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Abstract: Maize (Zea mays) is one of the most cultivated crops in South Africa, serving as a
staple food, stock feed, and a key element in several industrial applications. It contributes
significantly to the growth of the South African agricultural economy. The cultivation of
maize generates a large amount of agricultural waste, mainly in the form of maize stover
(MS), which encapsulates leaves, stalks, cobs, and husks. Approximately 5.15 metric tons
(Mt) yr−1 of MS are generated in South Africa. This corresponds to an energy potential of
94 PJ. There is immense potential to surpass the annual yield of MS by 126% up to about
11.66 Mt yr−1 through practices such as zero tillage and improved agricultural production
systems. MS may pose a serious threat to the environment if not managed in a sustainable
and eco-friendly manner. Valorization of MS into biogas presents an excellent opportunity
to effectively control biomass waste while contributing to renewable energy production and
mitigating dependence on depleting fossil fuels. However, MS continues to be overlooked
as a sustainable bioenergy resource due to its lignocellulosic structure. This study explores
the potential of converting MS into biogas for heat and power generation, addressing
both energy needs and waste management in South Africa. The purpose is to provide
knowledge that will inform researchers, innovators, industrialists, policy makers, investors,
and other key stakeholders interested in renewable energy systems. Collaborative efforts
among multiple stakeholders are vital to leverage biogas as a technology to promote
socio-economic development in South Africa.
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1. Introduction
Maize (Zea mays) is the most widely grown cereal crop in South Africa. South Africa is

the hub of maize production in Africa, followed by Nigeria. An estimated 2.6 million ha of
land is currently under maize cultivation in South Africa [1]. In 2023, about 16.4 million
metric tons (Mt) of maize were harvested in South Africa [1]. Maize is a multipurpose crop
vital for food security. In South Africa, it is cultivated as a source of food, animal feed,
or raw material for the food and beverage industry [2]. The maize value chain generates
significant amounts of crop residues, primarily in the form of maize stover (MS). MS
consists of leaves, stalks, cobs, and husks [3,4]. South Africa produces around 5.15 Mt
yr−1 of MS, with a projected increase in the foreseeable future [5]. MS is burnt, composted,
mulched, or used as stock feed in South Africa. However, a large portion of MS residue
often goes unused, imposing social, technical, and environmental problems. Proper waste
disposal is essential to abate environmental pollution and promote socio-economic well-
being. With an estimated energy potential of 17 MJ kg−1, processing MS can produce
sustainable fuel products [6].
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MS contains large amounts of organic matter. It is a rich resource of fermentable
sugars amenable to anaerobic digestion (AD). AD presents a unique opportunity to recover
energy from biomass while mitigating environmental concerns [7,8]. It is a biochemical
process that produces biogas, a renewable energy resource. The primary components of
biogas are methane (CH4) and carbon dioxide (CO2). In AD, organic matter is degraded
synergistically using bacteria consortia in the absence of oxygen [8,9]. AD involves three
major steps, namely hydrolysis, fermentation, and methanogenesis. Biogas is generated
through the degradation of fermentation products during the methanogenic step [8,10]. MS
is composed of a compact three-dimensional matrix of cellulose, hemicelluloses, and lignin.
This structural complexity prolongs the residence period of MS in biodigesters [11–13].
Hydrolysis is the rate-limiting step, which dictates speed of the entire AD process. Despite
these constraints, MS is a potent feedstock for biogas production. Studies have reported
good theoretical biomethane potential (BMP) from MS in the range of 377.9 to 421.1 mL
g−1 VS [14]. It is noteworthy that the real BMP of MS rarely exceeds the hypothetical CH4

values. This calls for an acceleration of the degradation of MS.
Pretreatment is a phenomenon that can promote the AD of recalcitrant organic com-

pounds [15–18]. The underlying principle is to disintegrate the lignin structure and expose
more fermentable sugars to microbial degradation [19]. Several pretreatment methods
can enhance biogas production. These can be grouped into chemical, physical, biological,
and hybrid technologies [20,21]. Altogether, biological pretreatment is more advantageous
than other methods. It is an inexpensive and eco-friendly technology [15,22]. The authors
envisage biogas as an alternative to chemical fuels. This is due to its renewable nature,
improved greenhouse gas (GHG) emission savings, and the potential for multiple uses.
Biogas can be used as a fuel for power generation and combined heat and power (CHP)
systems [23,24]. Utilizing the nutrient-rich digestate by-product of AD as a biofertilizer is a
sustainable way to improve the agricultural value chain in South Africa [25,26].

Currently, South Africa has installed approximately 700 biodigesters [27,28]. These
biodigesters are mainly operating at the small-scale domestic level [25,27]. However, only
30 digester projects are commercialized in the country [8]. South Africa produces biogas
at a technical capacity of 3 million Nm3 d−1. Prevalent feedstocks for various biogas
plants include livestock manure, sugarcane bagasse, food waste, and wastewater [23].
The installed capacity is predicted at 50–70 MW [27]. This value can be surpassed by
diversifying feedstock streams. This review is premised on the idea that MS can play a
mammoth task in sustaining the energy industry, thereby alleviating poverty in South
Africa. This can be attributed to its abundance, low cost, and recyclable nature. On
the contrary, technical, economic, social, cultural, and market barriers have hampered
the scalability of MS biogas technology. The gist of the article is that MS is a potential
feedstock for biogas production in South Africa. The viewpoint is to provide informed
decisions and attract stakeholders interested in biogas power generation to invest in novel
feedstock streams.

2. Maize Stover Generation in South Africa
South Africa is popularly known for producing vast amounts of the maize grain.

Reports have indicated that the country is the leading producer of maize in Africa. Ap-
proximately 16.4 million Mt yr−1 of maize is harvested from 2.6 million ha of land in South
Africa [1]. Maize production generates large volumes of non-grain biomass residues. The
residue-to-grain production ratio for the maize crop is 1:1 [27]. MS is the main by-product
from harvesting and processing of the maize grain. The residue contains different fractions
of stalks, husks, cobs, leaves, and other left-over residues in variable proportions [3,4].
MS covers around 47–50% of the total maize harvest on a dry-weight basis [3]. MS frac-
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tions were reported as 27.5% stalks, 8.2% cobs, 11.4% leaves, and 7.0% husks on a dry
matter basis [29]. Mensah et al. [4] reported the percentage dry weight distribution for MS
fractions of 9.4% for the cob and 44.3% for the combined husk, leaf, and stalk. Current
aggregated data on the generation of MS in South Africa are not well-updated. However,
Batidzirai et al. [5] reported that South Africa produced an average of 5.15 Mt yr−1 of MS
between 1990 and 2011. Stover generation capacity is likely to outweigh this by 126% up to
about 11.66 Mt yr−1 if agricultural practices and technologies are well-reformed [5]. The
distribution of MS production by province in South Africa is shown in Figure 1. Around
89% of the stover comes from the Free State, Mpumalanga, and Northen Cape, the most
significant maize producers in South Africa [5].
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Figure 1. Comparison of maize stover production among nine provinces in South Africa [5].

3. Chemical Composition of Maize Stover
MS is a highly lignocellulosic material. It mainly contains 40.7% cellulose, 31.1%

hemicelluloses, 11.7% lignin, and other constituencies in small quantities [4]. Yang et al. [30]
revealed that the cellulose, hemicellulose, and lignin content of MS is 41.16, 24.95, and
5.90%, respectively. Lignocellulose is the primary strengthening component in MS. Other
constituents found in MS include crude protein, ash, and mineral elements. Mensah
et al. [4] reported total solid (TS), moisture content, and ash values of 93.31, 6.69, and 5.05%,
respectively. The volatile solid (VS) (81.73%), TS (97.00%), ash (15.27%), and moisture
content (3.00%) were found in a study by Olugbemide et al. [31]. MS contains roughly 4.3%
crude protein, 88.16% TS, and 79.67% [30]. Stover fat content differs from 0.48 to 3.10%
while the dry matter content is around 75% [14].

MS is morphologically diverse in tissue, fiber, and chemical composition [3,32]. The
cob comprises three types of tissues: the chaff, woody ring, and pith. The stalk comprises
the rind, pith, and several mineral elements [3]. The chemical composition of stover
may vary from one fraction to another (Table 1). This heterogeneity can be ascribed to
variations in genetic factors, maturity, and biotic and abiotic conditions. Variability in
the lignocellulosic content of MS directly influences biomethane production and other
processes. Hence, it is necessary to ascertain the chemical composition of feedstocks before
AD trials are conducted. Hemicelluloses and lignin are hard-to-digest compounds. Lignin
cannot be digested by anaerobic microorganisms [3,12]. Pretreatment of MS improves the
recovery of sugars and biogas during AD. The effectiveness of pretreatment is affected by
the composition and type of stover fraction. For example, Aboagye et al. [33] compared the
effect of alkali (2% w/v NaOH) and acid (2% w/v H2SO4) pretreatment on glucose yield
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from maize cobs, stalks, and leaves. The results revealed a higher glucose recovery from
alkali-pretreated cobs and stalks than acid-pretreated fractions.

Table 1. Lignocellulosic content of maize stover.

Fraction Cellulose (%) Hemicelluloses (%) Lignin (%) Reference

Stalks 42.41 11.78 30.62 [4]
Stalk pith 31.6 27.3 * 17.0 [32]
Stalks 36.2 34.2 8.0 [14]
Cobs 35.58 28.91 29.61 [4]
Stalk rind 39.4 25.2 * 20.1 [32]
Cobs 36.4 46.0 4.8 [14]
Husks 31.17 31.57 30.54 [4]
Leaf 31.3 21.2 * 17.4 [32]
Husks 40.3 42.9 3.1 [14]
Leaves 41.26 10.20 30.96 [4]
Leaves 35.7 37.5 5.8 [4]
Stover 53.3 34.4 12.3 [31]
Stover 41.8 28.5 4.6 [13]
Stover 46.16 24.95 5.90 [30]
Stover 34.33 26.62 7.56 [11]
Stem bark 40.9 21.8 4.8 [34]
Leaf blade 26.5 27.4 2.4 [34]
Stover 42.3 29.8 9.4 [7]
Stem pith 28.0 23.3 2.6 [34]

* Hemicelluloses and pectins.

4. Maize Stover to Biogas
4.1. Biogas Value Chain

The MS biogas value chain comprises feedstock collection, pretreatment, AD, biogas
utilization, and digestate slurry management. AD is the actual biogas production process.
It involves using anaerobic bacteria to turn organic matter into biogas [35]. AD minimizes
the volume, mass, and toxicity of the feedstock material [36]. The digestate slurry is a waste
product of the AD process. The MS biogas value chain is summarized in Figure 2.
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Figure 2. Outline of biogas production from maize stover for heat and power generation.
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4.1.1. Feedstock Collection

Feedstock collection is the first step in biogas production from MS residue. It in-
volves harvesting and transporting the raw material to the biogas processing facility [37].
The choice of a feedstock collection method is a critical criterion for an efficient biogas
production system. It is a function of grain harvest efficiency, grain loss rate, and soil
contamination [37]. MS can be gathered manually for small-holder operations or using
mechanized equipment such as harvesters and balers for large-scale production systems.
Technologies like single-, two-, and multi-pass procedures are available to collect stover frac-
tions from maize fields [3,37]. Maize kernels are harvested using a combine harvester and
separated from cobs using the single-pass method. A pull-type collection wagon (e.g., the
Vermeer Cob Harvester CCX770) is used to collect cobs after removing kernels [3,4]. An
ideal approach to collect stover for biogas facilities is the two-pass method. Compared to
other methods, the two-pass procedure is energy efficient, with a high rate (90%) of cob
and husk harvest. More so, it does not affect harvest efficiency or the grain-loss rate, and
soil contamination is limited [37,38]. Harvest cost is a crucial parameter to determine the
feasibility of a stover harvest system. It includes labor, equipment ownership, and mainte-
nance and fuel consumption. The cost per ha of harvested MS exhibits the following order:
singe-pass < two-pass < multi-pass harvest system [39]. A multi-pass system requires huge
capital investment in equipment [40]. In the first harvest of a two-pass method, a special
header fitted with a chopper-windrower is deployed to cut husks, cobs, and leaves. The
second pass involves baling the chopped stover into round or square bales [4]. Bales can be
temporarily stored at a primary site or directly transported to the biogas plant. The biogas
facility’s proximity to the field offers the best way to minimize transport costs [37].

4.1.2. Feedstock Pretreatment

MS is characterized by the high content of cellulosic matter that restricts its utility for
AD. Lignin is highly resistant to AD due to its amorphous structure. This reduces the avail-
ability of fermentable sugars to microorganisms and degradative enzymes [12,16,19,41]. As
a result, the AD of MS is very slow, leading to low biogas production. Many attempts have
been made to overcome this drawback in order to increase the biogas yield of recalcitrant
substances. Researchers have proposed feedstock pretreatment as a panacea to destroy
the lignin seal and release more digestible sugars to AD [19]. Pretreatment methods are
extensively presented in the extant literature. They fall into four major categories: chemical,
physical, biological, and combined pretreatment. The merits and demerits of pretreatment
methods are well-documented in scientific studies [15,16]. As shown in Table 2, each pre-
treatment method has its own advantages and disadvantages. Pretreatment methods such
as steam explosion, dilute acid or alkali (ammonia (NH3), NaOH, Ca(OH)2, H2SO4, H2O2,
etc.), microwave, ionizing radiation, and hydrothermal treatments have been extensively
studied [35,42]. Steam explosion pretreatment of stover at 160 ◦C for 2 min produced 22%
higher CH4 yield than the control [43]. Fang et al. [44] pretreated MS at 180, 200, and 220 ◦C
for 20 d using a fluidized bed pyrolysis reactor. Results indicated a maximum biogas yield
of 23 319 mL that was 10% higher than the non-treated counterpart. Ultrasound treatment
of maize straw at 50 kHz and 250 W caused a 60.7% rise in CH4 production [45]. Zheng
et al. [46] generated 73.4% higher CH4 than unpretreated conditions after exposure of MS
to 2% NaOH at 20 ◦C for 72 h. However, the commercialization of physical and chemical
pretreatment technologies has hit a brick wall. Their pitfalls include the need for specialized
equipment, high capital, high energy, and the release of secondary pollutants [15,42].

Biological pretreatment (bacteria, fungi, enzymatic, etc.) is a promising alternate
to saccharify cellulosic material and improve the overall digester performance. It is an
environmentally benign method with low chemical and energy use [41,42,47]. In addition
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to fermentable sugars, biopretreatment can produce several beneficial products including
biochemicals and biomaterials [41]. Pretreatment of MS for 2 d using crude ligninolytic
enzymes from Phanerochaete chrysosporium and Coridus versicolor produced 323 mg g−1 of
sugar. This concentration was 50.2% more than unpretreated conditions [47]. MS modified
by Ceriporiopsis subvermispora for 5–90 d increased CH4 yield by 15.2%, reaching a peak of
235 mL g−1 VS [19]. Stover pretreatment for 3 d using a liquid digestate waste improved
biogas and CH4 yield by 70.4 and 66.3%, respectively [42]. Makri et al. [48] investigated
the effect of three different concentrations of rumen fluid flora (4, 6, and 12% w/v) on
MS pretreatment to optimize biogas production. The highest cumulative biogas yield of
282.57 mL g−1 VS was attained after 28 d of digesting stover pretreated with 4% w/v rumen
fluid microbiota. Enzymatic pretreatment of MS under optimal conditions of enzyme load
(30 FPU g−1) and solid content (60 g L−1) enhanced cumulative biogas production by
36.9% after 24 h of AD [49]. Exposure of maize straw to complex microbial agents for
15 d enhanced biogas and CH4 yield by 33.1 and 75.6%, respectively. The pretreatment
time decreased by 34.6% compared to control conditions [50]. It was established that
pretreatment of MS with a coculture of bacteria and fungi can reduce the digestion time
and promote CH4 production [34]. A compound microbial agent consisting of five bacterial
strains (i.e., Bacillus cereus MA-02, B. subtilis A90, B. amyloliquefaciens JS-23, B. subtilis DS-
10, and B. licheniformis MS-44) improved biogas and CH4 recovery by 56.6 and 82.6%,
respectively, after pretreatment of MS for 20 d [41]. Full-scale adoption of biopretreatment
has been deterred by extra costs incurred to prepare and continuously add biological
agents [42]. Researchers are now concentrating on lowering this cost and improving the
efficacy of biological pretreatment.

Combined pretreatment is expected to enhance sugar recovery and the overall AD
efficiency [51]. It involves merging various pretreatment technologies to destroy lignin
and hemicelluloses in stover residues. The most common pretreatment combinations
are thermo-chemical processes [8]. Zhang et al. [51] optimized sugar recovery from MS
using alkali-assisted extrusion pretreatment. Sugar yields of 86.8% glucose and 50.5%
xylose were achieved that were 3.9- and 13.3-fold increased, respectively, compared to
non-treated residues [51]. Pretreatment of MS at a temperature of 29.8–31.1 ◦C and pH
of 7.05–7.84 produced cumulative biogas yield of 54.97 m3, which was higher that un-
pretreated conditions [52]. Although, combined pretreatment shows positive energetic
balance, it has been associated with strict operational conditions like harsh temperatures
and pressures. Furthermore, chemicals are used in many cases, which may discharge
inhibitors and increase the operational cost [16].

Table 2. Advantages and disadvantages of pretreatment techniques for maize stover [16,53].

Pretreatment Method Advantages Disadvantages

Physical

• Disintegrates cellulose within a
short period.

• Reduces stover particle size and
increases surface area for
microbial attack.

• Reduces the crystallinity of cellulose.
• Lowers the degree of polymerization

of cellulose.
• Chemical-free method.
• User-friendly technology.
• Water use is moderately low.

• Less efficient to degrade
hemicelluloses and lignin.

• Limited access to cellulose
by microbes.

• High energy use.
• Large-scale operation is costly.
• Releases toxic compounds into

the environment.
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Table 2. Cont.

Pretreatment Method Advantages Disadvantages

Chemical

• Enhanced degradation of cellulose
through hemicelluloses and
lignin removal.

• Acid: destroys hemicelluloses rapidly
and increases sugar recovery and
hydrolysis rate.

• Alkalis: improve the degradation of
lignin, and they are cheap and efficient.

• Ionic liquids: zero vapor pressure,
thermostable, highly polar,
low-toxicity, low melting point, and
simple and easy operation.

• High capital investment.
• Harsh reaction conditions such as high

temperatures and pressures
are required.

• Requires the use of chemicals.
• Produces pollutants that may

contaminate the environment.
• Relatively high water consumption.
• Alkali pretreatment may release

GHG emissions.

Biological

• Mild operational conditions.
• Easy to incorporate the method into

consolidated bioprocessing system.
• Minimal chemical and energy use

makes it a sustainable technology.
• Efficient process.
• Degrades cellulose, hemicelluloses,

and lignin to produce sugars.
• Release of GHG emissions

is minimized.
• Does not cause acidification

and eutrophication.
• Water usage is relatively low.
• Reduces the production of secondary

toxic pollutants.

• Some microorganisms
consume hemicelluloses.

• Slow enzyme action.
• Prolonged pretreatment time.
• Slow reaction.
• Microbial contamination is a cause

of concern.

Combined

• Mild chemical reaction conditions.
• Steam explosion: enhanced sugar

recovery from stover, cheap
and efficient.

• Ammonia fiber expansion: increased
depolymerization of cellulose,
enhanced surface area, partial
destruction of hemicelluloses and
lignin, and increased sugar recovery.

• Hydrothermal pretreatment: no
chemical use, pollutant free, high sugar
recovery form hemicelluloses, limited
corrosion, no acid recirculation or
neutralization, and modification of
stover allows ease of access to enzymes.

• Costly process.
• Involves chemical use.
• Slow enzyme hydrolysis.
• Harsh reaction conditions (i.e., high

temperature and pressure).

4.1.3. Anaerobic Digestion

At this stage, pretreated stover is fed into anaerobic digesters where microbially-
mediated digestion occurs. AD is a mature technology widely utilized to manage and
convert waste into biomethane [12,19]. This technology has been practiced for a consider-
able period in South Africa. AD utilizes a broad spectrum of feedstocks such as livestock
manure, crop waste, and energy crops [54]. MS is an abundant and sustainable feedstock
for AD due to its high organic matter content. The TS content of MS has been reported to be
above 15%. Hence, solid-state anaerobic digestion (SS-AD) is considered the best approach
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for treating feedstocks with high TS content [7]. Acclaimed attributes for SS-AD include
high volumetric CH4 yield, minimized reactor volume, low energy input, limited material
handling, and positive energetic balances [7]. AD is a complex process that consists of
three main steps. These are hydrolysis, fermentation, and methanogenesis (Figure 2). AD
is facilitated by different bacteria consortia under limited oxygen conditions. Complex
organic molecules are degraded into simple monomer units during hydrolysis. Fermenta-
tion involves the breakdown of hydrolytic products to release alcohols, acetic acids, fatty
acids, hydrogen, and CO2. Methanogenesis is the final step, where fermentation products
are degraded into biogas [8,35]. Biogas is composed of 50–60% CH4, 30–40% CO2, and 2%
trace gases [8].

AD of stover is affected by several environmental factors. Key factors include pH,
chemical oxygen demand, volatile fatty acids (VFAs), NH3 concentration, micronutrient
availability, and total alkalinity [7,12]. These variables are a function of operational pa-
rameters including the carbon to nitrogen (C/N) ratio, temperature, inoculum, substrate
particle size, agitation, TS content, hydraulic retention time (HRT), and organic loading rate
(OLR) [7]. Process parameters must be severely monitored and balanced for an efficient AD
system. Table 3 outlines the optimal conditions for various process parameters affecting the
AD of MS residues. pH is one of the most critical factors affecting methanogenesis. Too high
or too low pH inhibits the growth and function of digester microorganisms. Methanogens
operate at an optimal pH of 7.0–8.0 [55]. Modern digesters favor thermophilic temperatures
around 37 ◦C to improve digestion rates [55]. A strong synergistic interaction exists between
the temperature and pH of a bioreactor system. Methanogenic activities are suppressed
by acidic pH conditions, thus lowering biogas production [56]. It is vital to maintain these
parameters at an optimum level. A mixture of cow dung and water at a 1:1 ratio is the
most preferred inoculum to halt the building up of acids in digesters [57]. While a C/N
ratio in the range of 20 to 30 promotes synergism and nutrient balance in the digester [20].
Codigestion of MS with animal manure can balance the C/N ratio and ensure an adequate
supply of nutrients [58].

Table 3. Operational parameters that affect the anaerobic digestion of maize stover.

Parameter Main Effect Optimal Conditions Reference

Temperature

• Affects the structure of compounds, texture and
form of bacteria, kinetics and thermodynamics
of biodegradation, chemical stability, and
methane production.

• Lower temperatures suppress substrate
utilization and microbial growth.

• Higher temperatures cause an accumulation of
inhibitory volatile gases.

20 ◦C (psychrophilic),
35 ◦C (mesophilic), and
55 ◦C (thermophilic)

[24,58]

pH • Extremes of pH inhibit or kill anaerobic
bacteria, reducing biogas production.

6.5–7.5 [59]

Inoculum size

• Required for rapid and successful
digester start-up.

• Shortens the lag phase, stabilizes anaerobic
digestion, and increases hydrolysis rate.

Substrate to inoculum ratio
of 2.0–4.0 (VS basis) under
thermophilic conditions.

[57,58]
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Table 3. Cont.

Parameter Main Effect Optimal Conditions Reference

Carbon to
nitrogen ratio

• Balances carbon and nitrogen content and
stabilizes the digestion process.

• Higher ratios lead to rapid use of nitrogen.
• Lower ratios cause accumulation of inhibitors

e.g., total ammonia nitrogen and volatile
fatty acids.

20–30 [20,24,60]

Substrate
particle size

• Promotes substrate degradation and
digestion efficiency.

• Small particles increase surface area for
enzymatic and microbial action.

• Coarse particles clog the system and obstruct
the agitation process.

Moderate size [12,61]

Hydraulic
retention time

• Critical digester design parameter that affects
digester performance.

• Short retention time minimizes digester size
and operational cost.

• Long retention time results in nutrient
exhaustion and process failure.

15–30 d (mesophiles) and
12–24 d (thermophiles) [62,63]

Organic
loading rate

• Regulates the degradation of organic matter.
• A low rate lowers reactor efficiency.
• A high rate supports bacteria action and lowers

energy needs, reactor size, and capital cost.

4–5 kg vs. m−3 d−1

(thermophiles) and 2–3 kg
vs. m−3 d−1 (mesophiles)

[62–64]

Total solids
content

• Influences pH, temperature, and efficiency of
microbes in a biodigester.

• Higher content leads to process inhibition.
20–30% [60]

Agitation • Creates homogeneity of nutrients, heat,
microbes, enzymes, etc.

Moderate mixing [61]

4.1.4. Biogas Utilization

Biogas is a renewable and sustainable energy resource that can help South Africa
to address its energy demands and manage organic waste. MS can contribute around
135 million m3 to the South African biogas mix [27]. Stover biogas can be used for cooking,
space heating, and electricity and power generation or upgraded to biomethane [23,24,27].
Using biogas for cooking can significantly improve rural livelihoods, alleviate deforestation
pressures, and reduce indoor pollution caused by traditional biomass [65]. With a predicted
power potential of 0.9 GW, electric power generation holds much of the market share
for biogas in South Africa. Nevertheless, this potential is technically unrealistic, as it is
constrained by feedstock availability and logistical and technological costs. Variation in
feedstock types is a plausible approach that can improve the technical potential of biogas
in South Africa [27]. Bioelectrification is the most widely known commercial use of biogas
in South Africa. Electricity from biogas can be directly consumed or distributed into the
public domain, either the municipal or national grid [25,27]. Biogas is transformed into
electricity using a genset. This device consists of an engine or turbine and an electric
generator. The efficiency of a genset in converting biogas to electricity typically falls in the
range of 20 to 45% [65]. The rest of the energy is lost as heat [25]. A heat recovery system
(CHP unit) can be connected to the genset to collect this heat in the form of hot water or
steam. A CHP unit captures around 90% of the heat [65]. This energy can be utilized to heat
digesters, water, and space. South Africa has limited space heating activities; hence, a few
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CHP units are installed in the country [25]. It is practical to use biogas for heating without
electricity generation. In this scenario, the gas is directly fed into a boiler or burner for heat
or steam production. The utility of this heat or steam varies from heating biogas plants
to several industrial applications [25,65]. Food and chemical manufacturing industries in
South Africa can utilize biogas as a source of thermal energy [65].

Biogas can substitute petroleum products as a transport fuel. However, applying
biogas to power vehicles is not mature in South Africa. This is attributed to further
upgrading biogas to high-grade CH4 [27]. Biogas contains impurities such as water (H2O),
CO2, hydrogen sulfide, etc., that may destroy appliances [23]. These impurities must be
separated from CH4 for biogas to match natural gas standards. Upgraded biogas can
be either compressed or liquified to be used as a vehicular-grade fuel. Compressed or
liquified gas is more straightforward to store and transport than raw biogas [23,27]. CH4 is
a common source of household cooking energy and a precursor for chemical synthesis in
industry [25]. Its utilization can lower the carbon footprint, contributing to South Africa’s
climate change goals. The renewable energy directive (RED) has established the GHG
emission savings as a sustainable strategy. The minimum threshold for GHG emission
savings from biogas production is set at 70% as of 2021 onwards. It is expected to rise up
to 80% in 2026 or afterwards [66]. GHG emission savings for electricity generated from
stover biogas are poorly understood. These savings rarely exceed the minimum threshold
level. For example, the GHG emission savings for MS biogas electricity were observed
at 46–66% [66]. However, MS can be codigested with livestock manure to surpass the
minimum threshold for sustainable GHG emission savings [66].

4.1.5. Digestate Waste Management

The decomposition of MS organic matter into biogas via AD generates digestate
waste [67]. Digestate is a nutrient-rich slurry that cannot be converted into biogas. A
typical 500 kW AD facility can produce more than 10,000 tons of digestate per annum [68].
Digestate is very diverse in composition, mainly affected by feedstock type and oper-
ational conditions. Stover digestate is endowed with cellulosic material (cellulose and
lignin), water, and microorganisms [68]. It also contains various fertilizing elements such
as nitrogen, phosphorous, potassium, and micronutrients. Micropollutants, especially
cadmium, are also found in the digestate slurry [26,69]. If not properly treated, digestate
waste can spread pathogens and diseases to the natural ecosystem [68]. This demands
innovative disposal strategies conforming to South African regulations to minimize the
environmental impact [25]. Valorizing digestate into organic fertilizer is a smart way of
adding value while managing the digestate in a circular economy [26,69]. Digestate effluent
is a high-grade fertilizer that can enhance soil health and close the nutrient loop in farming
ecosystems [31]. It can be applied to soil in its solid or liquid form. Organic agriculture is
a common practice in South Africa. Therefore, setting up biodigesters nearer to organic
farms could provide a sustainable solution to meet fertilizer requirements [25]. However,
uncontrolled application of digestate, whether acidic or alkaline, may adversely affect soil
health and fertility [68]. It may alter the physicochemical properties of soil, for instance
pH, thus impeding the accessibility of nutrients by plants. The unstable nutrient content of
digestate can cause leaching of surplus nitrogen and its derivatives, posing detrimental
effects on water resources and the climate [68].

Other authors have suggested digestate waste as a promising substrate for edible
mushroom cultivation. For example, using stover digestate as an additive to wheat straw
substrate resulted in 5.1% higher fruiting bodies of Pleurotus ostreatus than the control [70].
Wystalska and Kwarciak-Kozlowska [69] posited that stover digestate can be an excellent
feedstock for biochar production. This is due to its high carbon content that falls within
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the range of 15 to 55%. High temperature pyrolysis, hydrothermal carbonization, and
gasification are mature technologies to convert stover digestate into biochar [68]. Biochar
can be utilized as a natural fertilizer and a biosorbent [69]. Contrarily, biochar may contain
persistent secondary pollutants such as dioxins, chlorinated hydrocarbons, and polycyclic
aromatic hydrocarbons [68].

4.2. Biomethane Potential of Maize Stover

BMP determines the maximum volume of CH4 that can be obtained from a biodegrad-
able feedstock. It estimates the amount of organic matter in a feedstock that can be con-
verted into CH4 [15]. A gamut of methods is well-established in the literature to estimate the
BMP of organic feedstocks, including theoretical models and experimental approaches [15].
Many studies have reported on the BMP of various crop residues [8]. However, a few
authors have concentrated on the biogas potential of MS residue. Mernado et al. [14]
observed the BMP for different stover fractions ranging from 206.6 to 393.0 mL g−1 VS.
Digesting stover at 37, 42, 47, and 55 ◦C for 20 d produced CH4 yields of 102.0, 141.7, 119.6,
and 125.4 mL g−1 VS, respectively [71]. Schilling et al. [72], Rasopo et al. [73], and Tuyen
et al. [74] found BMP values varying between 317.0 and 363.0 mL g−1 VS from MS waste.
This article reports on BMP values and CH4 content in the range of 115.4–307.0 mL g−1 VS
and 55.2–66.8%, respectively (Table 4). These values deviate significantly from theoretical
predictions in the 377.9–421.1 mL g−1 VS range [14]. This can be ascribed to variations in
chemical composition and the digestibility of the organic fraction [14]. Kamusoko et al. [75]
reported that the CH4 yield of plant waste may differ depending on biomass quality, ge-
ographical location of the feedstock, and reactor conditions. Deploying state-of-the-art
technologies (i.e., pretreatment, codigestion, bioaugmentation, and microbial community
monitoring) can increase the BMP of MS residue [61]. For example, codigestion of MS
with cattle manure generated 357.4 mL g−1 VS of CH4 and improved the VS conversion
efficiency by 51.8% after 21 d of treatment at 55 ◦C [76]. Bioaugmentation of lab-scale
bioreactors with cellulolytic bacteria consortia increased CH4 production of α-cellulose and
MS by 22–24% [77].

Table 4. Biomethane potential of maize stover fractions.

Part Inoculum Source Digester
Set Up

Reactor
Conditions

BMP
(mL g−1 VS)

Methane
Content (%) Reference

Stalks

Liquid digestate
from digester fed
with manure and
maize silage

2 L batch
digesters

40 ◦C, 40 d,
manual stirring 233.8 51.1 [14]

Stover
Digester treating
cellulosic material
and manure

0.25 L batch
fermenters

37.5 ◦C, 49 d,
magnetic stirrer 285.0 61.0 [43]

Stalk
Digested sludge
from wastewater
treatment

1 L batch
reactors

35 ◦C, 45 d,
manual mixing 115.4–217.9 64.1–66.8 [78]

Cobs

Liquid digestate
from digester fed
with manure and
maize silage

2 L batch
digesters

40 ◦C, 40 d,
manual stirring 206.6 54.4 [14]

Stover
Plant codigesting
cow manure and
maize silage

0.25 mL
batch reactors 30 d 192.0–288.0 - [79]
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Table 4. Cont.

Part Inoculum Source Digester
Set Up

Reactor
Conditions

BMP
(mL g−1 VS)

Methane
Content (%) Reference

Leaves

Liquid digestate
from digester fed
with manure and
maize silage

2 L batch
digesters

40 ◦C, 40 d,
manual stirring 244.5 55.2 [14]

Stover
Anaerobic sludge
from mesophilic
digester

0.118 L
serum bottles 30 d, 150 rpm 136.0 - [50]

Straw
Full-scale biogas
plant fed with maize
straw and manure

0.5 L
batch reactors 37 ◦C, 21 d 212.9 - [80]

Stover
Anaerobic sludge
from wastewater
treatment

1 L
glass bottles

37 ◦C, 30 d,
manual shaking 260.7 55.4 [7]

Husks

Liquid digestate
from digester fed
with manure and
maize silage

2 L batch
digesters

40 ◦C, 40 d,
manual stirring 307.0 56.4 [14]

Stalk Digester fed with
animal effluents

2 L batch
reactors

40 ◦C, 60 d,
manual stirring 246.0 - [81]

4.3. Biomass Balance

The biomass balance (BMB) concept is a fundamental tool for modeling, monitoring,
and optimizing the efficiency of a biochemical process [82–84]. This approach utilizes
biomaterials instead of fossil-derived feedstocks in its production system. BMB enables
scientists to track how much raw material that enters the biological system is stored or
converted into final products. The resultant products are referred to as BMB products [82].
The economic viability of biochemical platforms can be assessed using the BMB approach.
As such, the BMB approach has become an integral part of the AD process. For example,
Dolan et al. [85] proposed a BMB model to describe the flow of material and energy in AD
of organic matter. It can be envisaged that the wet AD of 1 000 kg of organic matter can
potentially produce 175 kg and 825 kg of biogas and digestate, respectively. Processing
175 kg of biogas through a CHP system results in the generation of 0.34 MWh of net
electricity and 0.17 MWh of net heat. This demonstrates the efficiency of CHP unit in
capturing both electrical and thermal energy from biogas. The CHP unit emits 1 206 kg
of flue gas (molecular nitrogen (N2), CO2, H2O, and other pollutants) [83]. Substrate
pretreatment can help to improve the efficacy of material flow and the theoretical yield
of biomass in AD facilities. There is a paucity of information in the literature on BMB
analysis of MS for AD systems. However, Zuo et al. [86] conducted a BMB analysis of
alkali-pretreated MS for combined ethanolic fermentation and AD. About 10 g of MS was
pretreated at 50 ◦C for 48 h by mixing with 1% NaOH and 8% NH3 solution in a solid-
to-liquid (S/L) ratio of 1:10. Solid-state fermentation of pretreated biomass using Pichia
stipitis produced an alcohol concentration of 36.1 g L−1. This concentration was equivalent
to 63.3% of the maximum theoretical yield. Overall, the biorefinery process transformed
15 g of MS into 1.9 g of ethanol and 1 337.3 mL of biogas [86]. Material flow for the entire
ethanol and biogas production process is shown in Figure 3.
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2.9 g Oven‐dried   
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1.0 g Oven‐
dried residues 

Anaerobic digestion   
20 mL batch, 35°C, 120 d 

Figure 3. Biomass balance for the integrated ethanol and biogas production from maize stover [86].

5. Challenges and Future Prospects
The future of biogas holds much promise, prospecting opportunities for renewable

energy, waste disposal, and economic empowerment in South Africa. Despite this inevitable
potential, the technology is not widely accepted, especially in rural households [87,88].
Most rural households are prohibited by the herd size required to produce sufficient manure
to generate biogas needed to power their domestic needs [87]. Based on this criterion, about
625,000 households in South Africa could potentially benefit from biogas technology [89].
Integrating MS into biogas production is a promising strategy to diversify feedstock streams
in South Africa. However, the growth of biogas technology has faced some bottlenecks,
including policy and regulation, technical barriers, funding, sustainability, socio-cultural
issues, awareness, and education, amongst others [88–93]. These hurdles have hindered
the widespread adoption of stover biogas in South Africa.

5.1. Technical Barriers

Feedstock availability is a significant technical issue that can impact the sustainability
and applicability of biogas in South Africa [87,93]. Livestock waste alone may not fully
fulfil the feedstock requirements for rural household digesters [93]. On the other hand, MS
is affected by seasonal changes; hence, it is not always available as a feedstock for biogas
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production. This variation implies that MS cannot be an effective feedstock for developing
an economically viable biogas production system. Strategies that permit the availability of
feedstocks throughout the year should be implemented to ensure sustainability [94]. It is
imperative to search for alternative feedstocks, such as animal manure, kitchen waste, etc.,
and investigate their feasibility for the codigestion with MS.

The resistance of MS to microbial degradation is another key technical barrier to stover
biogas technology. This significantly hinders the AD efficiency, often leading to process
failure [41]. As such, current bioreactor operations in South Africa cannot productively
utilize MS residue as a feedstock for biogas production. Several pretreatment methods
have been suggested to overcome this technological hurdle, but most struggle with scala-
bility due to reduced efficiency, release of toxic by-products, and high operational costs.
Future research should be tailored toward adopting suitable pretreatment technologies
that will enhance the digestibility of MS. Low nitrogen content in MS can cause nutrient
imbalances and affect synergism in biodigesters. Thus, the codigestion of MS with more
biodegradable organic substances like animal manure should be prioritized to surmount
this technical obstacle [8].

5.2. Funding

Infrastructural needs can be cited as a stumbling block for the maturation of MS
biogas technology [88,93]. MS biogas technology is still being researched at the lab scale in
South Africa. The government of South Africa took its first initiative to deal with waste
biomass by establishing the Council for Scientific and Industrial Research’s Biorefinery
Industry Development Facility in 2018. The mandate of this state-of-the-art biorefinery
plant is to manage wood and saw mill waste while generating new processes and valuable
products [94]. However, key drivers to support this technology transfer are not fully
present in the country. This has been necessitated by limited funding for research and
development (R&D) and a shortage of highly qualified technical expertise [87,91]. While
there are no specific pilot studies reported on stover biogas in South Africa, the country
does have an increasing interest in biogas technology. MS biogas facilities require colossal
capital, operational, and maintenance costs, which may be problematic in rural settings [89].
Financial resources for R&D should be readily accessible to small-holder communities
to support biogas research, technology development, and demonstration projects. Rural
households must be sensitized about securing the available funding opportunities for
technology transfer.

5.3. Socio-Cultural Issues

Many societal and cultural issues can significantly impact MS biogas dissemination in
rural communities of South Africa [87,88,91,95]. Lack of public participation and consumer
interest is the most prevalent socio-cultural barrier. Rural people have different cultural
opinions regarding the adoption of stover biogas [91]. MS is often seen as a waste, and
its use for biogas may be perceived as untraditional or unappealing. As a result, farmers
may be hesitant to accept technologies or practices that deprive them of their social norms.
Others may consider MS biogas production a low-status activity often associated with poor
hygiene [95]. Gender roles are a critical development factor in most rural societies. Women
are obliged to gather fuelwood and cook on open fires in rural areas. Hence, they are
vulnerable to indoor pollution and severe respiratory diseases. Women may be exempted
from decision-making processes or have limited exposure to resources and training for clean
fuels [90]. Attention should be paid to implementing strategies and initiatives to safeguard
the public, indigenous communities, and workers’ rights. There is a need to engage with
local people to acquire knowledge of their needs, concerns, and cultural practices. To
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effectively adopt MS biogas, farmers, particularly women, need adequate training and
resources to conscientize them and build their capacity to implement and maintain biogas
technology. It is important to actively engage diverse voices and consider gender parity
and multiple stakeholders to ensure inclusive and equitable decision-making processes.

5.4. Information and Market Barriers

Other authors have pointed the finger at information and market barriers to the low up-
take of biogas as one of the primary fuels for cooking and heating in South Africa [87,91,96].
Awareness and education on biogas from cellulosic material are still limited in the pub-
lic, government, and private domains. A number of rural households believe in biogas
from livestock manure. This is not in agreement with sustainable feedstock production in
South Africa. Educating farmers and other stakeholders on the availability of MS and its
long-term benefits is pertinent to disseminating knowledge and promoting the wide-scale
adoption of renewable energy resources. It is a fundamental part of developing markets
for MS biogas and technologies that encourage its production and use. Establishing demo
facilities in rural areas, followed by several campaigns and workshops, could promote
biogas projects from lignocellulosic biomass [8]. This could help to widen the market base
for MS biogas in South Africa. Biogas faces strenuous competition from traditional biomass
(e.g., fuelwood and dung), which is more accessible to most rural areas [90]. More so, the
price of biogas is often higher than natural gas, putting it at risk of being rejected in the
market [91]. It is without doubt that MS biogas can compete in market with fossil gas and
other smart energy technologies if the cost is moderately low. Generally, the market cost of
advanced biomass fuel in South Africa is predicted at USD 0.066 kWh−1. This energy cost is
relatively higher than coal (USD 0.023 kWh−1) and lower than solar PV (USD 0.068 kWh−1)
and wind (USD 0.12 kWh−1) [97]. The lifespan of renewable energy technologies ranging
from 20 to 40 yr is shorter than that of coal. South Africa could benefit from coal-fired
plants for a period of 200 years [97].

5.5. Policy and Regulatory Barriers

MS biogas technology needs to be fully supported and enhanced by imposing strin-
gent measures to implement the technology on a large-scale. South Africa has made
significant strides in drafting strategies to promote waste management and smart energy
technologies. Key strategies include waste reduction, waste prevention, waste as a resource,
sustainable strategic partnerships, and environmentally sound socio-economic growth and
development [98]. However, the lack of consistent renewable energy policies could be a
barricade to stover biogas penetration in South Africa. The quality of products and services
from stakeholders and suppliers should be governed by policy documentation [89]. To
encourage adoption of stover biogas technology, policies such as subsidies, tax incentives,
or regulatory frameworks that promote its use should be formulated. Supportive govern-
ment policies could stimulate MS biogas advancement. The government should provide
incentives such as tax credits or grants to attract investment in biogas projects. Recently,
the South African government has proposed the incorporation of an Enhanced Renewable
Energy Tax Incentive in section 12B of the Income Tax Act. This incentive will enable
businesses and other stakeholders to withhold a 125% tax for all renewable energy assets,
including those utilized for biogas [99]. Ensuring a favorable regulatory environment
is a key milestone in attracting private investors and stakeholders interested in biogas
technology. It is suggested that South Africa should develop a standalone waste-to-energy
policy to address renewable energy policy gaps and match international best practices [98].
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6. Conclusions
MS is one of the most abundant bioresources available on earth and has untapped

energy potential. Valorization of MS into biogas offers an immense opportunity for South
Africa to boost its renewable energy portfolio and contribute to sustainable development.
Given that the energy potential of MS is 94 PJ, it could contribute to biogas resources
for sustainable heat and power generation in South Africa. However, the scalability of
MS biogas technology has been hampered by technical, economic, socio-cultural, and
regulatory barriers. By overcoming these challenges, South Africa can effectively harness
its agricultural waste, support rural development, and fulfill its sustainable energy goals.
The MS biogas value chain needs to be safeguarded by vibrant government policies to
ensure sustainability. Despite high organic matter content, MS is touted to be a hard-to-
digest material. This trait limits its utility for biogas production through AD. The actual
energy potential of stover has not yet reached its full potential, as predicted by theoretical
models. Emerging research must concentrate on optimal conditions for AD and explore
new technologies that promote the stover biogas value chain. The most critical aspect is to
identify favorable pretreatment methods that can improve the hydrolysis and BMP of MS.
It is important to demonstrate knowledge and understanding of advanced applications of
MS biogas in real-world energy systems. South Africa’s biogas policy initiatives should
focus on enhancing economic viability, conducting market research, increasing funding,
providing incentives, and fostering community participation. One of the key drivers could
be to locally develop a waste-to-energy policy in alignment with the global standards. A
multi-stakeholder approach engaging the government, private sector, and communities is
a prerequisite to recognize the full potential of this renewable energy venture.
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BMP Biomethane potential
CHP Combined heat and power
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GHG Greenhouse gas
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MS Maize stover
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Mt Metric tons
OLR Organic loading rate
R&D Research and development
RED Renewable energy directive
SS-AD Solid state anaerobic digestion
TS Total solid
VFAs Volatile fatty acids
VS Volatile solid
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