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The biotransformation of food waste (FW) to bioenergy has attracted considerable research
attention as a means to address the energy crisis and waste disposal problems. To this end,
a promising technique is two-stage anaerobic digestion (TSAD), in which the FW is trans-
formed to biohythane, a gaseous mixture of biomethane and biohydrogen. This review sum-
marises the main characteristics of FW and describes the basic principle of TSAD. Moreover,
the factors influencing the TSAD performance are identified, and an overview of the research
status; economic aspects; and strategies such as pre-treatment, co-digestion, and regulation
of microbial consortia to increase the biohythane yield from TSAD is provided. Additionally,
the challenges and future considerations associated with the treatment of FW by TSAD are
highlighted. This paper can provide valuable reference for the improvement and widespread
implementation of TSAD-based FW treatment.

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Fossil fuels such as coal, oil, and natural gas have been
the dominant energy sources worldwide for a considerable
period. In 2018, fossil fuels represented more than 80% of
the world’s total primary energy supply (Bundhoo and Mo-
hee, 2016; IEA, 2020). However, fossil fuels are being rapidly
depleted, and their combustion leads to the emission of pol-
lutants, which adversely impact the environment and human
health (Soares et al., 2020). To mitigate these problems, renew-
able energy resources such as solar, wind, geothermal, and
bioenergy are being widely investigated as alternatives to fos-
sil fuels (Dinesh et al., 2018; Nazir et al., 2019). Bioenergy is an
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eco-friendly and renewable alternative energy resource that is
typically obtained from perishable organic wastes. Hydrogen
(Hz) and methane (CH,) are promising bioenergy sources ow-
ing to their high energy densities of 142 and 55.5 MJ/kg, respec-
tively (Hassan et al., 2019; Singh et al., 2015). When the two
gases unite, they form a mixture named biohythane, which
is an advanced fuel with hydrogen fractions of 10%—30%
(Meena et al., 2020). Biohythane inherits the benefits of both H,
and CHg, such as low production costs, environmental friend-
liness, and sustainability, which enhance its potential in the
marketplace (Rawoof et al., 2021).

In addition to the energy crisis, the treatment of increas-
ing amounts of municipal solid wastes (MSWs) has emerged
as a notable global concern. The annual MSW production is
expected to reach 2.3 billion tons by 2025 (Qin et al., 2019).
Food waste (FW) is one of the most abundant and problematic
MSWs, accounting for over 50% of the total MSW produced in
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China (Yun et al., 2018). FW includes uneaten food residues
and food discarded during production, processing, retailing,
and consumption (Zhou et al., 2018), which are typical per-
ishable substances. Unless properly managed, FW may lead
to severe water, air, and soil pollution through its leachate,
odour, and rapid decomposition during collection, transporta-
tion, and storage (Kim et al., 2021). FW is generally treated and
disposed of by composting, landfilling, incineration, or use as
feed for animals. However, these methods have inherent dis-
advantages. For example, the landfilling of FW emits large vol-
umes of CH, and carbon dioxide (CO;), which are greenhouse
gases and contribute to the global climate change (Giwa et al.,
2019; Park et al., 2021). Moreover, the leachate generated by
landfilling may pollute underground water sources, and the
odour may have adverse environmental effects (Giwa et al,,
2019).

Anaerobic digestion (AD) is an effective technique for treat-
ing organic wastes (Guimaraes et al., 2018). However, single-
stage AD (SSAD) of FW involves many limitations, such as
ammonia inhibition, system instability, insufficient buffer-
ing capacity, and accumulation of volatile fatty acids (VFAs)
(Paillet et al., 2021). Two-stage AD (TSAD), in which the
hydrolysis-acidogenesis and methanogenesis stages are sep-
arated, can overcome the disadvantages of SSAD through the
provision of optimal conditions for bacterial activity in each
stage. Therefore, TSAD is a promising technique to treat FW
and recover bioenergy in the form of CHy4 and H, (Xiao et al,,
2018). There are some reviews focusing on the TSAD of FW. For
example, Srisowmeya et al. (2020) investigated the parame-
ters influencing the TSAD performance, analysed the reported
findings, and highlighted the importance of stage separation
in treating perishable substrates. However, the previous pub-
lications mainly focused on the biohydrogen produced in the
first stage instead of biohythane and did not discuss the main
strategies, especially the regulation of microbial consortia, for
enhancing the biohythane production from the TSAD of FW.

The objective of this study was to comprehensively exam-
ine the biohythane yield from TSAD of FW, in terms of the
principle, influencing factors, research status, challenges, and
future considerations. Therefore, the main characteristics of
FW were analysed, and the basic principle of TSAD was clar-
ified. Subsequently, the main factors influencing the perfor-
mance of TSAD, i.e., the pH, temperature, substrate charac-
teristics, organic loading rate (OLR), hydraulic retention time
(HRT), carbon to nitrogen ratio (C/N ratio), inoculum, and reac-
tor types, were identified, and an overview of the state-of-the-
artin biohythane production from TSAD of FW was presented.
Moreover, the main challenges and future considerations were
specified. This review is expected to provide valuable insights
into treating FW by TSAD to produce biohythane, and a refer-
ence for improving the TSAD process.

1. Main characteristics of FW

Large amounts of FW are produced every year. For exam-
ple, in China, 125 million tons of FW was generated in 2020
(Liu et al., 2022), and this amount is expected to increase in
the future (Song et al., 2018). FW generation is correlated with
the gross domestic product, population, output of major agri-

cultural products, and animal husbandry and fishery activ-
ities (Li et al., 2019b). Larger amounts of FW are expected
to be produced in regions with higher population densities
and better living standards. FW generally includes catering
and kitchen waste. Catering waste, which refers to the food
residues of restaurants and unit canteens and the waste gen-
erated in processing fruits, vegetables, meat, oil, and pastry in
back kitchens, mainly contains oil and solid-liquid mixtures.
Kitchen waste, which refers to perishable organic waste such
as leftover fruits, vegetables, food materials, and fruit skins
discarded in daily life activities, mainly contains solid waste.

In terms of the physical characteristics of FW, the total
solids (TS) content is 15%—25% (with a moisture content of ap-
proximately 75%—85%), and the ratio of the volatile solids (VS)
to TS is 85%—95% (Yun et al., 2018; Zhou et al., 2018). The high
water content of FW usually results in a low calorific value,
and thus, solely FW cannot be incinerated (Wang et al., 2021).
Additionally, FW has a low initial pH with a mean value of
5.3, which generates a low-pH phase and threatens the sta-
bility of the AD system. Therefore, the initial pH must be ad-
justed to realise the AD of FW (Li et al., 2019b). In terms of
the biochemical characteristics, FW contains natural fibres,
carbons, proteins, fats, lipids, vitamins, and minor minerals
embedded in an organic matrix that is biodegradable. The
chemical compositions of individual food components in FW
differ owing to the diverse eating habits in different regions
(Karthikeyan et al., 2018). Appendix A Fig. S1 shows the chemi-
cal compositions of several foods in FW (Musaiger, 2011). Com-
pared with other countries such as the United Kingdom and
South Korea, the FW in China is characterised by high water
and salt contents, large amounts of lipids, and the presence
of complex materials such as paper, plastic, metal, and glass
(Giwa et al., 2019; Negri et al., 2020).

2. Basic principle of the TSAD of FW

The AD performed by a group of microbes can be divided into
four successive stages: hydrolysis, acidogenesis, acetogene-
sis, and methanogenesis (Al-Rubaye et al., 2019). In the AD of
FW, the organic matter in FW undergoes rapid hydrolysis, aci-
dogenesis, and acetogenesis, resulting in an accumulation of
VFAs, which can inhibit methanogenesis and lead to AD fail-
ure (Wang et al., 2018a). These phenomena occur because the
hydrolysis-acidification bacteria readily convert the organic
matter of FW to VFAs, but the methanogens cannot convert
the VFAs to CH, at the same rate. In other words, in a single re-
actor, hydrolysis-acidification bacteria and methanogens are
not synchronised with respect to their metabolic efficiencies
towards FW. To fully exploit the functionalities of the two
groups of microorganisms, strategies involving TSAD of FW
have been developed, in which hydrolysis-acidogenesis and
methanogenesis occur in separate reactors (Chatterjee and
Mazumder, 2019). Fig. 1 illustrates the main steps in the TSAD
of FW.

2.1.  First stage

The first stage in the TSAD of FW involves hydrolysis,
acidogenesis, and acetogenesis. In the hydrolysis process,
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Fig. 1 - Schematic of biohythane production from food waste through two-stage anaerobic digestion.

the complex and high molecular weight compounds in the
FW are decomposed into small soluble molecules (Okoro-
Shekwaga et al., 2019). For example, carbohydrates, proteins,
and lipids are converted to sugars, amino acids, and long-
chain fatty acids and sugars, respectively (Gujer and Zehn-
der, 1983). During acidogenesis, the low molecular weight cul-
tures obtained from hydrolysis are used by the acidogenic bac-
teria to excrete VFAs such as formic acid, acetic acid, propi-
onic acid, butyric acid, and pentanoic acid; alcohols such as
methanol and ethanol; aldehydes; and gases such as CO, and
H, (Srisowmeya et al., 2020). The dominant VFAs are acetic
acid and butyric acid, with proportions of 44.0% to 69.3% and
22.9% to 47.2% in the studies by Slezak et al. (2021). Hydroly-
sis occurs more rapidly than the other AD processes, and the
composition of VFAs produced in this step considerably influ-
ences the succeeding phase. In the acetogenesis process, ace-
togenic bacteria (a restricted group of homoacetogens) con-
vert a part of the VFAs and other intermediates generated
during acidogenesis to acetic acid, ammonia, H,, and CO,
(Kainthola et al., 2019; Li et al., 2019a). These products func-
tion as key substrates in methanogenesis.

2.2. Second stage

The second stage of TSAD involves methanogenesis, dur-
ing which the products from the first stage are con-
verted to CHy and CO,. Hydrogenotrophic and acetoclastic
methanogens contribute to approximately 30% and 70% of
the methane production, respectively (Jiang et al., 2019). Hy-
drogenotrophic methanogens convert H, and CO, to CHy,
whereas acetoclastic methanogens convert acetic acid to CHy
and CO, (Angelidaki et al., 2018; Kurade et al., 2019). A few
methanogens such as Methanosarcina sp. can utilise both path-
ways for generating methane (Chandra et al., 2012). Moreover,
methanol can be converted to CHs and H,0 during methy-
lotrophic methanogenesis. In general, hydrolysis is consid-
ered the rate-limiting step during the AD of complex solid-
state organic matters such as sewage sludge (Ma et al., 2013).
However, because the hydrolysis-acidification of FW typically

occurs rapidly and methanogens are extremely sensitive to
the accumulation of VFAs in the medium, the methanogenic
process may often become the rate-limiting step in the AD of
FW (Cremonez et al., 2021).

3. Factors influencing the performance of
TSAD of FW

The generation efficiency of biohythane from FW through
TSAD is influenced by many factors such as the pH, tempera-
ture, substrate types, and OLR, summarised in Table 1.

3.1. pH

The pH considerably influences the stability of the AD pro-
cess, especially for FW. Extremely low or high pH values may
inhibit TSAD (Panigrahi and Dubey, 2019). The TSAD of FW in-
volves various microorganisms that perform optimally in dif-
ferent pH values. For example, fermentative bacteria are func-
tionally active within a wide range of pH values between 4.0
and 8.0, whereas methanogens perform efficiently within a
pH range of 6.5-7.5 (Srisowmeya et al., 2020). In TSAD, opti-
mal conditions for the hydrolysis-acidification bacteria and
methanogens can be provided by regulating the pH in two
reactors (Dangol et al., 2022). Generally, the ideal pH range
in the first stage of TSAD is 5.2-6.5, with 5.5 being the op-
timal pH (Elreedy et al., 2015; Li et al., 2013). The degrada-
tion rate of carbohydrates is approximately 70% at pH 4.0
and reaches 95% at pH 5.5 (Yu and Fang, 2002). Additionally,
the VFA composition in the effluent of the first stage varies
with the pH and can be classified as ethanol-type, mixed-acid-
type, propionic-acid-type, and butyric-acid-type fermentation
at pH 4-4.5, 4.5-5, 5-5.5, and 5.5-6.5, respectively (Ren et al,,
2007; Zheng et al., 2015). The pH range of 6.8-7.8 is favourable
for the second stage of TSAD (Chatterjee and Mazumder, 2019).
Srisowmeya et al. (2020) narrowed this pH range to 6.5-7.2 as
the ideal range for methanogenesis. To avoid sharp fluctua-
tions in the pH in the first stage, recirculation from the second
stage to the first stage can be implemented.



Table 1 - Factors influencing the hydrogen and methane production from food waste through two-stage anaerobic digestion.

Substrates Inoculum Type of Reactor Temperature pH HRT (day(s)) OLR Removal Biohythane yield Refs.
source digestion volume L) (°C) efficiency
Hydrogen yield = Methane yield
Sewage Anaerobic Two-stage 3,3 55, 35 5.44,7.86 1,4 28.66 g 8.92%, 53.48% 22.90 mL/g 212.56 mL/g Tena et al. (2021)
sludge and sludge VS/(L-day), COD VSadded VS.dded
wine vinasse 543 ¢g
VS/(L-day)
Simulated Anaerobic Two-stage 3,5 (working 35,35 6 8,42 (SRT) 19 g/(L-day) - 31.1 mL/g 460 mL/g Feng et al. (2020)
food waste sludge volume)
Pineapple Pig farm Two-stage 1.2,5.0 37,37 5-6,7 4hr, 3 328.78 kg 42.3%,42.7% 4.1 mL/g COD 167.9 mL/g COD  Chu et al. (2020)
peel waste digestate (working COD/(m?.day) COD
volume)
Food waste Anaerobic Two-stage 45,45 45,45 5.5,8.0 17 hr, 17 hr 20g 76.6%,74.1%  22.7 mL/g 30 mL/g Hassan et al.
sludge (working COD/(L-day), COD (@) e—— (@) —— (2020)
volume) 45¢g
COD/(L-day)
Food waste Anaerobic Two-stage 0.5,0.5 37,37 6,8 3,21 - - 212.2 mL/g VS 412.6 mL/g VS Zhao et al. (2021)
sludge
Orange peel  Anaerobic Two-stage 43,43 35, 35 5-6,7-8 25.8 036¢g 46%,50% TVS 0.79 L/g TVS Jimenez-
sludge COD/(L-day) Castro et al.
(2020)
Fast food Anaerobic Two-stage 4.6,4.6 35,35 4,8 17 hr, 17 hr - 58.3%,47.5% 4.1mlL/g 5.7 mL/g Hassan et al.
restaurant sludge (working COD (@@ )m—— @@ ) N—— (2021)
leftovers volume) 5.5,8.0 17 hr, 17 hr 62%, 93% COD 4.2 mL/g 7.4 mL/g
CODconsumed CODconsumed
5.5,8.0 34 hr, 17 hr 72.8,94% COD 1.0 mL/g 4.3 mlL/g
CODconsumed CODconsumed
Food waste Anaerobic Two-stage, 1,1 34,55 5.5,7.0 = 51gVSpw/L - 53.5 mL/g VS 307.5 mL/g VS Ghimire et al.
digestate batch (2021)
Artificial food Anaerobic Two-stage, 5.3,10 37,37 6.0,7.2 - - 59.7% VS 30.3 L/kg VSaddea  190.3 L/kg Luo et al. (2021)
waste sludge batch VS.dded
Citrus peel Upflow- Two-stage, 0.25, 0.25 30, 30 8.5,- - - = 13.29 mmol/L 50.2 mmol/L Camargo et al.
waste anaerobic- batch (2021)
sludge-
blanket
reactor
sludge
Food waste Anaerobic Two-stage, 0.20.2 55, 55 7,- - - 70-90% COD  176.10 mL/g COD 310.77 mL/g COD Wongthanate
sludge batch (working and
volume) Mongkarothai
(2018)
Household Cow farm Two-stage 1200, 4000 32,35 7.4-7.5 5.5-7.2,35-47 2.5-3.8kg 83-87% tCOD  189-263 L/kg TCOD;emoved Phuoc-Dan et al.
and sludge with (SRT) VS/(m3.day) (2021)
restaurant recirculation
wastes

(continued on next page)
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Table 1 (continued)

Substrates Inoculum Type of Reactor Temperature pH HRT (day(s)) OLR Removal Biohythane yield Refs.
source digestion volume L) (°C) efficiency
Hydrogen yield = Methane yield
Food waste Maize straw  Two-stage 2,45 55, 35 5.1,7.6 5,9 18 kg 29.2%,56.6% 135 L/kg VS, 510 L/kg VS;, Algapani et al.
digestate and with (working VS/(m3.day), TCOD (2019)
municipal recirculation  volume) 5.7 kg
sewage VS/(m?3-day)
sludge
Food waste Activated Two-stage 3,12 (working 37,37 5.54,7.35 3,11.9 14.6 kg 32.3%,54.5% 8.6 NL/(kg 428.3 NL/(kg Baldi et al. (2019)
and activated sludge with volume) TVS/(m3.day), TVS TVS.day) TVS.day)
sludge recirculation 2.5kg
TVS/(m?.day)
Food waste 5.52,7.43 3,128 14.2 kg 23.5%,62.5% 12.6 NL/(kg 482.1 NL/(kg
TVS/(m3.day), TVS TVS.day) TVS.day)
2.5kg
TVS/(m?.day)
Food and Thermophilic Two-stage 3,12 (working 55, 37.5 5.31,7.28 6,24 4.34 kg 78.4% VS 79 NL/kg VSteq 329 NL/kg VSteq Qin et al. (2019)
paper waste  sludge, with volume) COD/(m?3-day)
anaerobic recirculation
sludge
Food waste Anaerobic Two-stage 8.3,10 - 6,7 - 8.03 kg 30%-45% COD 22.35 mlL/g 167.55 mL/g Chakrabory et al.
sludge with VS/(m?3.day) CODseeding CODseeding (2022)
recirculation
Peach pulp Anaerobic Two-stage 5,5 30, 30 5.5,7.4 1,5 212¢g 97.6% COD - 0.32 L/g COD Carvalheira et al.
waste sludge with COD/(L-day), (2018)
recirculation 09¢g
COD/(L-day)
Apple pulp 37,37 1,25 267¢g 91.9% COD 0.3 L/g COD
waste COD/(L-day),
74¢g
COD/(L-day)
Food and Food waste Two-stage 1,1.8 - 6,7 - - 54.1% COD - 226.86 mL/g VS Chakrabory and
vegetable slurry with (working Mohan. (2018)
wastes recirculation, volume)
batch
Organic Cow manure Two-stage 1.34,13.4 35, 35 5.5,7.0 1.1-1.5,11-15 19.39-26.84g - 0.05-0.07 NL/g VS 0.12-0.18 NL/g VS Camacho et al.
market waste with water (working VS/(L-day), (2019)
recirculation  volume) 1.27-195¢g
VS/(L-day)

HRT: hydraulic retention time; SRT: solid retention time; OLR: organic loading rate; COD: chemical oxygen demand; TCOD: total chemical oxygen demand; VS: volatile solids; TVS: total volatile solids;

-: not available.
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3.2 Temperature

The effectiveness of the functional microorganisms in the
TSAD of FW depends on the temperature. Based on the tem-
perature, the AD process can be classified as psychrophilic (be-
low 20°C), mesophilic (20-45°C), thermophilic (55-70°C), or hy-
perthermophilic (above 70°C) (Divya et al., 2015; Kumar and
Samadder, 2020). Mesophilic bands make up the average tem-
perature of most tropical countries, which are widely used by
the need of high methane levels. And greater diversity of ac-
tive anaerobic microorganisms and better process stability are
ensured by them (Kainthola et al., 2019). Luo et al. (2021) in-
vestigated the effect of leachate recirculation with various
water replacement rates on the performance of TSAD (37°C
for the first and second stages) using FW as the substrate,
and the highest hydrogen and methane yields corresponded
to TS contents of 15%. Compared with mesophilic AD, ther-
mophilic AD offers various advantages, such as more efficient
degradation of organic waste, more efficient killing of intesti-
nal parasites and vegetative pathogens, higher reaction rates,
and shorter retention times (Suryawanshi et al., 2010). How-
ever, thermophilic AD is characterised by low stability, a long
startup phase, and large heat energy input (Suryawanshi et al.,
2010). Some studies have highlighted the superior perfor-
mance of mesophilic AD compared with thermophilic AD,
attributable to exogenous additives. For example, Sunyoto
et al. (2018) reported that with the addition of biochar, the hy-
drogen yield from the TSAD of FW in mesophilic conditions
was higher than that in thermophilic conditions.

The concept of temperature-phased anaerobic digestion
(TPAD) has been introduced, in which TSAD is implemented
at different temperatures in different stages (Hagos et al,
2017). Specifically, thermophilic and mesophilic conditions
can be applied in the first and second stages, respectively.
Thermophilic conditions can promote biohydrogen genera-
tion, and mesophilic conditions can promote the genera-
tion of propionic acid during the hydrolysis-acidification pro-
cess. Additionally, the stability and methanogenic diversity
in the second stage in mesophilic conditions are higher than
those in the thermophilic condition. Kanchanasuta and Sil-
laparassamee (2017) experimentally investigated the TPAD
of decanter cake and crude glycerol. The first stage in-
volved thermophilic conditions (55°C) for hydrogen fermen-
tation, and the second stage involved mesophilic conditions
(37°C) for methane production (Kanchanasuta and Sillaparas-
samee, 2017). High energy-recovery efficiency was achieved.
Notably, methanogenic archaea are sensitive to the tempera-
ture, and the process may fail when the temperature change
exceeds 2-3°C (Zhang et al., 2020).

3.3. Substrate

Carbohydrates, proteins, and lipids are the main components
of FW and function as the main substrates in the AD pro-
cess. The different types of substrates can be listed in de-
scending order of their degradation rates as sugars (monosac-
charides and disaccharides), starch, proteins, hemicellulose,
lignin, waxes, and greases (Cremonez et al., 2021). Carbohy-
drates, which consist of easily fermentable sugars, can yield
biohydrogen in a short period in the acidification phase, fol-

lowed by large amounts of biomethane production. In con-
trast, residues composed of lignocellulosic carbohydrates ex-
hibit low degradability and must be pre-treated before the AD
process (Jain et al,, 2015). Additionally, proteins are not re-
garded as ideal substrates for TSAD because of their inhibitory
effects due to production of toxic compounds such as ammo-
nia (Braun et al., 2003; Ma et al., 2018). Lipids have the highest
potential for biogas production amongst all the compounds
and can be gradually transformed into solid fatty acids dur-
ing the process. However, the accumulation of fatty acids and
slow degradation of lipids in AD can adversely influence the
AD system. First, the accumulation of macromolecular fatty
acids can decrease the pH. Because FW contains high con-
centrations of lipids that degrade slowly, blocks may be gener-
ated by the accumulation and conversion of fatty acids. These
blocks can surround the microorganisms, making it difficult
for them to contact the degradable feed stock, thereby de-
creasing the biogas production. Moreover, energy conversion,
extensive substance transfer, and information transmission
occur between methanogens and hydrogen-producing bacte-
ria when they are in direct contact. The limited contact be-
tween microorganisms owing to the lipids can inhibit the AD
(Yue et al., 2020). Therefore, pre-treatments should be intro-
duced to accelerate the process.

Moreover, nutrient element compositions, such as those
of carbon, nitrogen, oxygen, and hydrogen, considerably in-
fluence the AD performance. Notably, the optimal C/N ra-
tios differ across studies, and various ranges such as 20-35
(Khalid et al., 2011) and 15-30 (Neshat et al., 2017) have been
reported. Extremely high C/N ratios may limit the inoculum
renewal and new cell formation. Extremely low C/N ratios may
lead to the presence of excessive nitrogen in the form of am-
monium, which is toxic to the microbes (Esposito et al., 2012;
Rocamora et al., 2020). The C/N ratio of mono FW as the sub-
strate is typically high. Therefore, the co-digestion of FW and
other organic wastes has been recommended to balance the
C/N ratio (Zheng et al., 2021).

The metal elements in substrates influence the TSAD pro-
cess of FW. Metal elements can be divided into light met-
als (i.e., sodium, potassium, and calcium) and heavy met-
als (i.e., copper, nickel, zinc, and cobalt), and some of them
can facilitate the active functioning of microbes and serve
as cofactors for enzyme activity and synthesis (Cirne et al,,
2007; Silva et al., 2018). For example, magnesium is an im-
portant component of cellular walls and membranes, which
are needed for building cellular protein and act as activator
and cofactor of many enzymes (Bundhoo and Mohee, 2016).
Sodium at low concentrations works as a micronutrient which
is needed for bacterial growth plays a crucial role in build-
ing Na-K-ATP pump which transports substrate into cells
(Blaustein et al., 2020). Calcium can enhance bacterial growth,
strengthen microorganisms and cell aggregation (Tang et al,,
2022). Nickle is crucial in forming [Ni-Fe]-hydrogenases which
plays an important role in converting formate into biohy-
drogen (Salazar-Batres and Moreno-Andrade, 2022). Moreover,
iron has been widely introduced in AD processes in various
forms such as Fe?* and FeyO, nanoparticles (Chen et al., 2021).
Pyruvate is the main intermediate product in a dark fermenta-
tion system and can be anaerobically oxidised to acetyl coen-
zyme A (acetyl-CoA) through the formate lyase (Pfl) pathway
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or ferredoxin oxido-reductase (Pfor) pathway (Holladay et al.,
2009). Ferredoxins containing iron and inorganic sulphur can
assist in transporting electrons for the oxidation of pyruvate
to acetyl-CoA under the Pfor pathway, in which CoA and ferre-
doxin oxidase oxidise pyruvate into acetyl-CoA, ferredoxin re-
ductase, and CO, (Hallenbeck and Benemann, 2002). Iron can
also promote bacterial growth by facilitating the biosynthe-
sis of enzymes such as hydrogenases and reducing the inhi-
bition caused by sulphides (Bundhoo and Mohee, 2016). How-
ever, when the concentration of these metals in the TSAD pro-
cess is beyond certain thresholds, process failure may occur
(Chen et al., 2014). Zhao et al. (2020) studied the dosing effect
of nano zero-valent iron (NZVI) on dark fermentation from co-
digestion of lake algae and FW, and reported that the addition
of 10 mg/g TS of NZVIimproved the hydrogen yield from 30.99
to 40.04 mL/g VS, whereas the addition of 20 and 40 mL/g VS
decreased the hydrogen yield to 14.77 and 5.37 mL/g VS, re-
spectively. Several strategies have been proposed to alleviate
these inhibitory effects. First, the inhibition threshold must be
determined, which varies with several factors such as the sub-
strates fermented, inoculum used, and operating conditions
(Ho and Ho, 2012; Wang and Wan, 2009). The reactor contents
can be diluted to concentrations below the thresholds to min-
imise inhibition. Another useful technique is the precipitation
of heavy metals (Jose Leal-Gutierrez et al., 2021). Activated car-
bon and organic ligands can be used as the adsorbent and
chelating agent, respectively, for the removal of heavy metals
(Chen et al., 2008).

3.4. OLR

The OLR significantly affects the stability of TSAD by influ-
encing the stability of VFA production. By ensuring a proper
OLR, adequate carbon can be provided (Wainaina et al., 2019).
In general, a high OLR represents a high treatment ability of
the system. However, extremely high OLRs may lead to the
rapid formation of metabolic intermediates that cannot be
consumed in time, resulting in VFA accumulation, which can
cause process instability (Nagao et al., 2012). A high OLR is
more harmful to the methanogenic phase than to the aci-
dogenic phase, and thus, the optimal OLR range is differ-
ent in the two stages of the TSAD process (Lay et al.,, 2019;
Porpatham et al., 2007). In other words, the acidogenic stage
can be implemented at a higher OLR than the methanogenic
phase. Baldi et al. (2019) operated a TSAD system using FW
as the substrate with OLRs of 14.2 and 2.5 kg TVS/(kg-day) for
the first and second stages, respectively, and the hydrogen and
methane yields were 12.6 and 482.1 L/(kg TVS-day), respec-
tively, and the biohythane production was enhanced. Notably,
in the literature, the OLR is typically presented in inconsis-
tent units such as kg COD/(m3.day) or kg VS/(m3.day), and it
is difficult to standardise the units because of the lack of con-
version factors. Moreover, the optimal OLRs vary across stud-
ies owing to the different process conditions, and there is no
consensus on the ideal range. For the first stage of TSAD, the
OLR values have been reported to be 20-64 kg COD/(m?>-day)
or 8-38 kg VS/(m?-day) (De Gioannis et al., 2013). In the sec-
ond stage, the apparent viscosity of the fermentation medium
may increase when the OLR is higher than 5 g TS/(L-day) in

mesophilic conditions, thereby limiting the heat and mass
transfers (Wainaina et al., 2019).

3.5. Retention time

Both the solid retention time (SRT) and the HRT are key pa-
rameters in biological treatment processes. The SRT is de-
fined as the average time the biomass remains in the digester,
whereas the HRT is defined as the average time the substrate
remains in the digester (Chatterjee and Mazumder, 2019). In
general, the SRT is longer than the HRT, although the two
values are equal in a continuous stirred-tank reactor (CSTR)
(Santiago et al., 2019). The HRT is calculated as the ratio of the
volume of the reactor to the daily feed flow rate. The process
operation conditions (especially the temperature) and type
of substrates influence the HRT. The retention time in ther-
mophilic conditions is shorter than that in mesophilic con-
ditions, and thus, the AD performance is superior in ther-
mophilic conditions. Additionally, the HRT values for the two
stages of TSAD are different, usually 2-4 days and 12-16 days
for the acidogenic and methanogenic stages, respectively. Ow-
ing to the shorter retention time, the TSAD process is generally
more efficient than SSAD, which typically has an HRT of 18-30
days (Rajendran et al., 2020; Srisowmeya et al., 2020).

3.6. Inoculum

The appropriate inoculum should be selected to ensure the
performance of the TSAD of FW (Cremonez et al., 2021). The
TSAD process typically involves two types of inoculum. The
dominant microorganisms in the two stages of TSAD are dif-
ferent (typically, Thermoanaerobacterium sp. for acidogenesis,
and Methanoculleus sp. and Methanosarcina sp. for methano-
genesis) because of the different operating parameters in the
two stages (O-Thong et al., 2016). Additionally, inoculum can
be obtained from the fermentation system in either pure or
mixed form. The ability of pure cultures to produce hydro-
gen and methane has been extensively studied, and they have
been noted to be effective in generating specific products. For
example, Clostridium and Enterobacter are widely used for hy-
drogen production (Dinesh et al., 2018). Although pure cul-
tures present a higher rate of biogas generation than mixed
microbial species (Mamimin et al., 2019), mixed cultures ex-
hibit several advantages. For example, sterile operating condi-
tions are not required, there is no dependence on the strain of
a specific microorganism, the microorganisms can consume
a great diversity of substrates, and they can be obtained at
low cost (Kleerebezem and van Loosdrecht, 2007; Lu et al,,
2011; Wainaina et al., 2019). Consequently, mixed cultures
are more suitable for the engineering application of AD sys-
tems. Mixed cultures contain anaerobic sludge, organic com-
post, and bovine manure (Bakonyi et al., 2014; Soares et al,,
2020). Amongst mixed cultures, the sludge from treatment
ponds and digesters for degrading residues having similar
characteristics can be easily adapted as the inoculum to en-
hance the efficiency of AD systems (Jeihanipour et al., 2011,
Yang et al., 2015). However, the inoculum may contain in-
hibitors, i.e., hydrogen-consuming bacteria that can limit the
hydrogen production in the first stage of TSAD. Therefore, the
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inoculum for the first stage of TSAD must be pre-treated to
eliminate the inhibitors (Kan, 2013).

A suitable substrate-to-inoculum ratio (S/I) must be se-
lected to buffer the capacity, control the accumulation of VFAs,
and increase the digester stability. The optimal S/I values for
the two stages are different. S/I ratios (based on the VS) of 7-
10 are preferable for producing H,, although the correspond-
ing values for CH4 production are much lower (Yun et al.,
2018). Cappai et al. (2018) evaluated the influence of the S/I ra-
tio on dark fermentation and demonstrated that the H, yield
was maximised when S/I was 7.14. Additionally, recirculation
influences the inoculum. The two-stage recirculation of the
methanogenic reactor effluent can favour the growth of bac-
teria in the first reactor and archaea in the methanogenic
reactor, thereby contributing to the hydrogen production (O-
Thong et al., 2016).

3.7. Reactor

The types of bioreactors influence the growth and activity
of microorganism. CSTRs have substrate blending systems,
which can ensure a high level of mixing. In batch or contin-
uous conditions, such reactors are preferable for the AD of
FW as they can manage wastes with high solid loads. Conse-
quently, CSTRs represent the most widely used reactor con-
figuration in TSAD processes (Gianico et al., 2015). An up-
flow anaerobic sludge reactor (UASB) consists of a feeding sys-
tem in the lower part. The substrate flows upward and passes
through a sludge blanket that contains a suspended bed and
granules. UASBs exhibit several advantages such as a high OLR
and low HRT and are thus often used in the second stage of
TSAD (Li et al.,, 2020a; Tauseef et al., 2013). However, UASBs
cannot effectively treat organic wastes with high solid loads
(Cremonez et al., 2021). Several other reactor models are avail-
able, such as anaerobic packed-bed reactors, anaerobic baf-
fled reactors, expanded granular sludge blanket (EGSB) reac-
tors, leachate bed reactors, internal circulation (IC) reactors,
or sequential batch reactors (SBRs) (Cremonez et al., 2021,
Dinh Pham et al., 2020). The reactor should be selected based
on the application requirements.

4. Research on biohythane production from
FW through TSAD
4.1. Research status

Biohythane, a mixture of biohydrogen and biomethane with
specific ratios, has gained interest as an alternative renewable
energy source to reduce carbon monoxide emissions. For ex-
ample, in the USA, biohythane is being used by many automo-
tive manufacturing companies (Rena et al., 2020). The TSAD of
FW is a promising route for biohythane production, and many
researchers have focused on evaluating the corresponding po-
tential of TSAD systems, for instance, by analysing the factors
affecting the system stability, eliminating the inhibitors of the
system efficiency, and formulating strategies to enhance the
biohythane yield.

First, because optimal conditions can be provided to
the TSAD systems for producing both biohydrogen and

biomethane, the energy efficiency of TSAD is higher than
that of traditional AD. Alexis Parra-Orobio et al. (2020) com-
pared the energy balance and carbon dioxide emissions asso-
ciated with the TSAD and SSAD of FW, and the results showed
that the energy efficiency of TSAD was 57.5% higher than
that of SSAD. Second, several factors affect the stability of
TSAD of FW, such as pH value, temperature, substrate type,
and OLR. The optimal operational parameters are summarised
as follows. The ideal pH range is 5.2-6.5 and 6.8-7.8 for the
first and second stages of TSAD, respectively (Chatterjee and
Mazumder, 2019; Elreedy et al., 2015; Li et al., 2013). In terms
of the temperature, thermophilic and mesophilic conditions
are preferred for the first and second stages, respectively
(Chen and Chang, 2020; Li et al., 2020b; Wang et al., 2018b). In
terms of the substrates, FW rich in carbohydrates is suitable
for biohydrogen production in the first stage (Cremonez et al.,
2021). The first stage is typically operated at a higher OLR
than the second stage (Lay et al., 2019; Porpatham et al., 2007).
The ideal HRT values for the first and second stages are 2-
4 and 12-16 days, respectively (Srisowmeya et al., 2020). In
terms of the inoculum, S/I ratios (on a VS basis) of 7-10 are
preferable for producing H,, and those for CHs production
are considerably lower (Yun et al., 2018). Several reactor mod-
els (e.g., IC, UASB, and EGSB) are available for implementing
TSAD processes (Dinh Pham et al., 2020), although the CSTR
configuration is the most widely used (Gianico et al., 2015).
Third, the inhibitors in TSAD systems have attracted consider-
able attention. The inhibitors can be divided into pre-process
and in-process inhibitors. Pre-process inhibitors consist of in-
hibitors in mixed microflora, metal ions, and inhibitors from
substrate pre-treatment such as furan derivatives and phe-
nolic compounds. In-process inhibitors consist of ammonia,
intermediate products, and end products (Bundhoo and Mo-
hee, 2016). Many researchers have examined the mechanisms
through which these inhibitors affect the TSAD process and
recommended strategies for eliminating or alleviating the in-
hibitory effects. For example, Hou et al. (2021) studied the
mechanism by which high salinity inhibited H, and CHy pro-
duction from the TSAD of FW in different salt concentrations
and examined the potential of air-nanobubble water addition
in mitigating the inhibition, and the results showed that the
two stages were severely inhibited when the salt concentra-
tions were more than 20 g NaCl/L, because high salinity inhib-
ited the growth of microorganisms by dehydration or increase
in the osmotic pressure (Hou et al., 2021; Tsapekos et al.,
2019). The addition of air-nanobubble water could enhance a-
glucosidase, protease, and coenzyme F4yq activities and pro-
mote microbial electron transfer, thereby enhancing the per-
formance of TSAD of FW in highly saline conditions (Hou et al.,
2021). Fourth, many researchers have attempted to enhance
the biohythane production through strategies such as pre-
treatment, co-digestion, and regulation of microbial consortia.
These methods are discussed in Section 4.2.

The economic aspects of the TSAD have been studied,
with estimations based on the total capital investment, which
consists of the working capital cost and fixed capital cost
(Jarunglumlert et al., 2018). Then, annual revenue and the
annual production cost can be calculated after the optimal
equipment type running in the best operating condition is se-
lected (Jarunglumlert et al., 2018). In addition, the profitability
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performance indicators including the net present value, in-
ternal rate of return, and payback period are also needed to
be determined (Lembo et al., 2022). Moreover, the profitability
and economic feasibility of TSAD in terms of the biohythane
production have been examined by analysing crucial factors
such as the feedstock, process type, process scale, and storage
costs of biohythane (Hans and Kumar, 2019). The results high-
light that although FW as a substrate may be expensive ow-
ing to the pre-treatment, transportation, and microbial strain
selection, TSAD of FW is a sustainable approach to attain
higher economic profits with reduced environmental effects
(Dangol et al., 2022; Nielsen et al., 2017; Yun et al., 2018). Sev-
eral researchers have compared the economic performances
of TSAD and traditional AD. For example, Yu et al. (2020) com-
paratively assessed the full-scale SSAD and TSAD of FW and
reported that the economic benefits of TSAD were slightly su-
perior. Lembo et al. (2022) studied the economic performances
and greenhouse gas emissions of second cheese whey of SSAD
and TSAD, and the results showed that the TSAD system ex-
hibited a higher energy output and reduced 60% of greenhouse
gas emissions than that of the SSAD system, and a detailed
cost analysis also confirmed the TSAD was more economi-
cally viable with a payback period of 9 years, which was 3 years
shorter than that of SSAD. Nevertheless, research on the eco-
nomic aspects of TSAD, especially over a large scale, is limited,
and the benefits must be systematically studied.

4.2.  Strategies for enhancing biohythane production from
TSAD of FW
4.2.1. Pre-treatment

The pre-treatment methods for FW can be divided into
physical, mechanical, biological, and combination methods
(Raj et al., 2022; Ren et al., 2018), as summarised in Table 2
along with the corresponding hydrogen and methane yields.
Each method has advantages and disadvantages. For exam-
ple, although pre-treatment methods such as ultrasound, mi-
crowave, hydrodynamic cavitation, autoclave, pulsed electric
field, and pyrolysis based techniques can be rapidly imple-
mented, they are energy intensive and generate free radicals
(Rawoof et al., 2021). Table 2 indicates that hydrothermal pre-
treatment is a promising technique. Jia et al. (2017) concluded
that short-term hydrothermal pre-treatment is a green and
feasible technique for bio-gasification from TSAD of FW. These
findings were supported by those of Ding et al. (2017).

4.2.2. Co-digestion

Co-digestion techniques can balance the nutrients in FW and
dilute the toxic substances, thereby improving the biohydro-
gen yield and energy recovery (Xu et al.,, 2018). Additionally,
co-digestion can help maintain the pH in the TSAD system
without using additional chemicals. The digestion time can
be shortened by implementing the co-digestion of animal
waste, phytomass, crop residues, and sewage sludge (Sole-
Bundo et al., 2019). Table 3 summarises the hydrogen and
methane yields associated with the co-digestion of FW and
other organic wastes through TSAD. Zhu et al. (2022) studied
the effects of co-digesting corn straw, FW, and chicken ma-
nure in TSAD processes on the microbial community compo-
sition and bioavailability of trace elements, and the results

showed enhanced abundance of obligate hydrogenotrophic
methanogens and higher range of bioavailability of trace el-
ements compared with those in the digestion of the mono-
substrate.

4.2.3. Regulation of microbial consortia

The microbial communication can be regulated to enhance
the efficiency of biohythane production from TSAD (Lin and
Lu, 2021). The native microbial species in the TSAD system
of FW are typically ineffective in generating biohythane, but
their abilities can be improved through gene manipulation,
gene inactivation, genetic recombination, and metabolic en-
gineering (Salakkam et al., 2021). For example, Mario Lopez-
Hidalgo et al. (2021) studied the effect of using geneti-
cally engineered Escherichia coli for hydrogen and ethanol co-
production and noted that 30% higher yields could be ob-
tained. Song et al. (2017) used four kinds of genetically mod-
ified bacteria including Enterobacter cloacae/HycE, Enterobac-
ter cloacae/HPP, Enterobacter cloacae/HoxEEUYH, and Enterobac-
ter cloacae/HycG to produce hydrogen via fermentation from
pretreated water hyacinth hyacinth, and they found that En-
terobacter cloacae/HPP performed best in producing hydrogen
among the four genetically modified bacteria. The highest hy-
drogen yield was 74.9 mL/g VS, and 50% higher than that of
using the wild strain from pretreated water hyacinth as sub-
strate (Song et al., 2017). Moreover, the effects of the strain be-
haviours on biohythane production must be clarified to de-
sign metabolically engineered strains, because the types of
fermentation pathways depend on the strain characteristics
(Zhou et al., 2018). In the TSAD process, several fermenta-
tion pathways (i.e., lactic acid pathway and propionic acid
pathway) are not desirable as they produce by-products such
as lactic and propionic acids that negatively impact the bio-
hythane production (Bundhoo and Mohee, 2016). By block-
ing these undesirable pathways and introducing metaboli-
cally engineered strains, the biohythane generation can be
enhanced. Bioaugmentation is another potential technique to
promote the TSAD of FW by regulating the microbial commu-
nication. Representative strategies include inducing a strain
with an adequate enzymatic arsenal and providing nutrients
exogenously (Ishaq and Dincer, 2021). Bioaugmentation elim-
inates the need for pre-treating substrates and can inhibit
VFA accumulation (Rawoof et al., 2021; Shanmugam et al,,
2020). Nkemka et al. (2015) evaluated bioaugmentation with
an anaerobic fungus called Piromyces rhizinflata YM600 in the
TSAD of corn silage and cattail, and concluded that bioaug-
mentation with anaerobic fungus could increase hydrogen
and methane production rates. Xie et al. (2021) explored the
bioaugmentation of activated carbon and rumen cellulolytic
bacteria in thermophilic digestion using cornstalk as the sub-
strate, and the results showed that the methane production
was improved when activated carbon and rumen cellulolytic
bacteria were added, and the methane yield was maximised
(144.9 L/kg VS) when both activated carbon (10 g/L) and rumen
cellulolytic bacteria (30 mL) were introduced.

5. Challenges and future considerations

The production of biohythane from TSAD of FW has emerged
as a research hotspot over the past decade (Rajendran et al,,
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Table 2 - Hydrogen and methane yields associated with different food waste pre-treatment methods in two-stage anaerobic

digestion.

Substrate pre-treatment Substrates Biohythane yield Refs.
Hydrogen yield Methane yield

Hydrothermal Food waste and 62.7 mL/g VS 590.6 mL/g VS Wei et al. (2022)
pre-treatment Enteromorpha
Short-term hydrothermal Food waste - - Jia et al. (2017)
pre-treatment
Hydrothermal Food waste 43.0 mL/g VS 511.6 mL/g VS Ding et al. (2017)
pre-treatment
Hydrothermal Source-separated - 314 mL/g TCODgqded Azizi et al. (2019)
pre-treatment organics
No pre-treatment Kitchen waste - 109.1 L /(L-ton waste) Shahriari et al. (2013)
Microwave pre-treatment 114.0 L /(L-ton waste)
No pre-treatment Vinegar residue and 23.8 mL/g VS 38 mL/g VS Wang et al. (2015)
HCl pre-treatment anaerobic sludge 53.2 mL/g VS 192 mL/g VS
Oxalic acid pre-treatment 46.7 mL/g VS 178 mL/g VS

No pre-treatment

NaOH pre-treatment
H,SO4 pre-treatment

In situ mild alkaline (pH 8)
pre-treatment
N,-and-air-nanobubble
water supplementation
No pre-treatment
Ozonation pre-treatment

Pulp and paper sludge
and food waste

Waste cooking oil and
sewage sludge
Food waste

Glycerol trioleate and
food waste

52.16 mL/g VSted
78.35 mL/g VSteq
70.7 mL/g VSted

27.31 mL/g VSadded

0.60 mL/g TVS
22.55 mL/g TVS

383.8 mL/g VS(ed
90.41 mL/g VSteq
105.7 mL/g VSteq
0.71 L/g VSteed

373.63 mL/g VS,4ded

520.37 mL/g TVS
946.45 mL/g TVS

Lin etal. (2013)

Yan et al. (2021)
Hou et al. (2021)

Yue et al. (2020)

-: not available.

Table 3 - Hydrogen and methane yields from co-digestion of food waste and various waste materials through two-stage

anaerobic digestion.

Substrate type Anaerobic digestion ~ Biohythane yield Hydrogen Methane Refs.

T e METereral production rate production rate
Food waste, sewage  Two-stage anaerobic  140.2 mL/g VS 342 mL/g VS 17 mL/(g VS:-hr) 21.7 mL/(g
sludge, and glycerol  digestion VS.day) Silva et al. (2018)
Used disposable Two-stage anaerobic  1.93 L/L feed 14.26 L/L feed - -
nappies and expired  digestion Tsigkou et al. (2020)
food products
Food waste and Two-stage anaerobic  42.0 mL/g 329.8 mL/g 2.3 mL/hr 1.6 mL/hr Liu et al., 2021
waste activated digestion VS.dded VSadded
sludge
Food and paper Two-stage anaerobic - 0.38L/g VSaddeda — 1.27 L/(L-day) Xiao et al. (2019)
wastes digestion
Food waste and Two-stage anaerobic  99.8 mL/g 728 mL/g 3.5 L/day 24.6 L/day
brown water digestion VS.dded VSadded Paudel et al. (2017)
Garden and food Two-stage anaerobic  46.2 mL/g 181.8 L/kg 21.6 mL/(g-day) = Abreu et al. (2019)
wastes digestion
Food waste 16.5 mL/g 276.8 L/kg 2.3 mL/(g-day)
Food waste, corn Two-stage anaerobic - - 3.2 mL/hr 217.3 mL/day Zhu et al. (2022)
straw, and chicken digestion
manure
Food waste and cow  Two-stage anaerobic - - 3.3 L/(L-day) 3.1 L/(L-day)

dung

digestion with
digestate
recirculation

Wang et al. (2020)

-: not available.
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2020). The following limitations must be addressed to improve
its capabilities and promote widespread use. First, the pro-
cess parameters are challenging to optimise (Nabaterega et al.,
2021). The key parameters such as the pH, temperature, OLR,
and HRT vary between the two stages and significantly in-
fluence the microorganism communities. These parameters
must be optimised to ensure a stable and efficient process.
Owing to the interactions between parameters, a change in
one or more of the parameters may lead to variations in the
others. Therefore, the optimal parameters are inconsistent in
different conditions and often vary over time. It is thus chal-
lenging to identify the optimal parameters of a particular sys-
tem and maintain them in long-term operation. Second, the
directional metabolic pathways of functional microorganisms
in the TSAD of FW must be regulated. In the TSAD process,
several pathways that produce by-products such as lactic and
propionic acids, which negatively impact the biohythane pro-
duction, are not desirable and must be blocked (Bundhoo and
Mohee, 2016). Ethanol and butyric acid metabolic pathways
are typically prevalent in the first stage of TSAD (Cao et al,,
2022; Zhanget al., 2017). However, the accumulation of ethanol
and VFAs may lead to increased toxicity and reduced pH, re-
spectively (Zhou et al., 2018). It remains challenging to min-
imise the production of undesirable acids and maximise the
yield of the target product in the second stage of the TSAD
(Qureshi and Maddox, 2005). Therefore, methods to inhibit
the by-products and enhance the metabolic pathways of the
target product must be identified. Third, the reactors for the
TSAD of FW must be able to achieve cooperative control of
the first and second stages. Therefore, the reactors for full-
scale TSAD must be equipped with intelligent real-time con-
trol and monitoring systems. Future studies may focus on the
development of new reactors and the introduction of artifi-
cial intelligence technologies to TSAD systems. Fourth, novel
methods for eliminating the main inhibitors in the TSAD of
FW must be identified. The inhibitors (i.e., pre-process and
in-process inhibitors) represent bottlenecks of TSAD systems,
and their inhibition mechanisms must be systematically clar-
ified. Fifth, several challenges remain in gas purification, stor-
age, and transport. Gas purification methods such as chemical
absorption, pressure-swing adsorption, purification through
water or solvent scrubbing, cryogenic purification, and mem-
brane separation rely on sophisticated equipment and are ex-
pensive to implement (Sasidhar et al., 2022). Additionally, the
stage separation and management of pipelines carrying bio-
hythane are expensive and limit the scaling up of TSAD sys-
tems.

To enhance the biohythane yield, future research must
focus on the following aspects: (1) The adopted techniques
must be widely applicable from lab-scale to full-scale, and bio-
hythane must be commercialised. (2) Innovative low-carbon
technologies must be developed to enhance the biohythane
yield from the TSAD of FW in terms of the pre-treatment, co-
digestion, and regulation of microbial consortia. (3) Bioreac-
tors that can withstand the fluctuations in process parame-
ters must be developed, and strategies to control and moni-
tor the TSAD systems must be further explored. (4) The char-
acteristics and biokinetics of microbial communities must be
examined. (5) Because biohydrogen and biomethane are pro-
duced separately, techniques for gas purification and their in

situ blending into biohythane can be explored, and the stor-
age of biohythane must be studied (Sasidhar et al., 2022). (6)
Comprehensive techno-economic and lifecycle analyses must
be performed for large-scale TSAD of FW (D’Silva et al., 2021;
Sun et al., 2019). (7) Policies must be introduced to promote the
use of biohythane as an energy source and expand its market
share, such as such as pushing forward the implementation of
biohythane energy industrial projects, providing investment
subsidies for the use of biohythane production technology and
assisting in the formation of supply-chain of biohythane.

6. Conclusions

The main parameters (e.g., pH values, temperature, and OLR)
affecting the TSAD of FW are discussed. The optimal param-
eters of the first and second stages are considerably different.
TSAD systems can simultaneously provide the optimal con-
ditions for the two groups of microorganisms in two stages
and stably produce biohythane. The existing studies and eco-
nomic evaluations of TSAD-based FW treatment highlight the
potential of TSAD in producing biohythane. Future studies
may focus on the corresponding reaction mechanism, sys-
tem enhancements, and economic analyses for large-scale
TSAD systems. The performance of TSAD of FW can be en-
hanced by pre-treatment for hydrolysing FW, co-digestion of
FW and other organic wastes to dilute inhibitors, supply of nu-
trients, synergism among inoculums, and regulation of micro-
bial consortia by modifying or inducing new microorganisms.
Nevertheless, several challenges remain to be addressed, in
terms of identifying and sustaining optimal parameters; reg-
ulating the directional metabolic pathways; developing suit-
able reactors; eliminating the inhibitors; and purifying, stor-
ing, and transporting biohythane. Researchers must attempt
to scale-up the system, develop innovative low-carbon tech-
nologies, combine specific bioreactors, formulate strategies
for gas purification and in situ blending of biohydrogen and
biomethane into biohythane, and clarify the characteristics
and biokinetics of microbial communities. Furthermore, the
construction costs, operating costs, payback, and feasibility of
TSAD-oriented ventures for FW treatment must be compre-
hensively examined for large-scale frameworks, as the exist-
ing studies have mainly focused on economic considerations
for lab- or pilot-scale systems.

Declaration of Competing Interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 51978498 and 52131002) and the
National Key R&D Program of China (No. 2019YFC1906301).


https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100013290

JOURNAL OF ENVIRONMENTAL SCIENCES 139 (2024) 334-349 345

Appendix A Supplementary data

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2023.04.031.

REFERENCES

Abreu, A.A., Tavares, F.,, Alves, M.M., Cavaleiro, A.J., Pereira, M.A.,,
2019. Garden and food waste co-fermentation for biohydrogen
and biomethane production in a two-step
hyperthermophilic-mesophilic process. Bioresour. Technol.
278, 180-186.

Al-Rubaye, H., Karambelkar, S., Shivashankaraiah, M.M.,

Smith, J.D., 2019. Process simulation of two-stage anaerobic
digestion for methane production. Biofuels-UK 10 (2), 181-191.

Alexis Parra-Orobio, B., Donoso-Bravo, A., Torres-Lozada, P., 2020.
Energy balance and carbon dioxide emissions comparison
through modified anaerobic digestion model No 1 for
single-stage and two-stage anaerobic digestion of food waste.
Biomass Bioenerg. 142, 105814.

Algapani, D.E., Qiao, W, Ricci, M., Bianchi, D., Wandera, S.M.,
Adani, F, et al., 2019. Bio-hydrogen and bio-methane
production from food waste in a two-stage anaerobic
digestion process with digestate recirculation. Renew. Energ.
130, 1108-1115.

Angelidaki, I., Treu, L., Tsapekos, P,, Luo, G., Campanaro, S.,
Wenzel, H., et al., 2018. Biogas upgrading and utilization:
current status and perspectives. Biotechnol. Adv. 36 (2),
452-466.

Azizi, A., Koupaie, E.H., Hafez, H., Elbeshbishy, E., 2019. Improving
single-and two-stage anaerobic digestion of source separated
organics by hydrothermal pretreatment. Biochem. Eng. J. 148,
77-86.

Bakonyi, P,, Nemestothy, N., Simon, V., Belafi-Bako, K., 2014.
Review on the start-up experiences of continuous
fermentative hydrogen producing bioreactors. Renew. Sust.
Energ. Rev. 40, 806-813.

Baldi, F, Pecorini, ., Lannelli, R., 2019. Comparison of single-stage
and two-stage anaerobic co-digestion of food waste and
activated sludge for hydrogen and methane production.
Renew. Energ. 143, 1755-1765.

Blaustein, M.P,, Lariccia, V., Khananshvili, D., Annunziato, L.,
Verkhratsky, A., 2020. Multipurpose Na* ions mediate
excitation and cellular homeostasis: evolution of the concept
of Na* pumps and Na*/Ca?* exchangers. Cell Calcium 87,
102166.

Braun, R., Brachtl, E., Grasmug, M., 2003. Codigestion of
proteinaceous industrial waste. Appl. Biochem. Biotechnol.
109 (1-3), 139-153.

Bundhoo, M.A.Z., Mohee, R., 2016. Inhibition of dark fermentative
bio-hydrogen production: a review. Int. J. Hydrogen Energ. 41
(16), 6713-6733.

Camacho, C.E.G., Ruggeri, B., Mangialardi, L., Persico, M.,

Malave, A.C.L., 2019. Continuous two-step anaerobic digestion
(TSAD) of organic market waste: rationalising process
parameters. Int. J. Energy Envir. E. 10 (4), 413-427.

Camargo, F.P, Sakamoto, LK., Duarte, I.C.S,, Silva, E.L.,

Varesche, M.B.A., 2021. Metataxonomic characterization of
bacterial and archaeal community involved in hydrogen and
methane production from citrus peel waste (Citrus sinensis L.
Osbeck) in batch reactors. Biomass Bioenerg. 149, 106091.

Cao, X.Y,, Zhao, L., Dong, W.F, Mo, H,, Ba, T, Li, T.P, et al., 2022.
Revealing the mechanisms of alkali-based magnetic
nanosheets enhanced hydrogen production from dark
fermentation: comparison between mesophilic and
thermophilic conditions. Bioresour. Technol. 343, 126141.

Cappai, G., De Gioannis, G., Muntoni, A., Spiga, D., Boni, M.R.,
Polettini, A., et al., 2018. Biohydrogen production from food
waste: influence of the inoculum-to-substrate ratio.
Sustainability 10 (12), 104506.

Carvalheira, M., Cassidy, J., Ribeiro, .M., Oliveira, B.A., Freitas, E.B.,
Roca, C,, et al., 2018. Performance of a two-stage anaerobic
digestion system treating fruit pulp waste: the impact of
substrate shift and operational conditions. Waste Manag. 78,
434-445.

Chakraborty, D., Karthikeyan, O.P., Selvam, A., Palani, S.G.,
Ghangrekar, M.M., Wong, ].W.C., 2022. Two-phase anaerobic
digestion of food waste: effect of semi-continuous feeding on
acidogenesis and methane production. Bioresour. Technol.
346, 126396.

Chakraborty, D., Mohan, S.V,, 2018. Effect of food to vegetable
waste ratio on acidogenesis and methanogenesis during
two-stage integration. Bioresour. Technol. 254, 256-263.

Chandra, R., Takeuchi, H., Hasegawa, T., 2012. Methane
production from lignocellulosic agricultural crop wastes: a
review in context to second generation of biofuel production.
Renew. Sust. Energ. Rev. 16 (3), 1462-1476.

Chatterjee, B.,, Mazumder, D., 2019. Role of stage-separation in the
ubiquitous development of anaerobic digestion of organic
fraction of municipal solid waste: a critical review. Renew.
Sust. Energ. Rev. 104, 439-469.

Chen, H.B,, Chang, S., 2020. Dissecting methanogenesis for
temperature-phased anaerobic digestion: impact of
temperature on community structure, correlation, and fate of
methanogens. Bioresour. Technol. 306, 123104.

Chen, J.L,, Ortiz, R., Steele, T.W.J., Stuckey, D.C., 2014. Toxicants
inhibiting anaerobic digestion: a review. Biotechnol. Adv. 32
(8), 1523-1534.

Chen, Y., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic
digestion process: a review. Bioresour. Technol. 99 (10),
4044-4064.

Chen, Y, Yin, Y.N.,, Wang, J.L., 2021. Recent advance in inhibition
of dark fermentative hydrogen production. Int. J. Hydrogen
Energ. 46 (7), 5053-5073.

Chu, C.Y,, Vo, T.P, Chen, T.H., 2020. A novel of biohythane gaseous
fuel production from pineapple peel waste juice in two-stage
of continuously stirred anaerobic bioreactors. Fuel 279, 118526.

Cirne, D.G,, Paloumet, X., Bjornsson, L., Alves, M.M., Mattiasson, B.,
2007. Anaerobic digestion of lipid-rich waste - Effects of lipid
concentration. Renew. Energ. 32 (6), 965-975.

Cremonez, P.A., Teleken, J.G., Meier, T.R.W.,, Alves, H.J., 2021.
Two-stage anaerobic digestion in agroindustrial waste
treatment: a review. J. Environ. Manag. 281, 111854.

D’Silva, T.C,, Isha, A., Chandra, R., Vijay, V.K., Subbarao, PM.V.,,
Kumar, R., et al., 2021. Enhancing methane production in
anaerobic digestion through hydrogen assisted pathways-A
state-of-the-art review. Renew. Sust. Energ. Rev. 151, 111536.

Dangol, S., Ghimire, A., Tuladhar, S., Khadka, A., Thapa, B,,
Sapkota, L., 2022. Biohythane and organic acid production
from food waste by two-stage anaerobic digestion: a review
within biorefinery framework. Int. J. Environ. Sci. Technol. 19,
12791-12824.

De Gioannis, G., Muntoni, A., Polettini, A., Pomi, R., 2013. A review
of dark fermentative hydrogen production from biodegradable
municipal waste fractions. Waste Manag. 33 (6), 1345-1361.

Dinesh, G.K., Chauhan, R., Chakma, S., 2018. Influence and
strategies for enhanced biohydrogen production from food
waste. Renew. Sust. Energ. Rev. 92, 807-822.

Ding, L.K,, Cheng, J., Qiao, D., Yue, L.C,, Li, Y.Y., Zhou, J.H, et al,,
2017. Investigating hydrothermal pretreatment of food waste
for two-stage fermentative hydrogen and methane
co-production. Bioresour. Technol. 241, 491-499.

Dinh Pham, V,, Fujiwara, T., Bach Leu, T., Pham Phu Song, T., Giang
Hoang, M., 2020. A review of anaerobic digestion systems for


https://doi.org/10.1016/j.jes.2023.04.031
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0001
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0002
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0003
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0004
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0005
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0006
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0007
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0008
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0009
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0010
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0011
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0012
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0013
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0014
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0015
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0016
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0017
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0018
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0019
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0020
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0021
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0022
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0023
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0024
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0025
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0026
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0027
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0028
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0029
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0030
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0031
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0032
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0033

346 JOURNAL OF ENVIRONMENTAL SCIENCES 139 (2024) 334-349

biodegradable waste: configurations, operating parameters,
and current trends. Environ. Eng. Res. 25 (1), 1-17.

Divya, D., Gopinath, L.R., Christy, P.M., 2015. A review on current
aspects and diverse prospects for enhancing biogas
production in sustainable means. Renew. Sust. Energ. Rev. 42,
690-699.

Elreedy, A., Tawfik, A., Kubota, K., Shimada, Y., Harada, H., 2015.
Hythane (H, + CH,) production from petrochemical
wastewater containing mono-ethylene glycol via stepped
anaerobic baffled reactor. Int. Biodeterior. Biodegrad. 105,
252-261.

Esposito, G., Frunzo, L., Giordano, A, Liotta, F,, Panico, A.,

Pirozzi, F.,, 2012. Anaerobic co-digestion of organic wastes. Rev.
Environ. Sci. Bio Technol. 11 (4), 325-341.

Feng, K., Wang, Q,, Li, H,, Zhang, Y.Y,, Deng, Z., Liu, J.G,, et al., 2020.
Effect of fermentation type regulation using alkaline addition
on two-phase anaerobic digestion of food waste at different
organic load rates. Renew. Energ. 154, 385-393.

Ghimire, A., Luongo, V,, Frunzo, L., Lens, PN.L,, Pirozzi, F,
Esposito, G., 2021. Biohythane production from food waste in a
two-stage process: assessing the energy recovery potential.
Environ. Technol. 43 (14), 2190-2196.

Gianico, A., Braguglia, C.M., Gallipoli, A., Mininni, G., 2015.
Innovative two-stage mesophilic/thermophilic anaerobic
degradation of sonicated sludge: performances and energy
balance. Environ. Sci. Pollut. Res. 22 (10), 7248-7256.

Giwa, A.S., Xu, H,, Chang, F, Zhang, X., Ali, N,, Yuan, ], et al., 2019.
Pyrolysis coupled anaerobic digestion process for food waste
and recalcitrant residues: fundamentals, challenges, and
considerations. Energy Sci. Eng. 7 (6), 2250-2264.

Guimaraes, C.d.S., da Silva Maia, D.R,, Serra, E.G., 2018.
Construction of biodigesters to optimize the production of
biogas from anaerobic co-digestion of food waste and sewage.
Energies 11 (4), 870.

Gujer, W,, Zehnder, AJ.B., 1983. Conversion processes in
anaerobic-digestion. Water Sci. Technol. 15 (8-9), 127-167.

Hagos, K., Zong, J.P, Li, D.X,, Liu, C,, Lu, X.H., 2017. Anaerobic
co-digestion process for biogas production: progress,
challenges and perspectives. Renew. Sust. Energ. Rev. 76,
1485-1496.

Hallenbeck, P.C., Benemann, J.R., 2002. Biological hydrogen
production; fundamentals and limiting processes. Int. J.
Hydrogen Energ. 27 (11-12), 1185-1193.

Hans, M., Kumar, S., 2019. Biohythane production in two-stage
anaerobic digestion system. Int. J. Hydrogen Energ. 44 (32),
17363-17380.

Hassan, G.K., Al-Sayed, A., Afify, A.A,, El-Liethy, M.A., Elagroudy, S.,
El-Gohary, F.A., 2021. Production of biofuels (H, & CH,4) from
food leftovers via dual-stage anaerobic digestion:
enhancement of bioenergy production and determination of
metabolic fingerprinting of microbial communities. Egypt. J.
Chem. 64 (8), 4105-4115.

Hassan, G.K., Hemdon, B.A., El-Gohary, F.A., 2020. Utilization of
food waste for bio-hydrogen and bio-methane production:
influences of temperature, OLR, and in situ aeration. J. Mater.
Cycles Waste Manag. 22 (4), 1218-1226.

Hassan, G.K., Massanet-Nicolau, J., Dinsdale, R., Jones, R.J.,
Abo-Aly, M.M,, El-Gohary, FA.,, et al.,, 2019. A novel method for
increasing biohydrogen production from food waste using
electrodialysis. Int. J. Hydrogen Energ. 44 (29), 14715-14720.

Ho, L., Ho, G., 2012. Mitigating ammonia inhibition of
thermophilic anaerobic treatment of digested piggery
wastewater: use of pH reduction, zeolite, biomass and humic
acid. Water Res. 46 (14), 4339-4350.

Holladay, J.D., Hu, J., King, D.L., Wang, Y., 2009. An overview of
hydrogen production technologies. Catal. Today 139 (4),
244-260.

Hou, T.T,, Zhao, J.M,, Lei, Z.F,, Shimizu, K., Zhang, Z.Y., 2021.

Addition of air-nanobubble water to mitigate the inhibition of
high salinity on co-production of hydrogen and methane from
two-stage anaerobic digestion of food waste. J. Clean Prod.
314, 127942.

IEA (International Energy Agency), 2020. Key World Energy
Statistics 2020 Available.

Ishagq, H., Dincer, L., 2021. Comparative assessment of renewable
energy-based hydrogen production methods. Renew. Sust.
Energ. Rev. 135, 110192.

Jain, S., Jain, S., Wolf, L.T,, Lee, J., Tong, Y.W., 2015. A comprehensive
review on operating parameters and different pretreatment
methodologies for anaerobic digestion of municipal solid
waste. Renew. Sust. Energ. Rev. 52, 142-154.

Jarunglumlert, T., Prommuak, C., Putmai, N., Pavasant, P., 2018.
Scaling-up bio-hydrogen production from food waste:
feasibilities and challenges. Int. J. Hydrogen Energ. 43 (2),
634-648.

Jeihanipour, A., Niklasson, C., Taherzadeh, M.J., 2011.
Enhancement of solubilization rate of cellulose in anaerobic
digestion and its drawbacks. Process Biochem. 46 (7),
1509-1514.

Jia, X., Xi, B.D,, Li, M.X,, Xia, T.M., Hao, Y., Liu, D.M,, et al., 2017.
Evaluation of biogasification and energy consumption from
food waste using short-term hydrothermal pretreatment
coupled with different anaerobic digestion processes. J. Clean.
Prod. 152, 364-368.

Jiang, Y., McAdam, E., Zhang, Y., Heaven, S., Banks, C.,

Longhurst, P, 2019. Ammonia inhibition and toxicity in
anaerobic digestion: a critical review. J. Water Process. Eng. 32,
632-641.

Jimenez-Castro, M.P,, Buller, L.S., Zoffreo, A., Timko, M.T,,
Forster-Carneiro, T., 2020. Two-stage anaerobic digestion of
orange peel without pre-treatment: experimental evaluation
and application to Sao Paulo state. J. Environ. Chem. Eng. 8 (4),
104035.

Jose Leal-Gutierrez, M., Cuellar-Briseno, R., Castillo-Garduno, A.M.,
Bernal-Gonzalez, M., Enrique Chavez-Castellanos, A., Alberto
Solis-Fuentes, J., et al., 2021. Precipitation of Heavy metal ions
(Cu, Fe, Zn, and Pb) from mining flotation effluents using a
laboratory-scale upflow anaerobic sludge blanket reactor.
Water Air Soil Poll. 232 (5), 197.

Kainthola, J., Kalamdhad, A.S., Goud, V.V,, 2019. A review on
enhanced biogas production from anaerobic digestion of
lignocellulosic biomass by different enhancement techniques.
Process Biochem. 84, 81-90.

Kan, E., 2013. Effects of pretreatments of anaerobic sludge and
culture conditions on hydrogen productivity in dark anaerobic
fermentation. Renew. Energ. 49, 227-231.

Kanchanasuta, S,, Sillaparassamee, O., 2017. Enhancement of
hydrogen and methane production from co-digestion of palm
oil decanter cake and crude glycerol using two stage
thermophilic and mesophilic fermentation. Int. J. Hydrogen
Energ. 42 (5), 3440-3446.

Karthikeyan, O.P,, Trably, E., Mehariya, S., Bernet, N., Wong, J W.C.,
Carrere, H., 2018. Pretreatment of food waste for methane and
hydrogen recovery: a review. Bioresour. Technol. 249,
1025-1039.

Khalid, A., Arshad, M., Anjum, M., Mahmood, T., Dawson, L., 2011.
The anaerobic digestion of solid organic waste. Waste Manag.
31 (8), 1737-1744.

Kim, S., Mostafa, A., Im, S., Lee, M.K,, Kang, S., Na, J.G,, et al., 2021.
Production of high-calorific biogas from food waste by
integrating two approaches: autogenerative high-pressure
and hydrogen injection. Water Res. 194, 116920 -116920.

Kleerebezem, R., van Loosdrecht, M.C.M., 2007. Mixed culture
biotechnology for bioenergy production. Curr. Opin.
Biotechnol. 18 (3), 207-212.

Kumar, A., Samadder, S.R., 2020. Performance evaluation of


http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0033
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0034
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0035
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0036
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0037
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0038
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0039
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0040
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0041
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0042
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0043
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0044
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0045
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0046
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0047
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0048
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0049
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0050
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0051
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0051
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0052
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0053
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0054
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0055
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0056
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0057
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0058
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0059
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0060
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0061
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0062
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0063
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0064
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0065
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0066
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0067
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0068

JOURNAL OF ENVIRONMENTAL

SCIENCES I39 (2024) 334-349

347

anaerobic digestion technology for energy recovery from
organic fraction of municipal solid waste: a review. Energy
197, 117253.

Kurade, M.B., Saha, S., Salama, E.-S., Patil, S.M., Govindwar, S.P,,
Jeon, B.-H., 2019. Acetoclastic methanogenesis led by
Methanosarcina in anaerobic co-digestion of fats, oil and grease
for enhanced production of methane. Bioresour. Technol. 272,
351-359.

Lay, C.H.,, Vo, T.P, Lin, P.Y., Abdul, P.M,, Liu, C.M,, Lin, C.Y., 2019.
Anaerobic hydrogen and methane production from
low-strength beverage wastewater. Int. J. Hydrogen Energ. 44
(28), 14351-14361.

Lembo, G., Signorini, A, Marone, A., Carbone, C., Agostini, A., 2022.
Hydrogen and methane production by single- and two-stage
anaerobic digestion of second cheese whey: economic
performances and GHG emissions evaluation. Energies 15 (21),
7869.

Li, Y, Chen, Y.G., Wu, J., 2019a. Enhancement of methane
production in anaerobic digestion process: a review. Appl.
Energ. 240, 120-137.

Li, Y.Y, Jin, Y.Y., Borrion, A., Li, H.L., 2019b. Current status of food
waste generation and management in China. Bioresour.
Technol. 273, 654-665.

Li, J.M,, He, J W, Si, B.C,, Liu, Z.D., Zhang, C., Wang, Y.X,, et al,,
2020a. A pilot study of biohythane production from cornstalk
via two-stage anaerobic fermentation. Int. J. Hydrogen Energ.
45 (56), 31719-31731.

Li, Y, Xu, H.P, Hua, D.L., Zhao, B.F,, Mu, H,, Jin, F.Q., et al., 2020b.
Two-phase anaerobic digestion of lignocellulosic hydrolysate:
focusing on the acidification with different inoculum to
substrate ratios and inoculum sources. Sci. Total Environ. 699,
134226.

Li, Y.Q,, Zhang, R.H,, Chen, C,, Liu, G.Q., He, Y.F, Liu, X.Y., 2013.
Biogas production from co-digestion of corn stover and
chicken manure under anaerobic wet, hemi-solid, and solid
state conditions. Bioresour. Technol. 149, 406-412.

Lin, C.Y,, Lu, C., 2021. Development perspectives of promising
lignocellulose feedstocks for production of advanced
generation biofuels: a review. Renew. Sust. Energ. Rev. 136,
110445.

Lin, Y.Q,, Liang, J.J., Wu, S.B., Wang, B.H., 2013. Was pretreatment
beneficial for more biogas in any process? Chemical
pretreatment effect on hydrogen-methane co-production in a
two-stage process. J. Ind. Eng. Chem. 19 (1), 316-321.

Liu, M., Ogunmoroti, A., Liu, W,, Li, M.Y,, Bi, M.Y,, Liu, W.Q,, et al,,
2022. Assessment and projection of environmental impacts of
food waste treatment in China from life cycle perspectives.
Sci. Total Environ. 807, 150751.

Liu, X.Y,, Li, R.Y, Ji, M., Wu, N,, Yang, F,, 2021. Effects of initial pH
on two-stage biogas production and hydrolysis in a
co-digestion process of food waste and waste activated
sludge. Environ. Eng. Sci. 38 (4), 266-276.

Lu, Y, Slater, ER., Mohd-Zaki, Z., Pratt, S., Batstone, D.J., 2011.
Impact of operating history on mixed culture fermentation
microbial ecology and product mixture. Water Sci. Technol. 64
(3), 760-765.

Luo, L.W,, Kaur, G., Zhao, J., Zhou, J,, Xu, S.Y,, Varjani, S., et al.,, 2021.
Optimization of water replacement during leachate
recirculation for two-phase food waste anaerobic digestion
system with off-gas diversion. Bioresour. Technol. 335, 125234.

Ma, H.Y,, Guo, Y, Qin, Y,, Li, Y.Y., 2018. Nutrient recovery
technologies integrated with energy recovery by waste
biomass anaerobic digestion. Bioresour. Technol. 269, 520-531.

Ma, J.W,, Frear, C., Wang, Z.W., Yu, L., Zhao, Q.B,, Li, X.J,, et al., 2013.
A simple methodology for rate-limiting step determination
for anaerobic digestion of complex substrates and effect of
microbial community ratio. Bioresour. Technol. 134, 391-395.

Mamimin, C., Probst, M., Gomez-Brandon, M., Podmirseg, S.M.,

Insam, H., Reungsang, A., et al., 2019. Trace metals
supplementation enhanced microbiota and biohythane
production by two-stage thermophilic fermentation. Int. J.
Hydrogen Energ. 44 (6), 3325-3338.

Mario Lopez-Hidalgo, A., Magana, G., Rodriguez, F., De
Leon-Rodriguez, A., Sanchez, A., 2021. Co-production of
ethanol-hydrogen by genetically engineered Escherichia coli
in sustainable biorefineries for lignocellulosic ethanol
production. Chem. Eng. J. 406, 126829.

Meena, R.A.A,, Banu, J.R,, Kannah, R.Y,, Yogalakshmi, K.N.,
Kumar, G., 2020. Biohythane production from food processing
wastes - Challenges and perspectives. Bioresour. Technol. 298,
122449.

Musaiger, A.O., 2011. Food Composition Tables for Kingdom of
Bahrain. Arab Center for Nutrition Publishing,
Manama-Bahrain.

Nabaterega, R., Kumar, V,, Khoei, S., Eskicioglu, C., 2021. A review
on two-stage anaerobic digestion options for optimizing
municipal wastewater sludge treatment process. J. Environ.
Chem. Eng. 9 (4), 105502.

Nagao, N., Tajima, N., Kawai, M., Niwa, C., Kurosawa, N.,
Matsuyama, T, et al.,, 2012. Maximum organic loading rate for
the single-stage wet anaerobic digestion of food waste.
Bioresour. Technol. 118, 210-218.

Nazir, M.S., Mahdi, AJ., Bilal, M., Sohail, H.M., Ali, N, Igbal, HM.N.,
2019. Environmental impact and pollution-related challenges
of renewable wind energy paradigm - a review. Sci. Total
Environ. 683, 436-444.

Negri, C., Ricci, M., Zilio, M., D’Imporzano, G., Qiao, W,, Dong, R.,
et al., 2020. Anaerobic digestion of food waste for bio-energy
production in China and Southeast Asia: a review. Renew.
Sust. Energ. Rev. 133, 110138.

Neshat, S.A., Mohammadi, M., Najafpour, G.D., Lahijani, P, 2017.
Anaerobic co-digestion of animal manures and lignocellulosic
residues as a potent approach for sustainable biogas
production. Renew. Sust. Energ. Rev. 79, 308-322.

Nielsen, C., Rahman, A., Rehman, A.U., Walsh, M.K., Miller, C.D.,
2017. Food waste conversion to microbial
polyhydroxyalkanoates. Microb. Biotechnol. 10 (6), 1338-1352.

Nkemka, V.N., Gilroyed, B., Yanke, J., Gruninger, R., Vedres, D.,
McAllister, T, et al., 2015. Bioaugmentation with an anaerobic
fungus in a two-stage process for biohydrogen and biogas
production using corn silage and cattail. Bioresour. Technol.
185, 79-88.

O-Thong, S., Suksong, W,, Promnuan, K., Thipmunee, M.,
Mamimin, C., Prasertsan, P., 2016. Two-stage thermophilic
fermentation and mesophilic methanogenic process for
biohythane production from palm oil mill effluent with
methanogenic effluent recirculation for pH control. Int. J.
Hydrogen Energ. 41 (46), 21702-21712.

Okoro-Shekwaga, C.K., Ross, A.B., Alonso Camargo-Valero, M.,
2019. Improving the biomethane yield from food waste by
boosting hydrogenotrophic methanogenesis. Appl. Energ. 254,
113629.

Paillet, F, Barrau, C., Escudie, R., Bernet, N., Trably, E., 2021. Robust
operation through effluent recycling for hydrogen production
from the organic fraction of municipal solid waste. Bioresour.
Technol. 319, 124196.

Panigrahi, S., Dubey, B.K., 2019. A critical review on operating
parameters and strategies to improve the biogas yield from
anaerobic digestion of organic fraction of municipal solid
waste. Renew. Energ. 143, 779-797.

Park, C., Lee, N., Kim, J,, Lee, J., 2021. Co-pyrolysis of food waste
and wood bark to produce hydrogen with minimizing
pollutant emissions. Environ. Pollut. 270, 116045.

Paudel, S., Kang, Y., Yoo, Y.S., Seo, G.T., 2017. Effect of volumetric
organic loading rate (OLR) on H, and CH, production by


http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0068
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0069
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0070
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0071
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0072
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0073
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0074
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0075
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0076
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0077
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0078
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0079
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0080
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0081
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0082
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0083
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0084
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0085
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0085
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0086
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0087
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0088
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0089
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0090
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0091
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0092
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0093
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0094
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0095
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0096
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0097
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0098
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0099
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0100
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0101

348 JOURNAL OF ENVIRONMENTAL SCIENCES 139 (2024) 334-349

two-stage anaerobic co-digestion of food waste and brown
water. Waste Manag. 61, 484-493.

Phuoc-Dan, N., Nguyen-Sang Truong, T., Thuy-Truc, N.,
Bao-Trong, D., Minh-Tam Thi, L., Xuan-Thanh, B,, et al., 2021.
Long-term operation of the pilot scale two-stage anaerobic
digestion of municipal biowaste in Ho Chi Minh City. Sci. Total
Environ. 766, 142562.

Porpatham, E., Ramesh, A., Nagalingam, B., 2007. Effect of
hydrogen addition on the performance of a biogas fuelled
spark ignition engine. Int. J. Hydrogen Energ. 32 (12),
2057-2065.

Qin, Y, Li, L., Wu, ], Xiao, B.Y,, Hojo, T., Kubota, K., et al., 2019.
Co-production of biohydrogen and biomethane from food
waste and paper waste via recirculated two-phase anaerobic
digestion process: bioenergy yields and metabolic
distribution. Bioresour. Technol. 276, 325-334.

Qureshi, N., Maddox, 1.S., 2005. Reduction in butanol inhibition by
perstraction: utilization of concentrated lactose/whey
permeate by Clostridium acetobutylicum to enhance butanol
fermentation economics. Food Bioprod. Process. 83 (C1), 43-52.

Raj, T, Chandrasekhar, K., Morya, R., Pandey, A K., Jung, J.H,,
Kumar, D,, et al., 2022. Critical challenges and technological
breakthroughs in food waste hydrolysis and detoxification for
fuels and chemicals production. Bioresour. Technol. 360,
127512.

Rajendran, K., Mahapatra, D., Venkatraman, A.V,, Muthuswamy, S.,
Pugazhendhi, A., 2020. Advancing anaerobic digestion through
two-stage processes: current developments and future trends.
Renew. Sust. Energ. Rev. 123, 109746.

Rawoof, S.A.A., Kumar, P.S.,, Vo, D.V.N,, Devaraj, T.,

Subramanian, S., 2021. Biohythane as a high potential fuel
from anaerobic digestion of organic waste: a review. Renew.
Sust. Energ. Rev. 152, 111700.

Ren, N.Q., Chua, H., Chan, S.Y,, Tsang, Y.F, Wang, Y.J., Sin, N., 2007.
Assessing optimal fermentation type for bio-hydrogen
production in continuous-flow acidogenic reactors. Bioresour.
Technol. 98 (9), 1774-1780.

Ren, Y.Y,, Yu, M., Wu, C.F, Wang, Q.H., Gao, M., Huang, Q.Q., et al,,
2018. A comprehensive review on food waste anaerobic
digestion: research updates and tendencies. Bioresour.
Technol. 247, 1069-1076.

Rena, Bin, Zacharia, K.M,, Yadav, S., Machhirake, N.P,, Kim, S.H.,
Lee, B.D,, et al,, 2020. Bio-hydrogen and bio-methane potential
analysis for production of bio-hythane using various
agricultural residues. Bioresour. Technol. 309, 123297.

Rocamora, I., Wagland, S.T., Villa, R., Simpson, E.W,, Fernandez, O.,
Bajon-Fernandez, Y., 2020. Dry anaerobic digestion of organic
waste: a review of operational parameters and their impact
on process performance. Bioresour. Technol. 299, 122681.

Salakkam, A, Sittijunda, S., Mamimin, C., Phanduang, O.,
Reungsang, A., 2021. Valorization of microalgal biomass for
biohydrogen generation: a review. Bioresour. Technol. 322,
124533.

Salazar-Batres, K.J., Moreno-Andrade, 1., 2022. Effect of nickel
concentration on biohydrogen production: organic solid waste
vs. glucose. Int. J. Hydrogen Energ. 47 (70), 30097-30106.

Santiago, S.G., Trably, E., Latrille, E., Buitron, G.,

Moreno-Andrade, I, 2019. The hydraulic retention time
influences the abundance of enterobacter, clostridium and
lactobacillus during the hydrogen production from food
waste. Lett. Appl. Microbiol. 69 (3), 138-147.

Sasidhar, K.B., Kumar, P.S., Xiao, L., 2022. A critical review on the
two-stage biohythane production and its viability as a
renewable fuel. Fuel 317, 123449.

Shahriari, H., Warith, M., Hamoda, M., Kennedy, K., 2013.
Evaluation of single vs. staged mesophilic anaerobic digestion
of kitchen waste with and without microwave pretreatment. J.
Environ. Manag. 125, 74-84.

Shanmugam, S., Ngo, H.H., Wu, Y.R., 2020. Advanced
CRISPR/Cas-based genome editing tools for microbial biofuels
production: a review. Renew. Energ. 149, 1107-1119.

Silva, EM.S., Mahler, C.F, Oliveira, L.B., Bassin, J.P.,, 2018. Hydrogen
and methane production in a two-stage anaerobic digestion
system by co-digestion of food waste, sewage sludge and
glycerol. Waste Manag. 76, 339-349.

Singh, S., Jain, S., Venkateswaran, P.S., Tiwari, A.K., Nouni, M.R,,
Pandey, J.K., et al., 2015. Hydrogen: a sustainable fuel for future
of the transport sector. Renew. Sust. Energ. Rev. 51, 623-633.

Slezak, R., Grzelak, J., Krzystek, L., Ledakowicz, S., 2021. Influence
of initial pH on the production of volatile fatty acids and
hydrogen during dark fermentation of kitchen waste. Environ.
Technol. 42 (27), 4269-4278.

Soares, J.F, Confortin, T.C., Todero, I., Mayer, F.D., Mazutti, M.A.,
2020. Dark fermentative biohydrogen production from
lignocellulosic biomass: technological challenges and future
prospects. Renew. Sust. Energ. Rev. 117, 109484.

Sole-Bundo, M., Passos, F., Romero-Guiza, M.S., Ferrer, 1., Astals, S.,
2019. Co-digestion strategies to enhance microalgae anaerobic
digestion: a review. Renew. Sust. Energ. Rev. 112, 471-482.

Song, G., Semakula, H.M,, Fullana-i-Palmer, P., 2018. Chinese
household food waste and its’ climatic burden driven by
urbanization: a bayesian belief network modelling for
reduction possibilities in the context of global efforts. J. Clean.
Prod. 202, 916-924.

Song, W.L,, Cheng, J., Ding, L.K., Liu, M., Zhou, ].H., Cen, K.F, 2017.
Improving fermentative hydrogen production from water
hyacinth with genetically modified bacteria. Environ. Prog.
Sustain. 36 (5), 1296-1300.

Srisowmeya, G., Chakravarthy, M., Devi, G.N., 2020. Critical
considerations in two-stage anaerobic digestion of food waste
- a review. Renew. Sust. Energ. Rev. 119, 109587.

Sun, C.H,, Xia, A, Liao, Q,, Fu, Q., Huang, Y., Zhu, X., 2019.
Life-cycle assessment of biohythane production via two-stage
anaerobic fermentation from microalgae and food waste.
Renew. Sust. Energ. Rev. 112, 395-410.

Sunyoto, N.M.S,, Zhu, M., Zhang, Z., Zhang, D., 2018. Effect of
biochar addition and temperature on hydrogen production
from the first phase of two-phase anaerobic digestion of
carbohydrates food waste. J. Energy Resour. Technol. 140 (6),
062204.

Suryawanshi, P.C., Chaudhari, A.B., Kothari, R.M., 2010.
Thermophilic anaerobic digestion: the best option for waste
treatment. Crit. Rev. Biotechnol. 30 (1), 31-40.

Tang, C.C., Zhang, X.Y,, Wang, R., Wang, T.Y., He, Z.W., Wang, X.C.,
2022. Calcium ions-effect on performance, growth and
extracellular nature of microalgal-bacterial symbiosis system
treating wastewater. Environ. Res. 207, 112228.

Tauseef, S.M., Abbasi, T, Abbasi, S.A., 2013. Energy recovery from
wastewaters with high-rate anaerobic digesters. Renew. Sust.
Energ. Rev. 19, 704-741.

Tena, M., Perez, M., Solera, R., 2021. Benefits in the valorization of
sewage sludge and wine vinasse via a two-stage
acidogenic-thermophilic and methanogenic-mesophilic
system based on the circular economy concept. Fuel 296,
120654.

Tsapekos, P, Alvarado-Morales, M., Kougias, P.G.,
Konstantopoulos, K., Angelidaki, I., 2019. Co-digestion of
municipal waste biopulp with marine macroalgae focusing on
sodium inhibition. Energy Conv. Manag. 180, 931-937.

Tsigkou, K., Tsafrakidou, P., Kopsahelis, A., Zagklis, D., Zafiri, C.,
Kornaros, M., 2020. Used disposable nappies and expired food
products valorisation through one- & two-stage anaerobic
co-digestion. Renew. Energ. 147, 610-619.

Wainaina, S., Lukitawesa, Awasthi, M.K., Taherzadeh, M.J., 2019.
Bioengineering of anaerobic digestion for volatile fatty acids,


http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0101
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0102
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0103
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0104
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0105
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0106
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0107
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0108
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0109
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0110
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0111
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0112
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0113
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0114
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0115
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0116
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0117
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0118
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0119
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0120
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0121
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0122
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0123
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0124
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0125
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0126
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0127
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0128
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0129
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0130
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0131
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0132
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0133
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0134
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0135

JOURNAL OF ENVIRONMENTAL SCIENCES 139 (2024) 334-349 349

hydrogen or methane production: a critical review.
Bioengineered 10 (1), 437-458.

Wang, D, Tang, Y.T,, He, J., Yang, F, Robinson, D., 2021. Generalized
models to predict the lower heating value (LHV) of municipal
solid waste (MSW). Energy 216, 119279.

Wang, J.L., Wan, W.,, 2009. Factors influencing fermentative
hydrogen production: a review. Int. J. Hydrogen Energ. 34 (2),
799-811.

Wang, P, Wang, H.T,, Qiu, Y.Q., Ren, L.H,, Jiang, B., 2018a. Microbial
characteristics in anaerobic digestion process of food waste
for methane production-a review. Bioresour. Technol. 248,
29-36.

Wang, S.L., Hawkins, G.L., Kiepper, B.H., Das, K.C., 2018b.
Treatment of slaughterhouse blood waste using pilot scale
two-stage anaerobic digesters for biogas production. Renew.
Energ. 126, 552-562.

Wang, Y.J., Wang, Z.F,, Zhang, Q.G,, Li, G.S,, Xia, C.X., 2020.
Comparison of bio-hydrogen and bio-methane production
performance in continuous two-phase anaerobic
fermentation system between co-digestion and digestate
recirculation. Bioresour. Technol. 318, 124269.

Wang, Z.B., Shao, S.P, Zhang, C.S., Lu, D.L,, Ma, H.L,, Ren, X.F, 2015.
Pretreatment of vinegar residue and anaerobic sludge for
enhanced hydrogen and methane production in the two-stage
anaerobic system. Int. . Hydrogen Energ. 40 (13), 4494-4501.

Wei, Y.F, Gao, J,, Shi, Z.G,, Li, X.J.,, Ma, W.C,, Yuan, H.R., 2022. Effect
of hydrothermal pretreatment on two-stage anaerobic
digestion of food waste and Enteromorpha: digestion
performance, bioenergy efficiency, and microbial community
dynamics. Fuel 318, 123639.

Wongthanate, J., Mongkarothai, K., 2018. Enhanced thermophilic
bioenergy production from food waste by a two-stage
fermentation process. Int. J. Recycl. Org. Waste Agric. 7 (2),
109-116.

Xiao, B.Y,, Qin, Y., Qu, J., Chen, H., Yu, PF, Liu, J.X,, et al., 2018.
Comparison of single-stage and two-stage thermophilic
anaerobic digestion of food waste: performance, energy
balance and reaction process. Energ. Convers. Manage. 156,
215-223.

Xiao, B.Y., Zhang, W.Z,, Yi, H,, Qin, Y., Wu, J,, Liu, J.X,, et al., 2019.
Biogas production by two-stage thermophilic anaerobic
co-digestion of food waste and paper waste: effect of paper
waste ratio. Renew. Energ. 132, 1301-1309.

Xie, Z.J.,, Meng, X.H., Ding, H.X., Cao, Q., Chen, Y.C,, Liu, X.F, et al,,
2021. The synergistic effect of rumen cellulolytic bacteria and
activated carbon on thermophilic digestion of cornstalk.
Bioresour. Technol. 338, 125566.

Xu, R., Zhang, K., Liu, P,, Khan, A., Xiong, J., Tian, F, et al., 2018. A
critical review on the interaction of substrate nutrient balance
and microbial community structure and function in anaerobic
co-digestion. Bioresour. Technol. 247, 1119-1127.

Yan, W.W.,, Vadivelu, V., Maspolim, Y., Zhou, Y., 2021. In-situ
alkaline enhanced two-stage anaerobic digestion system for

waste cooking oil and sewage sludge co-digestion. Waste
Manag. 120, 221-229.

Yang, L.C., Xu, F.Q., Ge, X.M,, Li, Y.B., 2015. Challenges and
strategies for solid-state anaerobic digestion of lignocellulosic
biomass. Renew. Sust. Energ. Rev. 44, 824-834.

Yu, H.Q., Fang, H.H.P,, 2002. Acidogenesis of dairy wastewater at
various pH levels. Water Sci. Technol. 45 (10), 201-206.

Yu, Q.Q,, Li, H, Deng, Z,, Liao, X.C,, Liu, S, Liu, J.G., 2020.
Comparative assessment on two full-scale food waste
treatment plants with different anaerobic digestion
processes. J. Clean. Prod. 263, 121625.

Yue, L.C,, Cheng, J., Hua, ].J,, Dong, H.Q., Zhou, J.H,, Li, Y.Y., 2020.
Improving fermentative methane production of glycerol
trioleate and food waste pretreated with ozone through
two-stage dark hydrogen fermentation and anaerobic
digestion. Energ. Convers. Manage. 203, 112225.

Yun, Y.M,, Lee, M.K., Im, S.W,, Marone, A., Trably, E., Shin, S.R,,
et al., 2018. Biohydrogen production from food waste: current
status, limitations, and future perspectives. Bioresour.
Technol. 248, 79-87.

Zhang, J.X., Hu, Q,, Qu, Y.Y,, Dai, Y)J,, He, Y.L., Wang, C.H,, et al,,
2020. Integrating food waste sorting system with anaerobic
digestion and gasification for hydrogen and methane
co-production. Appl. Energ. 257, 113988.

Zhang, S., Liu, M., Chen, Y., Pan, Y.T,, 2017. Achieving ethanol-type
fermentation for hydrogen production in a granular sludge
system by aeration. Bioresour. Technol. 224, 349-357.

Zhao, M., Liu, Z., Xu, J., Liu, H., Dai, X., Gu, S., et al., 2020. Dosing
effect of nano zero valent iron (NZVI) on the dark hydrogen
fermentation performance via lake algae and food waste
co-digestion. Energy Rep. 6, 3192-3199.

Zhao, Q., Arhin, S.G,, Yang, Z.Y,, Liu, H.P, Li, Z.Y., Anwar, N,, et al,,
2021. pH regulation of the first phase could enhance the
energy recovery from two-phase anaerobic digestion of food
waste. Water Environ. Res. 93 (8), 1370-1380.

Zheng, M.X., Zheng, M.Y., Wu, Y.Y,, Ma, H.L., Wang, K.J., 2015. Effect
of pH on types of acidogenic fermentation of fruit and
vegetable wastes. Biotechnol. Bioprocess Eng. 20 (2), 298-303.

Zheng, Y., Wang, P, Yang, X.Y, Lin, P.R,, Wang, YJ., Cheng, M.M.,
et al., 2021. Process performance and microbial communities
in anaerobic co-digestion of sewage sludge and food waste
with a lower range of carbon/nitrogen ratio. BioEnerg. Res. 15,
1664-1674.

Zhou, M.M,, Yan, B.H., Wong, ].W.C., Zhang, Y., 2018. Enhanced
volatile fatty acids production from anaerobic fermentation of
food waste: a mini-review focusing on acidogenic metabolic
pathways. Bioresour. Technol. 248, 68-78.

Zhu, X.P, Yellezuome, D., Liu, R.H., Wang, Z.Z., Liu, X., 2022. Effects
of co-digestion of food waste, corn straw and chicken manure
in two-stage anaerobic digestion on trace element
bioavailability and microbial community composition.
Bioresour. Technol. 346, 126625.


http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0135
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0136
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0137
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0138
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0139
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0140
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0141
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0142
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0143
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0144
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0145
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0146
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0147
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0148
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0148
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0149
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0150
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0151
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0152
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0153
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0154
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0155
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0156
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0157
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0158
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0159
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0160
http://refhub.elsevier.com/S1001-0742(23)00196-1/sbref0161

	Biohythane production from two-stage anaerobic digestion of food waste: A review
	Introduction
	1 Main characteristics of FW
	2 Basic principle of the TSAD of FW
	2.1 First stage
	2.2 Second stage

	3 Factors influencing the performance of TSAD of FW
	3.1 pH
	3.2 Temperature
	3.3 Substrate
	3.4 OLR
	3.5 Retention time
	3.6 Inoculum
	3.7 Reactor

	4 Research on biohythane production from FW through TSAD
	4.1 Research status
	4.2 Strategies for enhancing biohythane production from TSAD of FW
	4.2.1 Pre-treatment
	4.2.2 Co-digestion
	4.2.3 Regulation of microbial consortia


	5 Challenges and future considerations
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


