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Abstract- Dark fermentation process technology could play an essential role towards the implementation of clean and
sustainable energy markets, especially when it is produced from cost-effective processes. In recent years, South Africa has
been experiencing a huge crisis in waste disposal due to the high level of urbanization and industrialization in the country.
Landfills and incinerators are the most common waste disposal methods and are reported to have serious detrimental effect on
the environment. However, biowaste materials of agricultural, municipal, and industrial effluents are highly considered as
suitable substrates for dark fermentative biohydrogen production due to their accessibility and nutritional content. In 2012,
22.9 million tons of biowaste (agricultural, municipal, and industrial effluents) was produced in South Africa and the amount
increased to 26.2 million tons in 2014. Over the next decades in South Africa, an increase of 11 million tons/year has been
predicted due to high level of infrastructure development in the country. This review, therefore, provides an outlook of South
Africa’s energy sector and discusses the need for intensification of alternative energy resources in order to reduce the country’s
reliance on coal energy along with environmental pollution. It evaluates the feasibility of using biowaste effluents for dark
fermentative biohydrogen production processes. And assesses the environmental consequences associated with their disposal.
It examines the state-of-the-art and advancements in biohydrogen process infrastructure in South Africa. Finally, it reviews the
challenges facing dark fermentative biohydrogen scale-up studies and recent advances used to improve its process yields from
these feedstocks.
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1. Introduction Similar reports have indicated that the current CO, levels

exceed 390 ppm, and the CO; concentrations have been

The continual use of conventional fuels has resulted in
severe challenges of greenhouse gas emissions,
environmental concerns, and escalating energy demands [1].
Besides, the United Nations predicted a global population of
6.8 billion in 2009 and expects this value to increase by 47%
in 2050, which corresponds to 8.9 billion people [2]. The
estimated population will aggravate the problems of climate
change along with energy demands. Furthermore, energy
agencies have shown that the global carbon dioxide
emissions reached a staggering 35.7 billion tons in 2015 [3].

increasing by more than 3.30 ppm per year over the past
decade [4]. Thus, if no effective measures are taken, the
amounts of atmospheric CO- could reach 500 ppm in 2035
causing an alarming temperature increase of 5 °C [5].

The effects of climate change are also being felt in South
Africa i.e. there’s been a drastic decline in the country’s
agricultural outputs due to low rainfall seasons and
temperature rise [6]. Many parts of the country are
experiencing drought and therefore are no longer suitable for
commercial farming. Climatologists have warned that
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climate change will have serious consequences on the
following: (i) South Africa’s coastal regions are expected to
have an atmospheric temperature rise of 2°C in 2050 and 4°C
by 2100, (ii) the country’s interior regions are also expected
to increase by 4°C in 2050 and 7°C in 2100, (iii) This will
affect the country’s food security, (iv) Alien invasive plants
might increase and negatively affects the country’s water
resources, (v) This will likely exacerbate the health issues
due to droughts and floods. Diseases such as malaria and
cholera have been linked to extreme weather patterns, (vi)
Bushlands and various commercial plantations will be
vulnerable to wildfires [6]. Therefore, diversification of
energy fuels is an important requirement in the present global
energy scenario [7]. Recent analysis in the world energy
outlook suggests that renewable based technologies will
provide a huge contribution to global energy provision
within the next decades; currently they are only contributing
about 15% of global energy supply [8]. Hence, this
highlights a crucial need to promote their acceleration in
order to boost the global energy supply and mitigate
environmental pollution.

Hydrogen is a promising energy option due to its
characteristics which include high energy yield of 122 kJ/g
and its carbon-neutral abilities [9]. These properties make it
an attractive fuel that can be used to reduce the heavy
reliance on fossil fuel economy [10-11]. Presently, there are
more than 400 projects globally that focuses on the
implementation of hydrogen-producing technologies. These
initiatives form part of a global plan to boost energy security
while mitigating environmental pollution by intensifying the
hydrogen markets [12]. Hydrogen-producing technologies
are also envisioned to increase significantly from 6% in 2020
to 50% in 2050. During this period, hydrogen infrastructures
are expected to develop and become progressively more
important in decarbonizing the current energy systems [13].
Hydrogen is commercially produced from thermochemical,
photochemical, electrochemical, photocatalytic, and photo-
electrochemical processes [14]. The drawback about these
processes is that they are expensive, contributes to
greenhouse gas emissions, and uses high energy [15]. One
attractive avenue for production of hydrogen is through the
biological methods. Biological hydrogen methods are
advantageous because they are environmental benign and
cost-effective, thus being more competitive to
thermochemical processes [16-17]. The biological hydrogen
routes include photosynthetic and dark fermentation process.
However, dark fermentation is a preferred process because it
can be conducted at moderate temperatures and pressure; it
can use diverse feedstocks and microorganism for its
process. Moreover, dark fermentation process development
has gained a tremendous impetus and governmental support
in more than 30 countries worldwide [18].

Therefore, this review provides an outlook on energy
sector in South Africa and highlights the need for
implementation of clean and sustainable energy fuels. It
comprehensively assesses the potential of using biowaste
materials of agricultural, municipal and industrial process
effluents for dark fermentative biohydrogen production in
South Africa, while confronting their negative impacts on the
environment. In addition, it critically evaluates the state-of-

the-art and advancements in biohydrogen process
infrastructure in South Africa. Finally, it discusses the
technical challenges facing dark fermentative biohydrogen
process economy and strategies that have been recommended
for its scale-up.

2. Hydrogen Energy
2.1. Its importance, application, and production methods

Reducing the reliance on hydrocarbon fuels and
minimizing environmental pollution can only be realized by
introducing clean and sustainable energy resources. Over the
past few decades, hydrogen has captured increasing global
attention as an alternative to fossil fuels owing to its several
merits which include (i) zero-carbon emissions, (ii) high
energy yield, (iii) abundance, and (iv) diverse storage forms
(e.g. gaseous, liquid, or coupled with metal hydrides). Most
developed countries have therefore realized the future role of
hydrogen and thus the concept of a “Hydrogen Driven
Economy” was proposed by international hydrogen
endorsement energy agencies such as the US Department of
Energy (US DOE), European Hydrogen Association (EHA),
and the International Partnership for Hydrogen Economy
(IPHE) in efforts to intensify and commercialize its
production [19]. The US DOE indicated in 2015 that it aims
to invest about 35 million US dollars towards hydrogen
infrastructure development projects as the country plans to
reduce its dependence on foreign oil [19]. Hydrogen gas is
extensively used in various industrial applications i.e.
ammonia synthesis, methanol production, used in oil
refineries for removal of impurities, used in processing of
steel, electronic devices, and in desulfurization and
reformation of gasoline. Furthermore, car manufacturers
have now started to create vehicles that are powered by
hydrogen fuel cells and are reported to be effective than
gasoline powered engines [19]. The global annual production
of hydrogen is currently projected at 62 million tons, and has
an annual growth rate of 8-10% [19]. Amongst the industrial
hydrogen production processes, steam reforming is an
extensively used method. It produces nearly up to 50% of
hydrogen; oil reforming produces nearly 30% of hydrogen,
coal gasification yields about 18%, 3.9% comes from water
electrolysis, and 0.1% from other methods [20]. However,
these processes present a major challenge because they are
energy intensive and contribute to greenhouse gas emissions.
To alleviate the negative effects of fossil fuel utilization,
hydrogen needs to be produced from clean and sustainable
methods. In the past few decades, researchers have started to
look into biotechnological hydrogen producing approaches
such as dark and photo-fermentation methods to yield cleaner
hydrogen energy. The hydrogen producing methods are
summarized in Fig. 1.
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Fig. 1. Hydrogen producing methods [20].

3. An Outlook on Energy Sector in South Africa
3.1. Coal as a primary energy resource

South Africa is dependent on coal as its main energy
source while the rest of the world is dependent on crude oil.
Data from BP South Africa (Pty) Ltd showed that coal
supplies approximately 72% of energy, followed by crude oil
at 22% [21]. Other sources of energy such as nuclear, gas,
and renewable fuels are only contributing less than 10% of
total energy supply as illustrated in Fig. 2 [21]. Moreso, coal
is used by both the private and government sector for
generation of electricity. There are five major companies that
use more than 80% of the country’s coal i.e. BHP Billiton,
Anglo-American, Sasol, Exxaro, and Xstrata. The South
African power parastatal Eskom which is the largest
producer of electricity in Africa and ranked amongst the top
energy utilities in the world [22], accounts for 70% of coal
that is used for supplying the country’s electricity (Fig. 3).
The extensive use of coal as a primary energy fuel is due to
its widespread availability. South Africa has 19 coal mines
that are situated in the provinces of Eastern Cape, North
West, Limpopo, KwaZulu-Natal, Free State, Mpumalanga,
and Gauteng [23]. However, some of these mines have been
abandoned due to depletion of coal reserves (see Fig. 4) [23].

3.2. Shortcomings of coal energy

Several reports have highlighted that South Africa’s
dependence on coal will cause these reserves to be exhausted
sooner than it is anticipated. For example, de Jager [24]
postulated these reserves at 58.4 billion tons. Thereafter,
Bredell [25] forecasted them at 55.3 billion tons. The
Department of Mineral Resources projected them at 33.8
billion tons in 2000. A further decline was confirmed by
Hartnady [26]; they were predicted at 15 billion tons. South
Africa produces significant amount of carbon dioxide i.e. it
generated about 1.4% of CO, globally and 40% of CO;
within the continent in 2011, therefore making it the highest
in Africa and 14" in the world [27]. Moreso, the country’s
energy consumption has drastically increased the levels of

CO, emissions by 18% from 2001 to 2011 [26]. South
Africa’s power parastatal (Eskom) has been facing an
immense pressure as a result of the country’s escalating
energy demands. The power utility is presently functioning at
near full-scale i.e. it has a production capacity of 40
gigawatts whereas the country’s peak demand is 36 gigawatts
[27]. This caused persistent power shortages and blackouts
which resulted in an economic decline of approximately 282
million US dollars [28]. This crisis is exacerbated by fact that
the country’s coal stations are old and thus regularly needs
maintenance and also have a small capacity [29].

3.3. South Africa’s alternative energy policy

South Africa has massive clean alternative energy
resources like biomass, wind, solar, and marine energy that
could be used in the mitigation of carbon dioxide emissions,
and improve the country’s energy security [30]. Therefore,
the Department of Energy emphasized the need to diversify
the country’s energy mix in order to curb the problems
associated with energy derived from coal. This triggered off
the formation of South African National Energy
Development Institute (SANEDI), which is an organization
formed in 2008. The main purpose of SANEDI is to
implement and propose strategic policies and frameworks for
development of alternative and sustainable energy
development in South Africa by collaborating with various
stakeholders such as private, government and academic
institutions. In addition, its role is to ensure that South Africa
has the necessary skills, expertise, and resources for
implementation of alternative energy based technologies to
address the country’s economic, environmental, and social
needs [30].

Fig. 2. Energy utilization in South Africa [21].
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Fig. 3. Coal usage in South Africa [30].
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Fig. 4. Map showing the distribution of coal mines in South
Africa.Active mines are indicated with red dots and
abandoned mines are indicated with green dots [31].

3.4. Types of alternative energy used in South Africa

South Africa is currently using various forms of
renewable energy resources which include nuclear,
wind, and solar energy. These technologies are
elaborated below.

3.4.1. Solar energy

Solar resources include solar water heaters for hot
water supply and solar power for generating electricity.
The potential for solar water heaters is huge in South
Africa, studies show that approximately 400 000 homes
are installed with solar water heaters every year [32]. It
has been shown that about 4% of residential electricity
consumption results from heating of geysers. Moreover,
their application is motivated by the socio-economical
needs for energy security, environmental sustainability,
and reducing the usage of electricity. This technology is

currently being applied in other countries such as China
(Rizhao) whereby 99% of households are reported to be
using solar water heaters [33]. The Department of
Energy in South Africa proposed a 5 million long-term
plan of installing solar water heaters across the country
by 2020. With regards to the utilization of solar power
for electricity generation, Eskom installed a 25 kW solar
panel as part of the initiatives from the South African
government to assess this technology. Besides, Eskom
joint collaboration with the University of Stellenbosch
resulted in the construction of the SKA Meerkat Radio
Telescope Array (Northern Cape, South Africa) which
began in 2012 [33].

3.4.2.  Wind energy

In recent years, development of wind projects has
been increasing in South Africa. In 2014, the country
launched one of its biggest wind farms in Africa i.e. the
Jeffrey’s Bay Wind Farm located near Humansdorp in
the province of Eastern Cape was built by the British
based company Globleleq (Pty) Ltd. The farm comprises
of 60 (80 metre high) wind turbines which spread over
3700 hectares and can produce up to 138 megawatts of
electricity (Banks and Schaffler, 2006). Other projects
include the Klipheuwel Wind Energy Demonstration
Facility (KWEDF) which has a total capacity of 3.2
megawatts [33].

3.4.3.  Nuclear energy

The South African government is in the process of
building new nuclear power plants in the country. Two
nuclear reactors which are currently operating in
Koeberg Power Stations accounts for 4% of the
country’s electricity supply. However, the country
intends to generate 9600 megawatts from the new
nuclear power plants that are about to be constructed
[34].

4. Integration of Biofuel into South African Energy
Mix

South Africa aims to strengthen its alternative
energy options in order to cope with high energy
demands and reduce its carbon footprints.
Diversification of alternative energy resources will assist
the country to reduce the high costs of imported
petroleum oil. Thus, biofuel production technologies
have the potential to expand and diversify South
Africa’s energy supply, which will in turn reduce the
country’s dependence on dwindling coal reserves and
intensify its energy supply. Furthermore, biofuel
development initiatives are gaining increasing
momentum in developing countries like South Africa
and are foreseen as a catalyst for (i) infrastructural
development projects, (ii) reducing high international oil
prices, (iii) boosting the country’s energy sector, (iv) and
creation of employment opportunities [35].
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5. Biofuel Energy Development Initiatives in South
Africa

Biofuels contributes up to 14% of energy in South
Africa [36]. Biomass derived energy is extensively used
by rural and other low-income urban households to
generate fuel that is used for cooking and heating. It is
also used in boilers by various South African industries
to generate electricity [36]. The Department of Energy
announced in 2013 that it aims to begin a regulatory
blending process of diesel and petrol with biofuels as
from 2015; this is intended to stabilize the country’s
biofuel sector thereby reducing its reliance on
hydrocarbon fuel [36]. In addition, it also proposed a
five-year pilot-phase plan which is aimed at achieving 2-
5% of biofuels. To date, five companies have been
granted licenses to produce bioethanol and biodiesel in
South Africa. Analysis of potential feedstocks that can
be used reveals that sorghum is suitable for bioethanol
production while soybeans are potential feedstocks for
biodiesel production [36]. However, maize has been
excluded from these feedstocks because it’s one of the
country’s stable foods and this may affects the country’s
food security. Other biofuel development initiatives
include the Bronkhorstspruit Biogas Plant which is
located in Pretoria and is owned by the Bio2Watt
Company. The company is the leading commercial-scale
biogas producer in South Africa and uses approximately
120 000 tons of biowaste effluents to generate biogas
[37]. It has partnered with a leading car manufacturer
(BWW, South Africa) which uses the biogas in their
production plant. Moreover, as South Africa is
experiencing a huge influx of biomass generated from
the agricultural, municipal, and industrial sector; other
potential biofuel options such as dark fermentative
biohydrogen production will contribute enormously in
the intensification of cleaner energy production in the
country.

6. Biohydrogen Production Potential in South
Africa

6.1. The potential of dark fermentative biohydrogen
production in South Africa

Recently, South Africa has been focusing on the
implementation of other biofuel options such as dark
fermentation process because of its non-polluting and waste
beneficiation characteristics [29]. Dark fermentation from
biowaste effluents is advantageous in South Africa because
the country is experiencing an enormous burden with regards
to its waste management methods i.e. thus the concept of
“waste-t0-energy” has been gaining increasing support from
various stakeholders within the country. Secondly, dark
fermentation can be generated from diverse biowaste
effluents (e.g. agricultural, industrial, and municipal) which
are abundantly available and are causing a disposal
challenge. The utilization of these effluents makes this
process economically viable in contrast to other energy
generating methods. Other biohydrogen producing methods
include photo-fermentation, direct, and indirect biophotolysis

[38]. However, dark fermentation is a highly favoured
process because of its simplicity, cost-effectiveness, and
sustainability. Moreso, researchers throughout the world are
focusing on this process because its uses naturally available
microorganisms that are found on various habitats (sewage
treatment works, soil, etc) and convert these effluents into
hydrogen energy [14, 39-40].

6.2. State-of-the-art ~ and biohydrogen
advancement in South Africa

process

Hydrogen based infrastructures is undergoing
serious consideration in South Africa in efforts to
develop cleaner, reliable and sustainable energy fuels. A
ten year innovation plan was proposed by the
Department of Science and Technology in 2008. This
strategic plan involved the development of alternative
energy resources that would assist in reducing carbon
emissions and also contributes to the country’s high
energy demands. Therefore, Hydrogen South Africa
(HySA) was established in the same year [50]. The
purpose of HySA is to develop innovation towards the
implementation of hydrogen technologies in South
Africa. It consists of three centres of competence which
are HySA Infrastructure, HySA Catalysts, and HySA
Systems. These research centres are co-hosted by five
institutions namely Mintek, University of Cape Town,
North West University, University of Western Cape, and
Council for Scientific and Industrial Research (CSIR)
[50].

The HySA Infrastructure focuses on the
development of hydrogen production technologies
through small and medium-scale hydrogen producing
reactor prototypes [50]. The group is also researching on
hydrogen storage materials. HySA Catalysts is joint
research collaboration between Mintek and the
University of Cape Town; they are responsible for
developing industrial value chain catalysts that will
enhance hydrogen fuel cell technologies. The HySA
Systems aims to develop and improve hydrogen-based
technologies and is chaired by the University of the
Western Cape. Its objectives are to (i) develop hydrogen
fuelled vehicles system prototypes, and (ii) conduct
validation and hybrid processes within the HySA
research centres which are (i) combined heat and power,
(ii) miniaturized bioprocess systems, and (iii) hydrogen
fuelled cars [51]. Therefore, establishment of HySA
could pave a way for the advancement of hydrogen
markets in South Africa.

Despite the biohydrogen development initiatives
that have been carried out by various research
institutions, this technology is still under research and
development (R & D) stages in most countries including
South  Africa, implying that most biohydrogen
production studies have been carried out at bench-scale
by various researchers across South Africa [41-49]. This
prompts the need for extensive large-scale processes in
order to fully understand the process dynamics (e.g.
setpoint conditions, partial pressure, heat transfer, mass
transfer, etc) involved during its production and this will
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provide reliable scalable data that could be used towards
its industrialization.

7. Bio-waste Production in South Africa

Over the past years, South Africa witnessed a drastic
increase in waste production due to the high level of
urbanization and industrialization as mentioned earlier. The
total waste distribution data for South Africa in 2014 is
shown in Table 1; an estimation of 7.80 million tons of waste
was produced by the municipal sector. The agricultural
sector generated 2.95 million tons, whereas the industrial
sector generated 12.1 million tons of waste [52]. The amount
of biowaste generated by each province is also presented in
Table 2. It is apparent from this data that South Africa is
experiencing a significant growth in waste volumes. As a
result, 42.3 million tons of organic municipal waste was
generated in 1997 and this value increased to 69 million in
2014. During this period, the production of biowaste rose up
to 63.1%. Data from the Department of Environmental
Affairs have also indicated that waste volume in South
Africa increases by approximately 11 million tons each year
[52]. Therefore, biowaste materials will have enormous
burden on the environment and people if is not properly
managed. Waste beneficiation approaches such as dark
fermentative  biohydrogen production processes  will
significantly assist to curb environmental pollution while
generating clean and sustainable energy.

T'able 1. Total waste distribution data m South Afnica [52]

Waste tape Produced Recycled Dispesed "s Recrvied
Munscipal 7 800 328 = 7 800 328 0
Agncultami 2 954 461 1 034 (6] 1 920 400 35
Ioduszrial 12 120 783 9255376 2 865 407 76
Salrwater 1166 129 1166129
Fly ash and
31 420 488 1 §85229 29 535259 6
dusy
Botzom ssh $ 189 068 4 185 068
Slag 5000 150 2500075 25000758 50
Mineral 335000 - 335000 -
Electronic 66 321 6978 59346 11
Sewage
sndge 657 963 125013 $031 472 9
AMaseellaneo
s 327 250 327 2%0
Construction 4735142 766017 3 069 125 16
Paper | 649257 038 %X 710 357 57
Phstic 1 287 701 240 162 1 047 239 19
Glasa 938 769 301 218 637 551 32
Metaks 3 181 213 2 466 960 714 283 78
Tyres 245633 9 866 235767 4
Othes 36 161 137 36 161 137 0

-~ data not available

Table 2. Blnwuste gesennad by the nine provinces of South Afica [42]

(9972054 19972014

Proviaes Tam “ Tam Tatsl gromeh 4

Eastern Cape 2182000 6 21599 6 5.0 19
Free Stase | 647 000
Gueny ITRO00 423 260688 304
RundudaNaml 4147 00 0.8 578823 8.3 387 32
Lunpopo EL 000 89 113206317 161 199 4 9.0
Mypuunalangs =20 1" s 392 1A 330 2
Notthern Caps 1 457 521
Notth West 1652100 39 2 259 400 33 B6 3 (
Western Cape

§553000 202 12969885 188 519

Total 41 Mool 1 Warz e 1 (AN} (S

8. Elemental Composition of South African Bio-waste
Effluents

As a preliminary investigation, we conducted CHNS/O
analysis of carbon, hydrogen, nitrogen, sulphur, and oxygen
elements contained in South African biowaste effluents in
our laboratory using a Flash 2000 CHNS/O Analyzer
(Thermo Scientific, USA). Oxygen (wt. %) was calculated
by the difference of C, H, N, S, which was subtracted from
100. The chosen effluents are highly abundant in South
Africa and form a huge fraction of the country’s biowaste
materials. Thus, organic composition of these effluents is
crucial because they affect the overall microbial conversion
yields of dark hydrogen producing bioprocesses.
Furthermore, these elements also affect the activity of
biohydrogen-producing hydrogenase enzymes [53]. The C,
H, N, S, and O composition is shown on Table 3.

I'able 3. CHNSO composition of South African biowaste
effluents analyzed

_Elemental composition (%) C H N S 0

Apple 1258 651 036 - 50.55

Bread 1047 594 18] - S1.78

Brewery 42 6.19 2.0l - 498
Cabbage 3946 545 342 105 5062
Cor-cob 428 S88 049 - S0.83
Kitchen 438 653 236 = 17.31

Mango 5374 805 1.03 - 37.18

Peat 4180 645 033 - 51.33

Potato 1045 586 03 - 3339
Sugarcane 4222 637 03 - 51.11

- not detected
9. Disposal Challenges Associated with Bio-waste

Effluents in South Africa

In South Africa, major cities are experiencing increasing
population growth due to high level of urbanization and
industrialization as highlighted in this review. Furthermore,
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there is a rapid infrastructure development occurring in these
cities in order to cater for the needs of its inhabitants. As a
result, there has been a sporadic increase in the generation of
biowaste materials. Biowaste materials of agricultural,
municipal, and industrial effluent pose serious health risks on
people living in these sites. Landfill sites have been
underlined as the possible cause of birth defects and
respiratory illnesses such as asthma (Broomfield et al.,
2004). Incinerators have also been linked to these illnesses.
Moreover, composting and material recycling facilities have
been linked to odours and lung related diseases such as
bronchitis [54]. The Department of Health has raised
concerns about the disposal of these effluents because they
attract disease vectors such as mosquitoes, flies, and rats to
breed in landfills and spread diseases [55].

From an environmental standpoint, biochemical
decompositions reactions produce substantial amounts of
greenhouse gases (e.g. methane and carbon dioxide) on
landfills and are released into the atmosphere. It has also
been reported that other toxic gases such as ammonia are
formed during biodegradation of biowaste materials [56-57].
A study by Viitez et al. [58] indicated that the biological
conversion of biowaste on landfills occurs on a slow rate and
it could take years to complete i.e. the authors reported that
anaerobic digestion reactions on landfills may extend up to
20-40 years and this poses serious detrimental effects on the
environment [58]. The United Nations has indicated that the
disposal of these effluents will significantly increase in
developing nations like South Africa than in less developed
regions, due to rapid infrastructure development that is
occurring in these regions [54].

In other related studies, Devesa-Rey et al. [59] showed
that the costs of recycling these effluents and the penalties
imposed on companies have increased significantly in recent
years, often reaching millions of dollars. These fines are
sometimes combined with other penalties, such as the
obligation to decontaminate polluted areas which can involve
considerable expenses for companies. In this regard, the
South  African Environmental Legislation mandates
government municipalities and industries to dispose their
effluents in a manner that will not cause a threat to people
and the environment. Nonetheless, the current waste disposal
methods do not comply with these regulations, implying that
new and innovative approaches for biowaste management are
needed to address these challenges.

Dark

10. Feasibility of Bio-waste Effluents for

Fermentation in South Africa

Studies in literature have assessed the potential of
various carbon sources such as glucose [60], sucrose [61-62],
and xylose [63-64] on dark fermentative bioprocess yields.
Even though this process is well researched from these
sugars, utilization of these substrates is too expensive to
support the dark fermentative ‘“biohydrogen driven”
economy in South Africa i.e. the cost of substrates account
for approximately 60% of the overall bioprocess costs [65].
Therefore, the use of biowaste effluents for its production
will significantly enhance its process economics because

these feedstocks are readily available, considered waste
materials, and possess high hydrogen efficiency. Feedstocks
such food materials are highly favoured substrates because
they are rich in nutritional composition i.e. 80-95% volatile
solids, and 75-85% moisture, thus favouring the enumeration
of dark biohydrogen-producing bacteria during dark
fermentation processes [66-69].

The latent energy present in these effluents can be
recovered via microbial bioprocesses to produce
biohydrogen. The potential of using these effluents for dark
fermentation processes is highly documented in literature
[17, 70, 71, 63, 69, 70]. Examples of dark fermentation
yields reported are 138 ml Hy/g VS, 92 ml Hy/g TVS, 126.9
ml Hx/g TVS, 183 ml H2/g TVS, 189 ml H,/g COD, and 78
ml Ho/g COD respectively. These studies were conducted at
different operational set-point conditions of temperature (30-
48 °C) and pH (5-6), deemed favourable for biohydrogen
fermentation studies [68-69]. In addition, other associated
substrates such as wastewaters from food processing
industries have a great potential for dark fermentation due to
their nutritional content. For example, South Africa is listed
amongst the top seven wine producers in the world, and
therefore the wine industry yields large quantities of
wastewater each year. Approximately one billion litres of
wastewater are produced from more than three thousand
wine distillers in South Africa [72]. Wastewater from wine
industries is rich in COD (300 - 60 000 mg/l), has a pH range
of 3 - 8, and consists of various trace elements (Ca, K, Na,
and Mg) which makes it an ideal substrate for dark
fermentation processes [73]. Other huge sectors such as the
sugarcane industry (generates up to 20.6 million tons of
sugarcane per annum) produce large volumes of molasses
which has a high concentration of fermentable sugars and
COD (50-100 g/l) [74]. Several researchers assessed the
biohydrogen production potential from wastewaters; Lin et
al. [75] studied the effect of food processing wastewaters of
fructose and molasses on dark fermentation, and obtained a
biohydrogen yield of 167 ml H2/g COD for wastewater of
fructose and 187 ml H2/g COD for wastewater of molasses
respectively. Van Ginkel et al. [76] investigated dark
biohydrogen production from different wastewaters (potato,
apple pomace, and confectioners), and reported a high yield
of 210 ml H./g COD from potato wastewater. These studies
present a viable approach towards an economically feasible
dark fermentative biohydrogen production process based on
the beneficiation of waste. Table 4 shows various studies that
have utilized agricultural, municipal, and industrial biowaste
materials for dark fermentative biohydrogen fermentation
processes. The biohydrogen production yields varied due to
several factors such as (i) inoculum type, (ii) operational
conditions, (iii) bioreactor design, (iv) type of substrate, and
(v) working volume. Hence, this review presents strategies
for optimizations of dark hydrogen fermentations from these
biowaste effluents which are discussed in section 14.2.
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11. Classification of Biohydrogen-producing Bio-waste
Effluents

11.1. Agricultural waste

Agricultural residues consist mainly of lignocellulose
materials which are abundantly available in South Africa.
They are economically feasible because they are cheaper and
easily accessible feedstocks [44]. However, these waste
materials create a disposal challenge in most countries
including South Africa because most of them have a slow
degradation process and contains high mineral content.
Hence, they are mostly burnt which increases air pollution
and jeopardize human health. The plant biomass of these
substrates consists of lignin, cellulose, and hemicellulose
which must undergo vigorous pretreatments to release the
fermentable sugars (e.g. glucose, galactose, etc). Examples
include bean husks, grasses, corn cobs, wheat straw, and
other materials [11].

11.2. Organic fraction of municipal solid waste
Food waste consists of a huge percentage of Organic

Fraction of Municipal Solid Waste (OFMSW); it is rich in
nutritional content (85-95% volatile solids and 75-85%

moisture). And its nutritional characteristics make it an
ideal substrate for dark hydrogen bioprocesses [15]. It also
comprises of other fermentable rich materials that are
found in raw and cooked food products that are discarded
on recycle bins and landfills. However, it poses an
environmental challenge because it generates odour and
pests [15].

11.3. Industrial waste

Industrial waste includes effluents from sugar refineries,
cereals, cheese, brewery, paper, and beverage processing
companies. These industries produce large quantities of
wastewater which contains sugars and starch that are high in
carbohydrates. Thus, this favours the production of dark
biohydrogen production which is generated by a series of
biochemical pathways manifested by acidogenic-producing
bacterial species such as Clostridium and Bacillus species
[15]. The exploitation of wastewater for dark fermentative
biohydrogen production process provides a platform for
generation of clean energy while removing contaminants in
water [17]. Moreover, utilization of wastewaters for energy
production is advantageous because it does not generate
environmental pollution, and there’s simultaneous energy
recovery [17].

11.4. Other types of bio-waste substrates

Besides the abovementioned substrates, other feedstocks
that have been used in dark fermentative biohydrogen
production processes include:

. Livestock manure [102-103].
. Perennial grasses [44, 104].
«  Algal biomass [105-106].

e Waste sludge [75, 84].

All of these biowaste feedstocks are classified in Fig.5.
Municipal and industrial effluents are ideal substrates for
biohydrogen producing bacteria because they contain low
lignin content and they’re also rich in carbohydrate
composition as compared to agricultural waste, which
requires various pretreatment methods in order to access the
fermentable sugars.

366



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

P.T.Sekoai and M.O. Daramola, Vol.7, No.1, 2017

nitatrial waste:
» Food

o Duky
. Sepw
o Papet
o Stwch

Nynicp! waste

o Food wets

Agricytanal waste
o Agriodture

o Marurw

o Waste sudge

o Garges waste o Agpi terreams

® CGrmam

Fig. 5. Classification of biohydrogen producing bio-waste
substrates

12. Dark Fermentation as a Process
12.1.  Advantages, limitations and potentials

Dark fermentation has been repeatedly highlighted as a
promising renewable source of energy, and has received
considerable attention in recent years due to its social,
economic and environmental merits [18]. In addition, it
provides an avenue for effective disposal and beneficiation of
biowaste materials such as agricultural, municipal and
industrial effluents [107-108]. Nonetheless, the realization of
a dark fermentation driven economy has been hindered by its
low production yield. A theoretical analysis reveals that the
maximum yield by Clostridium species on glucose is 4 mol
Hz/mol glucose when acetate is produced (see equation (1))
or 2 mol Hz/mol glucose when butyrate is produced as shown
in equation (2) [109].

Acetate: CeH1206 + 2H20 — 2CH3COOH + 2CO2 + 4H> )
Butyrate: CeH1206—CH3CH2CH2COOH+2CO2+ 2H2 )

The accomplishment of higher bioprocess yields is still a
crucial research issue in dark fermentation bioprocess
technology [48]. Currently, microbial dark fermentation
processes can only produce 2-3 mol Ha/mol glucose,
resulting in 80-90% of initial chemical oxygen demand
(COD) remaining in solution in the form of various volatile
organic acids and solvents [110], this phenomenon is referred
to as the dark fermentation “process barrier”. They are
several “process barriers” that affects the overall dark
fermentative ~ biohydrogen  vyields;  these  include
hydrogenotrophic methanogens, homoacetogens, nitrate-
reducing bacteria, sulphate-reducing bacteria, organic acids,
and other end-products. Thus, to improve the process
economics of dark fermentation from biowaste; various
strategies such as metabolic engineering, two-stage
fermentation processes, application of optimization tools,

and pre-treatment methods are pivotal in dark fermentation
process technology (these strategies are discussed in section
14.2). In addition, more nutrient-rich substrates need to be
exploited for its process development.

The utilization of biowaste effluents for dark
fermentation processes is scantly reported in most African
countries. Thus, this impedes initiatives for development of
renewable and sustainable energy production within the
continent. In addition, as a response to the Millennium
Development Goal (MDG), devising better waste
management options could promote environmental security
and sustainability in the continent. A report from the United
Nations has shown that proper waste management facilities
are still lacking in Africa [2]. Hence, there’s widespread
dumping of waste in water bodies and landfills which in turn
aggravates the challenges of sanitation. Other contributing
factors include urbanization which is said to be on the rise in
Africa i.e. Africa is estimated to have an urban growth of
3.5% per annum which is the highest in the world [2]. Thus,
several practices have been proposed and widely accepted in
most countries in order to combat this challenge. Among
these, conversion of “waste-to-energy” is highly encouraged
as the continent faces the energy crisis and climate change.

Dark fermentative biohydrogen production from
biowaste effluents has the potential to become a cost
competitive energy generating process owing to their
nutritional composition and accessibility. Furthermore, South
Africa will increasingly generate more waste due to the high
level of urbanization and industrialization as emphasized
earlier. Therefore, the production of biohydrogen from these
waste materials will have a significant contribution to the
generation of clean fuel, mitigation of environmental
pollution, and reduce their disposal costs. As the maximum
theoretical yield of biohydrogen production on pure glucose
substrate is low (4 mol Hz/mol glucose), dark fermentation
from these waste effluents may enhance the overall
biohydrogen production rates and yields.

12.2. Synergy between dark fermentation and
other biohydrogen processes

The need for hybrid processes is highly emphasized in dark
fermentation studies in order to improve the overall
biohydrogen conversion efficiency from biowaste substrates.
The fermentation residual/effluent from dark fermentation
process can be used as a substrate in other biohydrogen
producing processes such as photo-fermentation, Microbial
Fuel Cell (MFC), Microbial Electrolysis Cell (MEC), and
biogas production as indicated in Table 5 and Fig.6
respectively. Chen et al. [111] reported a COD removal
efficiency of 90% in a hybrid process of dark and photo-
fermentation process. Lalaurette et al. [112] also reported a
90% COD removal efficiency in a two-stage process of dark
fermentation and Microbial Electrolysis Cell (MEC).
Meanwhile, Massanet-Nicolau et al. [113] reported a
hydrogen increase of 13.4% in a two-stage process of
biohydrogen and biomethane production. Hybrid processes
of dark and photo-fermentation are encouraged due to high
conversion efficiency. Photo-fermentative  biohydrogen
producing bacteria can utilize the organic acids (acetic,
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butyric, propionic, valeric acid) found in dark fermentation
effluents (equation (3)) for further biohydrogen conversion.
For example, 8 mols of biohydrogen can be generated from
acetate-rich effluents as shown in equation (4) [114].
However, the process of photo-fermentation has its own
limitations such as the need for an (i) external light source,
(ii) maintenance of photo-fermentative bacteria, (iii) high
risks of contamination, and (iv) the process will be expensive
at large-scale [115-117].

Dark fermentation (Stagel): C¢H1206 + 2H,0 —

2CH3COOH + 2CO; + 4H; 3)

Photo-fermentation (Stage 2): 2CH3;COOH + 4H,0 — 8H, +
4CO; (4)

Other biological hydrogen production processes
(e.g. direct and indirect biophotolysis) are presented in Table
6. Among these processes, dark fermentation is highly
favoured due to its several process advantages such as, (i)
utilization of diverse carbon sources including the treatment
of waste materials, (ii) utilization of diverse microorganisms
which include bacterial species from sludge, soil samples,
industrial and municipal sites, (iii) this process can be carried
out at ambient temperature, (iv) there’s less contamination
problems, (v) this process can be integrated with other

Table §. Two-stage processes mvolving dark fermentation
process and other biohydrogen production processes

biohydrogen production processes as shown in Fig. 6.
Nonetheless, this process has its own constrains such as low
biohydrogen yields as a result of metabolites and
thermodynamic limitations. Thus, optimization strategies are
highly essential in dark fermentative biohydrogen process
development, and they are elaborated in section 14.2.

sowiions Lo plt
Tosgs MRT

...............................................

Fig. 6. Dark fermentation process integrated with other
biohydrogen processes.

First stage Secomnd stage Microorgamism for 2* stage Fermentation conditions  COD recovery (*a) H: vield Relerence
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I'able 6. Biological hydrogen producing processes with their
advantages and hintations [117]

Biohydrogen process General reaction of the process

Dark fermentation process  CaHpOy + 2HO-— 2CH,COOH + 2C0,; + 4H;

Minrnan steqilsty required

Advantages Process limitations

Uses diverse substrates Low H; yields
Uses diverse bactena Low substrate converston efficiency

Metabolites whabits Hy production

Gas muxtures contaumng CO, requires separtion

Photo-fermentation CH;COOH - 2H,0 + Light— 4H, + 2CO

Uses daverse substrares Requurement for an external light sousce

Uses diverse light source Light conversion is low

Low H; yields due 1o poor light source

Direct biophotolysis 2H;0 + hight— 2H: + Oy

Uses diverse waste maternals

Requurennent for an exteral light source

Low hght conversion

Hwdrogennse enzyvine sensitive to O,

Indirect biophotolysis 12H,0 + hight— 12H; - 60,

Can produce H; from water

Can fix N; from the atmosphere

Low H; vields due usage of hydrogenase

Requirement for an external hight source

Enzvine wfubition by O,

13. Economic Evaluation of Dark Fermentation
from Bio-waste Effluents

Despite the extensive research that has been carried out
over the past decade, few researchers have evaluated the
economic potential of industrial-scale  biohydrogen
production processes. Classen et al. [121] conducted a cost
evaluation on biohydrogen-producing dark-fermenter (total
volume = 95 000 L) and photo-fermenter (total volume = 300
000 L). The production capacity for these vessels was 39 kg
Ha/h, and the overall costs were estimated at US $3.65 kg™
H,. However, the costs of biomass, construction, and labour
were not included. A hydrogen production rate of 425 000 L
Hz h™* was postulated from the process and this corresponded
to an energy equivalent of 5.4 GJ h™* [118]. Meanwhile,
Benemann [122] conducted an initial cost analysis for algal
biohydrogen production system. The reactor had a capacity
of 25 694 kg H./day which corresponded to 3600 GJ/day.
The costs for the algal reactor were projected at US $43
million, whereas the annual operating costs were US $12
million/year. In this evaluation, the capital costs accounted
for 90% the overall costs [119].

deVrije and Classen [123] also conducted the cost
analysis of biohydrogen fermentation process using
lignocellulose materials. The plant capacity was 910 kg H-
day-1 and consisted of 95 000 litres thermo-bioreactor for
dark fermenter which was coupled to a 300 000 L photo-
fermenter. The production costs were estimated at US $3
dollar per kg H», without taking into accounts the cost of
hydrolysis. Therefore, all the above cost analyses are based
on assumptions and aimed to assess the economic feasibility

of the process on a commercial-scale. Nonetheless, more
R&D should be invested in dark fermentative biohydrogen
process because this technology is more expensive as
compared to other fuel options due to its process
complexities. This implies that many technical and
engineering challenges need to be tackled before this
technology can be implemented on an industrial-scale.

14. Challenges and the way Forward in Dark
Fermentation Process
14.1. Technical  challenges  facing  dark
fermentation scale-up studies from bio-waste
A critical challenge facing scale-up studies of
biohydrogen production from biowaste is the low

biohydrogen conversion efficiency [16, 66]. This is attributed
to the accumulation of hydrogen inhibiting reactions such as
solventogenic and methanogenesis processes during
biohydrogen production [62, 47]. Biohydrogen production
intermediates such as volatile fatty acids, propionate, ethanol,
carbon dioxide, and biohydrogen-consuming bacteria (like
homoacetogens and methanogens), lowers the overall
biohydrogen yield [71]. Hitherto, the maximum biohydrogen
yield reported in literature is 2.91 mol Hy/mol hexose [124];
from pure strain of Clostridium species. Nonetheless, this
process is still not commercially viable.
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Moreover, a study conducted by Sekoai and Gueguim
Kana [48] highlighted some limitations about the utilization
of biowaste effluents for biohydrogen fermentation
processes: (i) these feedstocks consists of many compounds
and thus some may have an inhibitory effects on dark
fermentation pathways; (ii) these effluents are usually
dispersed, and this might escalates their collection costs (iii)
the lignin structure on biowaste materials is hard to penetrate,
thus pretreatment strategies such as mechanical, physical,
chemical and biological procedures are often adopted to
break down the lignocellulose content thereby enhancing the
release of soluble sugars and accessibility to microorganisms
during fermentation. However, these pretreatments methods
are energy-intensive and expensive [125-126].

14.2. Strategies for optimization of dark
fermentation process yields from bio-waste

Several optimization strategies have been proposed in
dark fermentative biohydrogen production processes for
enhancing its conversion efficiency from biowaste effluents.
These strategies are discussed below:

® Glucose is an ideal substrate in dark fermentation
process but it’s too costly to support its large-scale
production. Thus, utilization of carbohydrates-rich
biowaste substrates is a viable approach to
overcome some of the economic constrains of dark
fermentative biohydrogen process development.

® Cost-effective pretreatments of biowaste materials
are necessary to improve the biohydrogen
conversion efficiency because some of these
substrates contain high amounts of lignocellulose.

® The use of optimization tools such as response
surface methodology (RSM) and Artificial Neural
Network (ANN) may significantly improve the
overall vyields because these statistical methods
determine the synergistic optimum parameters that
are favourable for biohydrogen fermentation
processes [48].

® There is a need for bioreactor designs with high
level of parallelization coupled with online
monitoring devices for detecting the critical
fermentation  conditions  during  biohydrogen
processes. The development of micro-sensors in
bioreactors is essential in order to provide real-time
and reliable bioprocess data and also to determine
suitable  parameter setpoints for maximum
biohydrogen production [48].

® Integration of hybrid bioprocesses is vital in order to
enhance the overall biohydrogen conversion
efficiency. These include, (i) dark fermentation and
biomethane production, (ii) dark fermentation and
Microbial Fuel Cells (MFCs), (iii) dark
fermentation and Microbial Electrolysis Cell
(MECs), and (iv) dark and photo-fermentation

process [127].

Cost-effective  pretreatment methods of the
inoculum are necessary for the enumeration of dark
biohydrogen-producing bacteria (e.g. Clostridium
sp., Bacillus sp.) while suppressing dark
biohydrogen-consuming methanogens.

Utilization of co-substrates has been shown to
improve the dark fermentation process yields. For
instance, Zhu et al. [92] observed that the
combination of the substrates (food waste + primary
sludge + waste activated sludge) enhanced the
overall yields as compared to individual substrates.
Meanwhile, Sekoai and Gueguim Kana [47]
reported a 3.8% in hydrogen increase from organic
fraction of municipal solid waste comprising of
apple waste, orange waste, cabbage waste, potato
waste, bread waste, and paper waste respectively.
Therefore, these wastes provide a desirable carbon
and nitrogen (C/N) ratio for dark fermentation
process [47].

Metabolic engineering has also gained much
attention over the past few years and it could
potentially improve the biohydrogen yields. Efforts
have been focusing on redirection, identification
and engineering of oxygen tolerant hydrogenases
(Sinha and Pandey, 2011). Studies have also
focused on metabolic pathways to regulate the
biohydrogen-producing reactions and biohydrogen-
producing microorganisms. However, some reports
in literature have highlighted a need for an
extension of substrates in metabolic studies of
biohydrogen-producing bacteria because these
organisms are fastidious [128].

Another technology that has received much
attention is immobilization of biohydrogen-
producing inoculum. It offers process advantages
such as high metabolic activity, increases cell
density, easier handling, re-use of cells, better
solid/liquid separation efficiency, and better
operation stability [11]. It is used in various reactor
prototypes such as continuous stirred tank reactor
[129], fluidized bed reactor [63], carrier induced
granular sludge bed [127], up-flow anaerobic sludge
bed reactor [130], and trickling biofilter [106]. The
immobilization methods include granulation [131],
biofilm [132], gel-entrapment [90], ceramics or
glass beads [133], cellulosic materials [134], and
polyacrylamide gels [135-136]. Some of the
abovementioned  optimization  strategies are
summarized in Fig. 7.
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Fig. 7. Optimization strategies for dark fermentative biohydrogen production process

15. Conclusions

Dark fermentative biohydrogen production from bio-
waste effluents demonstrates the possibilities of generating
alternative and sustainable energy fuels that are
environmentally friendly and reliable in South Africa. In
addition, availability of biohydrogen as a clean alternative
source of energy could pave the way to meeting the country’s
escalating energy demands. Furthermore, the use of bio-
waste which is abundantly present in South Africa for
biohydrogen production, will significantly improve the
process economics of the process. However, to fully realize
the commercialization of biohydrogen production in South
Africa and the rest of the world, it is imperative for both the
government and private sector to invest enormously on
technological development and technical expertise pertaining
to biohydrogen fermentation processes. The economic
analysis of dark fermentation process shows that the unit
price of biohydrogen production will be more expensive at
industrial-scale as compared to energy derived from
hydrocarbon fuels due to its process complexities such as
low conversion efficiency, accumulation of by-products that
competes with biohydrogen pathways, the need for optimum
bioreactor designs, the need for hydrogen purification
methods, and the requirements for hydrogen storage systems.
Nonetheless, biohydrogen is still a preferred energy fuel
when taking into account the adverse effects of climate
change, dwindling fossil reserves, and escalating energy
prices.
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