the
temperature, energy consumption and elimination of hydrogen consumers [129]. Research
into the development of novel catalysts has been ongoing for many years, and whilst reports
demonstrate the absorption of wide-band energy via doping and the use of nanoparticles to
increase the catalytic performance, stability and conversion efficiencies remain low. MPEC
catalysts have predominately focused on modified silicon to enhance microbial interactions
(e.g., b-Si), resulting in hydrogen production and organic degradation [62], and whilst there
is scope for expansion, research is at the bench level.

4.2.4. Integrated Approaches Using Two or More Processes

The combinations of DF and PF, as well as DF and MEC, have been reported to show
improved results in terms of hydrogen yield and substrate conversion [130]; integrating
MEC with DF was reported to result in 41% more H2 production compared with fermen-
tation alone [131]. Integrated DF and PF also showed a higher hydrogen yield than the
individual processes, with close to the theoretical H2 yield with specific substrates [132].
The combination of MEC with microbial fuel cells (MFC) could potentially avoid the need
for external power, leading to more energy efficient systems, but attaining the required
voltage can be challenging. Triple combination of MEC–MFC–DF have been reported to
produce more hydrogen than single processes, without the need for an external power
supply [15]. This combination also permits the recovery of a range of resources in addition
to bio-energy production. Moreover, integrating processes can also increase COD reduction
rate, but does adds to operational complexity and costs. Recently, MECs have been incor-
porated with desalination units, defined as microbial electrodialysis cells (MEDCs), which
resulted in increased desalination performance and energy recovery [133]. Enhanced bio-
electrochemical systems, such as microbial reverse-electrodialysis electrolysis cell (MREC),
microbial electrolysis desalination and chemical production (MEDCC) and microbial saline-
waste water electrolysis cell (MSC), are in the early stages of development, with predicted
performance and resource recovery from wastewater looking promising.

5. Conclusions

The present review demonstrates that wastewater has the potential and promise to
be an exciting source of biohydrogen—initially aiding the decarbonisation of the sector
and perhaps transforming an energy-consuming sector into an energy generator. Five low-
energy intensive processes have been analysed and compared, namely, photo-fermentation,
dark fermentation, photocatalysis, microbial photoelectrochemical systems and microbial
electrolysis cells. Although none are ready for implementation at a large scale, each system
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offers positive aspects that could make hydrogen production from wastewater a reality
if key technical challenges can be overcome. Whilst perhaps not the primary focus, the
removal of COD (between 45% and 90%) is also possible, and therefore the systems could
be introduced into selected areas of wastewater treatment plants to produce hydrogen.

The development of commercially available systems will require a multidisciplinary
research approach with contributions from engineering, microbiology and chemistry. Op-
timising the bioreactor design, identifying the optimal working condition and selecting
optimal microorganisms/catalysts are key challenges for the sector.

With four of the five technologies reported to be lower than TRL 4, there is a clear
need to move from lab to pilot study and to large-scale field trials, for which collaboration
with the wastewater sector is critical. The identification of the associated barriers within
the wastewater sector requires significant attention, and in addition to technical factors,
environmental sustainability, life cycle analysis and acceptance by internal and external
stakeholders, policy and regulations become important commercial considerations.

As opposed to a technology push approach, building a case for user-pull in the form
of the promotion of the diverse range of applications for H2 produced from wastewater
treatment plants is important—if there is market demand, then the costs of technology
can be addressed. H2 could be stored for off-site applications or used for on-site power
generation, as fuel for vehicles and for heating. In the case of electricity generation, fuel cells
could be used to produce electricity; however, fuel cells remain expensive with conversion
efficiencies around 60 to 70%. For vehicles, H2 could be used to produce bio-hythane, a
H2–CH4 blend, with H2 concentration between 10 and 30%. Another important use of H2
could be injection into natural gas pipelines, known as hydrogen injection. Around 15–20%
H2 blend by volume could be added into the gas grid without any danger.
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