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Abstract: Utilising ‘wastes’ as ‘resources’ is key to a circular economy. While there are multiple 

routes to waste valorisation, anaerobic digestion (AD)—a biochemical means to breakdown organic 

wastes in the absence of oxygen—is favoured due to its capacity to handle a variety of feedstocks. 

Traditional AD focuses on the production of biogas and fertiliser as products; however, such low-

value products combined with longer residence times and slow kinetics have paved the way to 

explore alternative product platforms. The intermediate steps in conventional AD—acidogenesis 

and acetogenesis—have the capability to produce biohydrogen and volatile fatty acids (VFA) which 

are gaining increased attention due to the higher energy density (than biogas) and higher market 

value, respectively. This review hence focusses specifically on the production of biohydrogen and 

VFAs from organic wastes. With the revived interest in these products, a critical analysis of recent 

literature is needed to establish the current status. Therefore, intensification strategies in this area 

involving three main streams: substrate pre-treatment, digestion parameters and product recovery 

are discussed in detail based on literature reported in the last decade. The techno-economic aspects 

and future pointers are clearly highlighted to drive research forward in relevant areas. 

Keywords: biohydrogen production; volatile fatty acids; intensification; pre-treatment; digester; 

product recovery; techno-economic aspects 

 

1. Introduction 

There is a need to address the ever-increasing energy and materials demand sustain-

ably. Simultaneously, growing anthropogenic activities have led to an increase in global 

CO2 levels, and there is, therefore, a pressing need to reduce emissions to control the 

global warming potential. Cumulative global CO2 emissions have risen by ~64% over the 

past three decades [1]. The major contributors (>60%) to global emissions have been the 

electricity, heat and transportation sectors. While this has been the global trend, national 

emissions vary significantly between countries due to the difference in implementation of 

environmental policies, population density, per capita income and per capita emissions. 

For instance, in the UK, the cumulative CO2 emissions have fallen by ~38% in the past 

three decades [1]. In particular, the electricity and heat sectors have recently managed to 

curb their CO2 emissions significantly. With the implementation of the UK Net Zero strat-

egy to achieve zero CO2 emission targets by 2050, the cumulative emissions are expected 

to decrease more rapidly in the coming years. However, to achieve such stringent targets, 

it is important that emissions in all sectors are mitigated appropriately. For instance, the 

major contributor to emissions in the UK currently is the transportation sector (~35% of 

national emissions) (Figure 1). To address this issue directly, the use of sustainable and 

cleaner fuels is required in the transportation sector. This includes the use of both gaseous 

and liquid biofuels, such as biogas, biohydrogen and bioethanol. In addition to biofuels, 
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electric vehicles also have a significant role to play in reducing emissions. The source of 

electricity will however be influential in determining the emission potential. 

Beyond the use of sustainable renewable energy as a means to mitigate CO2 emis-

sions, the sustainable production of chemicals and materials of high value is also neces-

sary. Currently, the production of platform and commodity chemicals is highly reliant on 

fossil fuels, and whilst being an economically favourable route, it does not achieve the 

triple bottom line performance of being socio-economically and environmentally benefi-

cial when produced from these materials. The production of these chemicals from biomass 

however offers extensive prospects where both renewable energy and high-value plat-

form chemicals may be produced either simultaneously or sequentially in ‘biorefineries’. 

The production of multiple products from a feedstock would also lead to approaching a 

circular bioeconomy which is critical to achieving the Net Zero targets. 

 

Figure 1. Global and UK CO2 emissions by sector in 2019. Data obtained from International Energy 

Agency, Data and Statistics website [1]. 

1.1. ‘Waste’ to ‘Value’ for Approaching a Circular Economy 

The backbone of a circular economy is “to generate, utilise and recycle”, ensuring that 

wastes generated do not exit the loop. In this context, the utilisation of ‘wastes’ as ‘re-

sources’ is critical to minimise reverting back to a linear economy framework. The utilisa-

tion of waste biomass is of particular interest to this perspective. All ‘waste’ biomasses are 

second-generation feedstocks, which neither interfere with the food chain nor compete for 

space with agricultural land. Examples of such ‘waste’ biomasses include agri and forest 

residues, food waste, paper and pulp industry wastes, distillery waste, wastewater and 

sludge. All these organic-matter-rich streams are originally ‘waste streams’ that have the 

potential to be valorised to biofuels and high-value chemicals. Utilising these ‘wastes’ as 

‘resources’ would ensure that the feedstock-dependent end product pricing is reduced 

while ensuring sustainability and process circularity. It is however crucial to ensure that 

the yield of desired product per unit mass of the waste is sufficiently high to minimise net 

emissions. 
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Multiple routes to biomass valorisation are currently available (Figure 2). Typically, 

biomass streams can be valorised either via biochemical pathways or thermochemical 

pathways [2]. Biochemical pathways include anaerobic digestion (AD) to produce biogas, 

biohydrogen, volatile fatty acids (VFAs) and fertilisers, fermentation for the production 

of solvents and biofuels (e.g., bioethanol, acetone, butanol), and value-added chemicals 

(e.g., succinic acid, citric acid, lactic acid). Thermochemical valorisation routes mentioned 

in Figure 2 are typically used to produce bio-oil, bio-coal, biochar and syngas. Physico-

chemical valorisation routes have also gained attention recently [3–7]. These routes often 

utilise biomass and its derivates as sacrificial electron donors for the production of renew-

able hydrogen or oxidised products such as sugars and short chain acids [4,8]. 

 

Figure 2. Biomass valorisation routes. 

AD is a well-established technology widely used in the secondary stage of 

wastewater treatment. Its popularity in this process is due to its ability to remediate waste 

streams whilst generating energy vectors in the form of biogas [9]. While the technology 

is mature, limitations such as long residence times (>4 weeks), leading to large reactor 

volumes in the order of thousands of m3, slower digestion kinetics, and sub-optimal car-

bon conversion leads to process inefficiencies and high capital expenditure [2]. In terms 

of revenue generation, biomethane (upgraded from biogas) is a low-value product (~EUR 

0.5/kg [10]), and hence, allied products such as concentrated fertilisers from digestate are 

required to generate additional revenue [11]. Intensification strategies such as optimising 

operating parameters, and biomass pre-treatment to address feedstock complexity, have 

been proposed as effective routes to overcome these inefficiencies and maximise biomass 

conversion [2] and hence remain as the future perspectives for progressing the field. Ther-

mochemical biomass conversion routes have similarly been extensively discussed in the 

literature [12–14] and the future direction for this route remains clear in maximising the 
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techno-economics and understanding the life cycle impacts of the process. While AD and 

thermochemical routes are already commercially exploited, physico-chemical routes are 

on the lower end of the technology readiness level (TRL) spectrum (<TRL 3). This is pri-

marily due to the heterogeneity of the biomass, with both the catalyst and biomass being 

solids suspended in a liquid phase, leading to mass transfer limitations [15], non-specific-

ity of biomass breakdown [4,8] and lower biomass conversion rates [6]. While current lit-

erature has extensive information on the conversion of biomass derivatives to value-

added compounds [16–18], information on direct conversion is limited. Biomass deriva-

tives and ‘whole’ biomass are different in nature due to their structure, physico-chemical 

bonding, solubility and reactivity; therefore, physico-chemical valorisation routes inves-

tigating the valorisation of biomass derivatives and whole biomass are not comparable. 

The research direction in this area is therefore clear in identifying novel routes for direct 

valorisation leading to higher TRL applications.  

Most of the aforementioned biomass valorisation routes have clear pathways and fu-

ture directions. There has been renewed focus on biohydrogen and VFA production from 

AD, as opposed to biomethane and fertiliser, and so, a critical analysis of this recent work 

is required. In addition, when biohydrogen or VFAs are produced via AD, the fertiliser 

potential of the digestate is not compromised and can still yield additional revenue. In-

creased recent interest in hydrogen is mainly due to its potential to decarbonise a variety 

of sectors that are generally hard to ‘electrify’ and its capability in the accelerated achieve-

ment of Net Zero goals. VFAs, on the other hand, are platform chemicals which find their 

use in a variety of industries, including food and beverages, cosmetics, chemicals and 

pharmaceutical industries [19]. The current fossil-based route for VFA synthesis is unsus-

tainable, and therefore, a waste valorisation technology for the production of VFAs is ideal 

to decarbonise a number of these end-use sectors.  

The UK recently devised a ten-point plan for a green industrial revolution to achieve 

net neutrality by 2050 [20] and to meet the Carbon Budget Six (CB6) targets. One of the 

key aspects of the plan is to enhance the production of low carbon hydrogen. It is expected 

that the low carbon hydrogen capacity of the UK will reach 1 GW in 2025 and 5 GW by 

2030, leading to savings of ~41 MtCO2e (equivalent to ~9% of UK emissions in 2018). With 

the projected enhanced capacity, it is expected that 20–35% of the total energy consump-

tion in the UK will be based on low-carbon hydrogen by 2050 [21]. 

To align with the Net Zero targets, the UK was the first country to develop an indus-

trial decarbonisation strategy and aimed to reduce industrial carbon emissions by over 

90% of 2018 levels [22]. Moreover, resource efficiency has also been a focus, as per the 25-

year environment plan to mitigate the amount of waste generated [23]. Therefore, it is 

vital that a circular economy model incorporating intersectoral integration is established. 

Since most wastes are organic in nature (with cellulose in biomass being the world’s most 

abundant organic material), biochemical valorisation routes are promising options to min-

imise waste and maximise value via such intersectoral integration approaches with a pos-

sibility of developing a multi-product biorefinery platform. An example is the valorisation 

of waste biomass to biohydrogen and VFAs which are discussed in this review. 

1.2. Green Hydrogen and VFAs—Need for Process Intensification 

The majority of global hydrogen is produced from steam methane reforming (SMR), 

termed grey hydrogen, or from coal gasification, known as brown hydrogen, due to the 

low cost of production and high efficiency. SMR, however, has a high carbon footprint of 

9–12 kg CO2/kg H2 [24–26] and requires a consistent supply of methane that is often de-

rived from fossil fuels. Alternatively, SMR using biomethane (derived from conventional 

AD) is being pursued as a renewable and much cleaner option [27]. Biomethane-based 

SMR can fulfil the hydrogen generation needs intermittently until a cost-competitive com-

plementary technology to electrolysis is established. The transition from grey and brown 

hydrogen is of utmost importance to achieve net neutrality and therefore, blue hydrogen 

(with carbon capture) and green hydrogen (renewables based) are gaining more interest. 
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Grey or brown hydrogen coupled with carbon capture and storage (CCS) results in the 

production of blue hydrogen which has the potential to reduce carbon emissions by 35–

85% [28]. The issues surrounding blue hydrogen however are the intensive capital re-

quirement and potential CO2 leakage [29]. Carbon capture storage and utilisation (CCSU) 

has therefore been proposed as an alternative strategy for blue hydrogen production [29]. 

In this case, the captured CO2 may be used as a secondary feedstock for the production of 

high-value compounds (e.g., gas fermentation, microbial electrosynthesis) [30]. 

Green hydrogen, analogous to low carbon hydrogen, can be produced from water 

electrolysis or biomass electrolysis powered by renewable electricity. It has a near-zero 

carbon footprint (<0.6 kg CO2/kg H2) [31] and can greatly boost the acceleration towards 

achieving net neutrality. With water electrolysis largely favoured due to its higher TRL 

levels, the problems at scale depend on the consistent supply of renewable electricity as 

well as the use of critical raw materials as catalysts. Global green hydrogen trends (based 

on electrolysis) are currently shifting focus towards the use of non-critical, earth-abundant 

raw materials to de-stress the supply chain. 

Other promising routes to produce green hydrogen include dark fermentation (via 

AD) and photo fermentation of biomass. Photo fermentation is an attractive pathway; 

however, it suffers from low hydrogen production rates and stringent reactor design to 

maximise light distribution within the bioreactors [32]. Photo fermentation is especially 

limited when wastewater or lignocellulosic biomass is used as a feedstock due to the light 

scattering, shielding and loss of photons caused by the selective absorption of light by 

coloured wastewater, thereby limiting the light harvesting efficiencies and metabolic 

rates. Dark fermentation can overcome these challenges. The biochemical pathway lead-

ing to the production of hydrogen in dark fermentation is an intermediate step (acidogen-

esis) in the conventional AD pathway. While the product of interest in conventional AD 

is biomethane, the methanogenic activity needs to be suppressed to ensure that biohydro-

gen is derived as the end product in acidogenic fermentation. Assuming C6H12O6 (hexose) 

as the model molecular formula of the biomass and accounting for fractional biomass uti-

lisation for its growth and energetic needs, ~0.1 kg H2/kg biomass could be produced stoi-

chiometrically. This corresponds to ~12 MJ energy recovered from 1 kg of biomass. While 

the green hydrogen productivity, especially via the AD route, is attractive, it is currently 

not cost competitive compared to grey hydrogen. One of the primary reasons is that hy-

drogen production in AD is affected by simultaneous VFA production. While both VFAs 

and hydrogen can be produced via methanogenesis suppressed AD, it is only possible to 

produce either VFAs or biohydrogen with higher yields at a given point of time in the 

digester. This is mainly because the yields of VFAs and hydrogen are interlinked, and 

often, their concentrations are inversely proportional to each other. The acidogenic and 

acetogenic stages of AD lead to the production of VFAs. In addition, homoacetogens pre-

sent in the microbial consortia can further utilise hydrogen for acetic acid production. The 

VFA product mixture in AD typically includes acetic acid, propionic acid, butyric acid 

and valeric acid in varying proportions. Therefore, understanding the digestion kinetics 

and optimising the system for the production of desired products is important when aci-

dogenic fermentation is the focus. 

There are similarities between VFA and biohydrogen production in terms of bio-

chemical pathways utilising waste organic matter as feedstock, mode of operation and 

scale-up. Furthermore, the prospect of retrofitting existing infrastructure to support hy-

drogen storage and transport as well as high VFA productivities are major advantages of 

the acidogenic fermentation route for biomass valorisation. These can directly address the 

challenges such as ‘technological uncertainty’ and ‘enabling infrastructure’ [21]; however, 

challenges around ‘affordable costs’ still exist. This is predominantly due to the productivity 

that is linked to two aspects, namely feedstock heterogeneity (complexity due to recalci-

trant inter and intramolecular bonding) and product selectivity (type of VFA or choice 

between biohydrogen, VFA and biomethane). These are the two main components that 

influence the carbon footprint as well as the techno-economics of the process.  
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This review therefore aims to bring together the intensification strategies that can 

predominantly enhance the productivities of desired products, namely biohydrogen and 

VFAs. While a number of challenges exist in improving the product yields, the scope of 

this review is restricted to three main areas that specifically influence the process scale up, 

namely:  

1. Pre-digestion—strategies to address feedstock heterogeneity and improve the bioa-

vailability of the biomass; 

2. Anaerobic digestion—strategies to improve the bioconversion of biomass to desired 

products; 

3. Product recovery—strategies to maximise recovery and purity of desired products. 

The influence of these strategies on the techno-economics and the life cycle of the 

process are also pointed out. Finally, the future research focus in this particular area of 

AD is also discussed from our point of view.  

2. Pre-Digestion 

Pre-digestion in this context refers to the steps involved in preparing the feedstock 

for acidogenic fermentation. Predominantly, with the feedstock type and composition be-

ing the detrimental factors influencing the productivity of the desired product, it is im-

portant to ensure that the organic matter in the feedstock is highly bioavailable to the 

microbial consortia for digestion. In conventional AD, the rate limiting steps could either 

be the hydrolysis step or the methanogenic stage [33]. The former is linked to feedstock 

complexity, whereas the latter is linked to the growth rate of the methanogenic archaea. 

Therefore, once the substrate is readily bioavailable, the biochemical pathways will be 

initiated toward the desired product formation. It is therefore critical to ensure that the 

feedstock complexity is addressed to speed up the hydrolysis stage. Whether the desired 

product is biohydrogen or VFAs, the hydrolysis stage is the common precursory step. The 

branching out of biochemical pathways happens after the hydrolysis stage, so the discus-

sion around addressing feedstock complexity in this section is common to both these fer-

mentative pathways. 

Overlapping with conventional AD, acidogenic fermentation can utilise any organic 

feedstock (e.g., wastewater, sewage sludge, agri-forest residue, food waste). The availa-

bility of the feedstock (quantity availability and frequency of feedstock production) and 

its composition are detrimental factors that can impact the digestion process. Irrespective 

of these factors, it is first important to assess the biochemical hydrogen potential (BHP) 

and the VFA potential (VFAP) of each feedstock separately. While BHP can be analogous 

to conventional biochemical methanation potential (BMP) tests, VFAP has never been per-

formed before. Therefore, there is immense scope to develop standardised tests for BHP 

and VFAP via AD. This needs to be performed stoichiometrically first to determine the 

theoretical potential of the feedstock (similar to the Buswell–Muller methane yields for 

conventional AD). While the theoretical limits are indicators of the digestion ability of the 

feedstock, these can never be experimentally achieved due to the utilisation of a fraction 

of the feedstock for microbial growth and metabolism as well as the recalcitrance posed 

by a fraction of the feedstock (e.g., lignin). It is however paramount that the maximum 

achievable yield of the desired product is targeted by intensifying the digestion process. 

If the feedstock has high soft suspended solid content, such as sewage sludge or food 

waste, improving the degree of disintegration leading to an increased soluble COD con-

centration is required to have a positive impact on the digestion process. If the feedstock 

is lignocellulosic in nature such as agricultural or forest residues, improving the bioavail-

ability of holocellulose (and/or delignification) to enhance microbial hydrolysis is im-

portant. As lignin provides structural integrity to the biomass, delignification or at least 

the exposure of the holocellulose to hydrolytic bacteria is critical. With either of the feed-

stock categories, inhibitor formation as a result of pre-treatment should be suppressed to 
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prevent negatively influencing anaerobic digestion. In addition, the preferred pre-treat-

ment should also be net positive (energetically and economically) and scalable if high TRL 

hydrogen and VFA production are targeted. 

A number of researchers have investigated a wide range of pre-treatment methods 

for acidogenic fermentation, falling broadly under four categories: physical, chemical, bi-

ological and physico-chemical [34–36]. The mode of action of each pre-treatment on lig-

nocellulosic biomass is shown in Figure 3. The most utilised methods in the past decade 

are however exclusively discussed in this review to restrict the scope purposefully to re-

cent work (Tables 1 and 2). 

Physical pre-treatment methods often comprise of techniques such as shredding, 

comminution or homogenisation, which target the reduction in particle size and increase 

in specific surface area. It has also been shown to affect the crystallinity index of the cel-

lulose upon milling [37]. The reduced particle size of the feedstock favours faster hydrol-

ysis rates and, in turn, higher desired product yields. While physical pre-treatment is 

known to generate no microbial inhibitors, it is often limited by its high specific energy 

consumption (thereby high OPEX). The specific energy consumption is directly related to 

the comminution ratio (i.e., the ratio of final particle size to the initial particle size) and 

the moisture content of the feedstock. The milling energy is reduced considerably when 

the moisture content in the biomass is reduced. To achieve this, an additional drying step 

(consuming more energy) is required. For instance, Miao et al. [38] compared the milling 

of a variety of lignocellulosic biomass by hammer mills and knife mills. To achieve the 

same final particle size of 1 mm with Miscanthus, the hammer mill required ~200 kJ/kg TS 

which is ~3.5 fold lower than a knife mill. Similarly, the dried biomass consumed nearly 

50% less energy (~950 kJ/kg TS) as compared to biomass with 15% moisture. When valor-

isation via anaerobic digestion is desired, the moisture content in the feedstock is required, 

which helps with the mass transfer and hydrodynamics of the digester. Even with dry 

digestion, a significant amount of moisture is still retained in the feed slurry (~15–20% TS). 

Therefore, drying the feedstock prior to milling and then rehydrating the feedstock is nei-

ther resource nor energy efficient. Thus, when opting for physical treatment, it is of utmost 

importance to consider the type of biomass, moisture content and the comminution ratio 

required. 

 

Figure 3. An overview of lignocellulosic biomass pre-treatment methods. Reprinted with permis-

sion from Konde et al. [39], Copyright Royal Society of Chemistry. 
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Chemical pre-treatment utilises acid, alkali or oxidising agents to depolymerise, hy-

drolyse or delignify the biomass [40]. Acid hydrolysis, when employed as a lignocellulosic 

biomass pre-treatment method often generates fermentation inhibitors such as furans and 

furfurals, while alkali hydrolysis results in partial delignification, leading to the increase 

in the concentration of soluble phenolics. Oxidative pre-treatment using O3 or H2O2 are 

non-specific pre-treatment methods and tend to depolymerise any fraction of the biomass 

but have the tendency to delignify the biomass predominantly. These compounds may be 

inhibitory to the metabolism of the microbial consortium and can reduce the desired prod-

uct yield [33,41]. It has been reported that furans are more inhibitory to acidogenic bacteria 

than soluble phenolics [33]. The inhibition of the metabolic activity of these classes of bac-

teria may result in the increased abundance of non-hydrogen/VFA producers and divert 

the digester towards the production of lactate or ethanol [33]. When the end product of 

digestion is conventional biogas, these alternative end products may be beneficial; how-

ever, when acidogenic fermentation is in focus, care has to be taken to ensure such inhibi-

tion is avoided. Additionally, from an engineering perspective, equipment corrosion can 

also occur and impede the process operation when acids are used in the system. This can 

indirectly lead to an increased concentration of heavy metals in the solution, thereby fur-

ther reducing the desired product yields. 

Biological pre-treatment often consists of the fungal or enzymatic pre-treatment of 

feedstock. White rot fungi or brown rot fungi are the commonly deployed species due to 

their ability to secrete extracellular ligninolytic and cellulolytic enzymes or perform hem-

icellulose hydrolysis, respectively [41]. Another filamentous fungus, Trichoderma reesei, 

has also been reported to pre-treat lignocellulosic biomass due to its ability to hydrolyse 

cellulose [42]. While biological substrate pre-treatment is effective in enhancing product 

yields, slow kinetics of pre-treatment (ranging from days to weeks) requiring large reactor 

volumes (incapable of efficient scale up) and its lack of capacity to continuously pre-treat 

the feedstock are seen as limitations. Alternatively, enzymatic hydrolysis of the feedstock 

has been proposed as a targeted biological pre-treatment strategy, but the cost of enzyme 

production/recovery still has to be considered prior to scale up. 

The final category of pre-treatment consists of physico-chemical methods. In this 

kind of pre-treatment, the biomass is pre-treated to achieve the combined effect of both 

the physical as well as chemical methods, i.e., particle size reduction or increase in the 

surface area along with partial hydrolysis of polymers. Physico-chemical methods over-

come the disadvantages posed by physical or chemical pre-treatment methods; they con-

sume considerably less energy as compared to physical methods and generate insignifi-

cant quantities of inhibitors. For instance, steam explosion works on the basis of applying 

compressed steam to the biomass slurry followed by rapid depressurisation and con-

sumes ~70% less energy than physical pre-treatment methods [43]. To favour enhanced 

product yield by avoiding inhibitors, liquid hot water pre-treatment has been suggested 

as an alternative to steam explosion [44]. Another physico-chemical pre-treatment method 

that is gaining attention in the area of anaerobic digestion is hydrodynamic cavitation 

[2,45,46]. Cavitation is the phenomenon of generation, growth and implosion of vaporous 

cavities. Acoustic cavitation, commonly known as ultrasonication, has been reported ex-

tensively in the literature for the pre-treatment of biomass; however, due to the handling 

volumes being limited to mL scale and high specific energy inputs (at times, higher than 

physical pre-treatment), they cannot be scaled up. Hydrodynamic cavitation, on the other 

hand, is less energy intensive and has been reported to be scaled up [45,47] with low spe-

cific energy inputs and high net energy gains. For instance, Nagarajan and Ranade [48] 

reported that the specific energy required to pre-treat sugarcane bagasse (at a low solid 

loading of 1%) was 0.5 MJ/kg TS; however, the net energy gain as a result of enhanced 

biomethane generation was reported to be ~1.4 MJ/kg TS. Overtreatment can however 

result in the generation of inhibitors, higher energy consumption and reduced desired 

product yield. Therefore, it is important to optimise the process to maximise the product 

yields and energy efficiency. The use of physico-chemical pre-treatment seems to be a 
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promising method; however, with limited literature in the area of acidogenic fermenta-

tion, it needs more research. While a general overview of pre-treatment was presented so 

far, the following sections will discuss specific examples from literature in the past decade 

that has reported an impact on intensifying acidogenic fermentation. 

2.1. Substrate Pre-Treatment to Enhance Biohydrogen Production 

Table 1 shows an overview of reported data on various pre-treatment methods used 

to enhance biohydrogen yield. Physical pre-treatment is the most common conventional 

pre-treatment to enhance digestion yields. In the last decade, however, the use of milling-

based methods to intensify biohydrogen production has dwindled. It is understandable 

that this decrease could have been due to the inability of these methods to achieve a net 

positive energy gain. One of the few papers that reported the use of physical pre-treatment 

was by Yukesh Kannah et al. [49], who used chopped rice straw as the feedstock and high-

speed dispersion as the pre-treatment methodology. A 2 L batch pre-treatment was per-

formed with a 2% straw concentration. The gap between the rotor and stator was 0.3 mm, 

which enabled the effective disintegration of straw at an optimum speed of 12,000 rpm. 

At a specific energy consumption of ~1.47 MJ/kg TS, a degree of disintegration of ~9.5% 

was observed. Upon mesophilic batch digestion, this corresponded to a 7.3-fold increase 

in hydrogen yield as compared to the untreated straw that generated 8 mL H2/g COD. 

While an increase in hydrogen yield was observed, a net positive energy gain could not 

be achieved with this kind of pre-treatment.  

Deng et al. [50] reported the use of 2% sulphuric acid pre-treatment on grass silage 

(2%) at an elevated optimum temperature of 135 °C for 15 min. At these conditions, a 

hydrolysis efficiency of ~50% was observed and resulted in a three-fold increase in hydro-

gen yield. Amongst the reducing sugars formed due to acid hydrolysis, xylose dominated 

the hydrolysate with ~70% concentration, suggesting that hemicellulose hydrolysis was 

predominantly achieved with acid pre-treatment leaving behind a cellulolignin solid res-

idue. Reilly et al. [51], on the other hand, utilised alkali pre-treatment of wheat straw as a 

strategy to enhance hydrogen production. The substrate was soaked in 80 mM lime for 2 

days, and it was determined that ~36% of the hemicellulose and minimal lignin were sol-

ubilised, whilst cellulose remained unaffected. The pre-treated solid residue upon neu-

tralisation was subjected to digestion with the bioreactors supplemented with an Acceler-

ase enzyme cocktail. The optimal conditions resulted in a biohydrogen yield, which was 

~29-fold higher (59 mL H2/g VS) than the untreated straw. The hydrolysate, when added 

to the solid residue for digestion, resulted in the inhibition of hydrogen production due 

to the presence of enhanced concentrations of CaCO3. Instead of lime, a stronger alkali, 

NaOH was used to pre-treat milled corn cobs by Kucharska et al. [52]. They also supple-

mented the pre-treated slurry with an enzymatic cocktail to intensify the hydrolysis pro-

cess and enhance the biohydrogen yields by >5 fold. Unlike acid and alkali pre-treatment, 

oxidative degradation pre-treatment has also been reported to enhance biohydrogen pro-

duction. For example, Wu et al. [53] reported the use of ozone pre-treatment to intensify 

biohydrogen production from milled wheat straw. Since oxidative pre-treatments are 

non-specific in nature, they tend to degrade polymers in their vicinity. With lignin present 

in the cell wall of the biomass structure, it tends to be degraded first via oxidative pre-

treatments. Accordingly, at optimal conditions, nearly 40% delignification was reported, 

corresponding to a 2.5-fold increase in biohydrogen yield.  

Biological pre-treatment in its current state, while being efficient, is not scalable. With 

conventional enzymatic hydrolysis systems, this is related to the enzyme recovery costs. 

With the cost of enzyme production becoming relatively cheaper, there is still potential to 

explore this area. For instance, Leaño and Babel [54] reported the enzymatic hydrolysis of 

cassava wastewater using various commercially available enzymes. They used OPTI-

MASH BG©, which is commonly used in the bioethanol industry and α-amylase in sepa-

rate experiments to determine the effect on biohydrogen production. In addition to an 

increased yield of biohydrogen (~50%), a reduced lag time in hydrogen production was 



Fermentation 2022, 8, 325 10 of 41 
 

 

also observed, suggesting that the complexity of the wastewater was reduced during en-

zymatic hydrolysis. To improve the effectiveness of the biological pre-treatment systems, 

novel and innovative strategies have also been reported. For example, Chandrasekhar and 

Venkata Mohan [55] reported the use of bioelectrochemical hydrolysis as an unconven-

tional means of biological pre-treatment to intensify biohydrogen production. With a 10 

h HRT and graphite electrodes (without an external voltage supply), they pre-treated 

blended food waste. The overflow from the bioelectrochemical cell was used as the feed-

stock for the fed-batch mesophilic digester that operated with an HRT of 72 h. At optimum 

conditions, ~35% increase in biohydrogen yields was observed. The fed-batch operation 

of pre-treatment is a promising strategy and can pave the way for a step-wise, modular 

scale up; however, intensive research is required to achieve this. 

Physico-chemical pre-treatment is a promising strategy to enhance biohydrogen 

yields due to its ability to process wet feedstock and scalability. For instance, hot com-

pressed water was used to pre-treat sake brewery waste (sake lees). Compressed hot water 

at a high temperature of 130 °C and pressure of 3 bars was used to treat 10% biomass at a 

holding time of 1 h [56]. A reduction in lag time for biohydrogen generation was reported 

as a result of pre-treatment. Asadi and Zilouei [57] reported the use of an organosolv pre-

treatment of rice straw to enhance biohydrogen production. In their case, the biomass was 

blended with an ethanol–water mix (45% v/v). One percent sulphuric acid was used to 

catalyse the hydrolysis process at an optimal temperature of 180 °C at a 30 min holding 

time. Upon treatment, a sequential enzymatic hydrolysis step was also carried out using 

5% Cellic CTec2 to further increase the reducing sugar yield. At these conditions, the glu-

cose concentration was enhanced by >4-fold and positively influenced the biohydrogen 

yield. Other researchers have also reported such complex and sequential pre-treatment 

processes [58,59] to improve hydrogen yield. While such processes may be beneficial in 

enhancing biohydrogen yields, the need to use a complex process requires justification 

both economically and environmentally. Alternatively, other researchers have reported 

simpler processes involving heat/irradiation and mild acid to achieve similar, if not 

higher, biohydrogen yields [60,61]. Cavitation, mainly sonication, is another physico-

chemical method that has been reported to enhance biohydrogen yields. For instance, Hu 

et al. [62] reported the use of sonication followed by alkali treatment of antibiotic fermen-

tation residue to enhance biohydrogen yields by 79%. Enhanced soluble carbohydrate re-

lease, resulting in reduced lag time, was attributed to the increase in biohydrogen yields. 

A similar increase in biohydrogen was also reported by Gadhe et al. [63], who sonicated 

food waste at an optimum, but high specific energy input of 13.5 MJ/kg TS. 

Table 1. Pre-treatment methods reported to enhance biohydrogen production. 

Feedstock Pre-Treatment Conditions Digestion Conditions 
Influence on  

H2 Yield 
Reference 

Physical Pre-treatment 

Chopped dried rice 

straw 

20 g/L straw, 2 L, high-speed disperser at 

12000 rpm, 30 min, 0.3 mm gap between 

rotor and stator 

1 L batch, 25% inoculum, 70% 

straw slurry, 37 °C, 100 rpm, 10 

days 

7.3-fold increase 

in specific H2 

yield 

[49] 

Chemical Pre-treatment 

Air-dried and milled 

corn cobs 

5 g biomass, 0.1 L pH 11.5 NaOH, 25 °C, 6 

h, followed by enzymatic hydrolysis with 

Viscozyme L and glucosidase (0.001 L/g 

biomass), 42 °C, 24 h 

1 L batch, 10% v/v inoculum, pH 

7, 37 °C, 320 rpm, 116 h 

>5-fold increase 

in H2 yield 
[52] 

Grass silage 2% silage, 0.1 L, 2% H2SO4, 135 °C, 15 min 

1% silage, 0.2 L batch, 0.02 L inoc-

ulum, pH 7, 4 days (1st stage of a 

2-stage system) 

3-fold increase in 

H2 yield 
[50] 

Milled wheat straw 
5 g straw, 40% water, 0.75 bars, 0.63 LPM 

O3, 45 min 

0.08 L, 2 g TS, pH 6, 1.9% inocu-

lum (v/v), 1 mL hydrolytic en-

zyme mix, 35 °C, 60 rpm, 8 days 

~2.5-fold increase 

in cumulative H2 

yield 

[53] 
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Milled wheat straw 
5 g VS, 62.5 mL 80 mM Ca(OH)2, 20 °C, 2 

days 

0.5 L, 8% w/v inoculum, 1 mL Ac-

celerase-1500, pH 6.25, 35 °C, 16 

days 

~29-fold increase 

in specific H2 

yield 

[51] 

Biological Pre-treatment 

Blended food waste 

0.5 L, bioelectrochemical hydrolysis, open to 

air graphite cathode, graphite anode, 0.075 

L inoculum, 20 g COD/L, pH 7, 10 h HRT, 

29 °C 

0.25 L fed-batch, 0.075 L inocu-

lum, 10 g/L, pH 6, 72 h HRT, 29 

°C 

~35% increase in 

cumulative H2 

yield  

[55] 

Cassava wastewater 

0.2% OPTIMASH BG® enzyme, 0.22 L 

wastewater, pH 4, 60 °C, 45 rpm 0.06 L, substrate to inoculum ra-

tio 5 (v/v basis), pH 7, 37 °C, 90 

rpm, 10 days 

Reduced lag time, 

51% increase in 

specific H2 yield 
[54] 

0.2% α-amylase enzyme, 0.22 L 

wastewater, 37 °C, 45 rpm 

Reduced lag time, 

49% increase in 

specific H2 yield 

Physico-chemical Pre-treatment 

Commercial Sake 

Lees 
10% biomass, 0.1 L, 130 °C, 3 bars, 1 h 

0.11 L batch, 9% biomass, sub-

strate to inoculum ratio of 1:1 v/v, 

pH 6, 75 rpm, 37 °C, 5 days 

Reduction in lag 

time observed af-

ter pre-treatment 

[56] 

Marine macroalgae 

Ulva reticulate 

Acidic H2O2 induced microwave, 0.5 L, 2% 

biomass, 0.024 g H2O2/g TS, 0.1 N H2SO4, 

pH 5, 40% microwave power, 10 min, 10.8 

MJ/kg TS 

0.15 L batch, 70% substrate, 25% 

inoculum, pH 5.5, 130 rpm, 37 °C,  

7.7-fold increase 

in specific H2 

yield 

[59] 

Waste-activated 

sludge 

0.15 L sludge, 0.3 g sodium citrate/g sludge, 

1 h, 150 rpm, followed by 121 °C, 30 min 

0.2 L batch, substrate to inoculum 

ratio 3 (v/v basis), pH 7, 100 rpm, 

37 °C 

4.4-fold increase 

in specific H2 

yield 

[58] 

Antibiotic fermenta-

tion residue 

0.2 L, 6 mm sonication probe, 30 min, 4 s 

ON 6 s OFF, followed by 5 M NaOH addi-

tion to reach pH 10, mixed for 24 h 

0.2 L batch, substrate to inoculum 

ratio 3 (v/v basis), pH 7, 37 °C 

79% increase in 

specific H2 yield 
[62] 
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2.2. Substrate Pre-Treatment to Enhance VFA Production 

VFAs are platform chemicals and value-added products that are of growing interest 

due to their applicability in a variety of chemical and process industries. Intensification of 

VFA production via effective pre-treatment is therefore also gaining significant attention, 

especially if the feedstock of interest is a ‘waste’. Similar to biohydrogen production, stud-

ies focusing on physical pre-treatment have moved away from energy-intensive milling 

methods. More recently, freezing and thawing as a pre-treatment was reported by She et 

al. [64] to intensify VFA production from waste-activated sludge. A higher degree of dis-

integration can be possible with such a pre-treatment strategy. Furthermore, it has been 

claimed that the formation of intracellular crystals during the freezing stage can lead to 

the breakage of cell membranes, leading to an enhanced soluble COD content upon pre-

treatment. She et al. [64] performed five cycles of freezing and thawing (one cycle = −24 

°C freezing for 8 h, 35 °C thawing for 2 h) with a 0.45 L batch of sludge and followed it up 

with fed-batch mesophilic digestion to achieve a 35% increase in VFA concentration com-

pared to the controls. Zeng et al. [65], on the other hand, utilised waste-activated sludge 

in a bioelectrochemical cell with graphite electrodes at an applied potential of 12 V for 30 

min, which suppressed biomethane production and improved the VFA yield by ~100-fold. 

The gradual shift of microbial communities upon pre-treatment showed that the digestion 

favoured VFA accumulation rather than methanogenesis.  

Conventional alkali pre-treatment has been reported to enhance VFA yields. For in-

stance, Pham et al. [66] pre-treated seaweed (40% TS) with 0.5 N NaOH to enhance the 

VFA yield by two-fold. Unconventional treatment possibilities have however also been 

explored, such as using alkaline ferrate [67], carbide slag [68] or tetrakis hydroxymethyl 

phosphonium sulphate [69]. At pH 10 (2 M NaOH) and 0.5 g/g VSS K2FeO4, increased 

solubilisation of waste-activated sludge coupled with extracellular polymeric substance 

release resulted in a 2.4-fold increase in VFA concentration [67]. Acetic acid was found to 

be the predominant product in the VFA mixture. In a first-of-its-kind work, Tao et al. [68] 

reported the use of carbide slag to pre-treat grass and intensify VFA yields. Carbide slag 

is an alkaline waste that is generated as a by-product of calcium carbide hydrolysis [70]. 

It may be used to produce cement; however, it has a high potential to pollute the atmos-

phere (dust) and water bodies (leaching). Due to its chemical composition and alkalinity, 

it may be used to pre-treat biomass [68]. In this study, 5% grass was pre-treated with 1.75% 

slag at 120 °C for 40 min. Upon treatment, the solid residue was separated, washed until 

a neutral pH was reached and subjected to enzymatic hydrolysis prior to mesophilic aci-

dogenic digestion. Similar to most alkali treatment methods, the hemicellulose and lignin 

were solubilised to an extent, leaving behind a cellulose-rich solid residue. Enzymatic hy-

drolysis of the pre-treated residue resulted in a >6-fold increase in reducing sugars, 

thereby leading to an enhanced VFA production of up to 2.4-fold. Acetate dominated the 

VFA mixture, followed by butyrate and propionate. Another unconventional chemical 

pre-treatment that was reported was the use of a biocide tetrakis hydroxymethyl phos-

phonium sulphate on sludge [69]. In total, 20 mg/g of biocide was found to be optimum 

at room temperature; however, a 2-day treatment time was required. A 49% increase in 

soluble COD content was observed, leading to a four-fold increase in VFA concentration. 

Higher molecular weight fatty acids dominated the VFA mixture obtained from the pre-

treated feedstock. 

Fang et al. [71] reported the use of white rot fungi to pre-treat autoclaved solid diges-

tate (obtained from a biogas plant digesting agricultural, fruit and vegetable residues). A 

6-week pre-treatment period was required to increase the VFA concentration by 1.2-folds. 

This is a typical example of the long pre-treatment times taken by biological methods in 

breaking down lignocellulosic materials. Furthermore, they use dried, chopped and auto-

claved substrates, all of which might have an impact on the biomass structure and com-

position. Therefore, this could be classified under combined pre-treatment methods rather 

than just ‘biological’ pre-treatment. They performed a similar exercise with mushroom 

residue and achieved a >70% increase in VFA yield [72]. Unlike traditional biological 
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methods, Pham et al. [66] reported the use of Vibrio spp. to pre-treat seaweed samples. 

Seaweed lacks (or contain in negligible quantities) lignin in its cell wall; however, the com-

plexity in digestion arises due to the presence of other polymers, such as alginate. The 

alginate lyase activity of the bacteria was effective in pre-treating the seaweed prior to 

VFA production, as reported by the authors. Bacterial treatment was found to be more 

effective than alkali pre-treatment in this case, and a 2.5-fold increase in VFA concentra-

tion was observed with the pre-treated seaweed. Acetate (53%) followed by propionate 

(27%) and butyrate (15%) dominated the mixture. Despite being effective, the bacterial- or 

fungal-based methods require a long time to hydrolyse the substrate. Enzymatic treat-

ment can be an alternative if costs are not inhibitory. Bahreini et al. [73] reported the use 

of Novozym 50199 to pre-treat (10 min) primary sludge and enhance the maximum VFA 

concentration by 56% in a fed-batch digester. Similar results with a VFA increase of up to 

39% were reported by Owusu-Agyeman et al. [74], who used an enzyme cocktail of α-

amylase, lipase, cellulase, dextranase and protease to pre-treat primary sludge. 

The use of physico-chemical pre-treatment methods for intensifying VFA production 

has been growing in the recent decade. Conventional hydrothermal treatment of thick-

ened activated sludge at 190 °C, 12.5 bars and 10 min was reported to increase the maxi-

mum VFA concentration by three-fold [75]. Hydrothermal pre-treatment was effective in 

increasing the soluble COD content by almost 10-fold compared to the untreated sludge 

with a soluble COD of ~2 g/L. This corresponded to a decreased total suspended solid 

concentration of the sludge with a reduced particle size distribution. The specific energy 

consumption for this pre-treatment was reported to be 481 kJ/kg sludge. Another conven-

tional method is a thermo-chemical pre-treatment method, namely autoclaving in the 

presence of alkali to enhance digestion efficiency. Suresh et al. [76] autoclaved lipid ex-

tracted 5% microalgal slurry in the presence of 1% NaOH and subjected the samples to 

mesophilic digestion and observed a 20% increase in VFA concentration with the pre-

treated sample. They also pre-treated the lipid-extracted microalgae using a microwave-

based method in the presence of 1% NaOH [76]. They achieved >50% solubilisation of the 

substrate; however, the increase in the maximum VFA concentration was only 10% and 

significantly less than the NaOH-autoclave pre-treatment. Microwave-assisted ionic-liq-

uid-based pre-treatment of straw was found to produce VFA with a five-fold increase as 

compared to the untreated straw [77]. While the combined effect helped in enhancing the 

VFA yield, the microwave assistance helped to lower the required ionic liquid loading 

needed for pre-treatment. Suresh et al. [76] also investigated the use of sonication as a pre-

treatment in the presence of alkali and reported that although the degree of solubilisation 

was similar to microwave-alkali pre-treatment but less than autoclave-alkali pre-treat-

ment (~80%), the enhancement in the maximum VFA concentration was 30% when com-

pared to the untreated substrate as well as higher than the other two reported methods. 

Sonication has also been used to pre-treat crushed food waste by Guo et al. [78], who, at 

an optimal specific energy input of 1.2 kJ/mL (37.7 kJ/g TS), achieved >55% degree of dis-

integration corresponding to a 4.3-fold increase in maximum VFA concentration. Liu et 

al. [79] however observed a 63% increase in VFA concentration from sonicated food waste 

at an optimal energy input of 1.8 kJ/mL (18 kJ/g TS). Beyond food waste, sonication has 

also been investigated for lignocellulosic biomass such as grass. Wang et al. [80] sonicated 

2% dried and milled grass slurry in 0.75% lime solution with a specific energy input of 1.5 

kJ/mL (7.8 kJ/g TS) in pulsed mode (5 s ON 5 s OFF). The solids and liquids were sepa-

rated, neutralised and subjected to mesophilic digestion. Compared to the digestion of the 

slurry, the cumulative VFAs produced from the solid and liquid fractions were signifi-

cantly higher and were found to be >2 fold higher than the untreated feedstock. 

While sonication has been reported extensively to pre-treat biomass to enhance di-

gestion efficiency by improving COD solubilisation and increasing the degree of disinte-

gration, it is limited by its volume of operation and high specific energy requirements. To 

overcome these limitations, hydrodynamic cavitation is a suitable alternative. For the first 

time, Lanfranchi et al. [46] reported the use of hydrodynamic cavitation for pre-treating 
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mixed organic waste (waste-activated sludge, vegetable and fruit waste) to improve VFA 

yields. They used a rotor-stator device at an inlet pressure of 2 bar, an inflow rate in the 

range of 80–100 LPM and a rotor speed in the range of 1450–1550 rpm. An optimum pre-

treatment time of 50 min was found to be beneficial in increasing the soluble COD by 83%, 

corresponding to a nine-fold increase in maximum VFA concentration. The specific en-

ergy consumption was reported to be 3.7 MJ/kg TS, which is significantly lower than the 

acoustic cavitation-based pre-treatment methods. Nevertheless, due to the presence of 

moving parts, there are issues pertaining to clogging and maintenance at an industrial 

scale. Furthermore, compared to other hydrodynamic cavitation devices, rotor-stator de-

vices are known to be relatively energy intensive [2]. Nonetheless, it is promising to see 

that a scalable biomass pre-treatment is being exploited for intensifying digestion yields.  

A promising aspect of the recently reported pre-treatment methods is that despite 

the kind of pre-treatment used, desired product type or enhancement achieved, research-

ers are moving in the right direction of not only understanding the fundamentals of pre-

treatment but also the interaction of the pre-treated substrate and the microbial consortia. 

Most of the discussed papers in this section have also reported omics studies, looking into 

the abundance and diversity of specific genus and their shifts as a result of pre-treatment. 

Such investigation will help to better understand the pre-treatment and digestion pro-

cesses and lead to devising effective monitoring tools and scale-up strategies. 

Table 2. Pre-treatment methods reported to enhance VFA production. 

Feedstock Pre-Treatment Conditions Digestion Conditions 
Influence on VFA 

Yield 
Reference 

Physical Pre-treatment 

Waste-activated 

sludge 

0.45 L, 5 cycles of freezing and thaw-

ing, −24 °C freezing for 8 h, 35 °C 

thawing for 2 h 

1 L fed-batch, sludge-to-inoculum ra-

tio of 2 (w/w), 80 rpm, 25 days reten-

tion time, 35 °C 

35% increase in max-

imum VFA concen-

tration 

[64] 

Waste-activated 

sludge 

0.5 L, graphite electrodes, 15 V, pH 

6.7, 30 min, 25 °C  

0.06 L sludge, 0.02 L inoculum, 35 °C, 

60 rpm, 35 days 

Suppressed CH4 pro-

duction, ~100-fold in-

crease in specific 

VFA yield 

[65] 

Chemical Pre-treatment 

Waste-activated 

sludge  

0.8 L feedstock, pH 10 (2 M NaOH), 

0.5 g/g VSS K2FeO4, 120 rpm, 60 min 

0.4 L batch, 10% v/v inoculum, 160 

rpm, 35 °C, 12 days 

~2.4-fold increase in 

maximum VFA con-

centration  

[67] 

Air-dried and 

chopped macroalgae 
40% TS, 0.5 N NaOH, 18 h  

0.1 L batch, 4% TS feedstock, 10% in-

oculum, 35 °C, 150 rpm, 4 days 

2-fold increase in 

maximum VFA con-

centration 

[66] 

Grass waste 
0.2 L, 5% grass, 1.75% carbide slag, 

120 °C, 40 min 

0.25 L batch, substrate-to-inoculum 

ratio 2 (VS basis), pH 7, 100 rpm, 35 

°C, 14 days 

0.6–2.4-fold increase 

in maximum VFA 

concentration 

[68] 

Sludge 

0.5 L sludge, 20 mg/g tetrakis hy-

droxymethyl phosphonium sulphate, 2 

days, 150 rpm, 30 °C 

0.35 L sludge batch, 0.03 L inoculum, 

pH 6, 2 days, 150 rpm, 30 °C 

4-fold increase in 

maximum VFA con-

centration 

[69] 

Biological Pre-treatment 

Autoclaved solid di-

gestate 

100 g TS, 10 g white rot fungi Pleuro-

tus Sajor-Caju, 25 °C, 70% relative 

humidity, 6 weeks  

0.4 L batch, 15% TS, inoculum-to-

substrate ratio 2 (TS basis), 30 °C, 18 

days 

1.2-fold increase in 

maximum VFA con-

centration 

[71] 

Air-dried and 

chopped macroalgae 

4% TS, 0.09 L, Vibrio spp., 26–30 °C, 

2 days  

0.1 L batch, 4% TS feedstock, 10% in-

oculum, 35 °C, 150 rpm, 4 days 

2.5-fold increase in 

maximum VFA con-

centration 

[66] 

Primary sludge 
1% Novozym 50199 to biomass, 300 

rpm, 10 min 

0.5 L fed-batch, 2-day retention time, 

25 °C 

56% increase in max-

imum VFA concen-

tration 

[73] 

Physico-chemical Pre-treatment 
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Crushed food waste 
0.3 L feedstock, 8 mm 20 kHz soni-

cation probe, 1 W/mL, 20 min 

0.18 L batch, substrate to inoculum 

ratio 6 (VS basis), 180 rpm, 35 °C, 5 

days 

~4.3-fold increase in 

maximum VFA con-

centration 

[78] 

Lipid-extracted mi-

croalgae Ettlia sp. 

10 mL of 5% microalgal slurry, 1% 

NaOH, 25% amplitude sonication 

0.1 L batch, 3% TS, 20% v/v inocu-

lum, pH 7.2, 150 rpm, 35 °C, 7 days 

30% increase in max-

imum VFA concen-

tration 

[76] 
10 mL of 5% microalgal slurry, 1% 

NaOH, microwave 

10% increase in max-

imum VFA concen-

tration 

10 mL of 5% microalgal slurry, 1% 

NaOH, autoclave 121 °C, 1 h, 1 bar 

20% increase in max-

imum VFA concen-

tration 

Thickened waste-ac-

tivated sludge 

1 L sludge, 190 °C, 10 min, 12.5 

bars 

0.3 L batch, 1 gTCOD/gVSS substrate 

to inoculum ratio, pH 5.5, 120 rpm, 

37 °C, 3 days 

3-fold increase in 

maximum VFA con-

centration 

[75] 

Waste-activated 

sludge 

0.2 L sludge, 0.01 g sodium do-

decylbenzene sulfonate/g TS, 70 °C, 1 

h, 400 rpm 

0.2 L batch, 150 rpm, 37 °C, 7 days 

4-fold increase in 

maximum VFA con-

centration 

[81] 

Grass clippings 

0.1 L, 2% grass, 0.75% Ca(OH)2, son-

ication at 2.5 W/mL for 10 min (5 s 

ON 5 s OFF pulse) 

Solids and liquids were separated 

and fermented, 0.2 L batch, pH 7, 120 

rpm, 35 °C, 12 days 

~2.1-fold increase in 

maximum VFA con-

centration 

[80] 

Waste-activated 

sludge and vegeta-

ble/fruit waste 

Rotor-stator hydrodynamic cavita-

tion, 2 bars inlet pressure, 80–100 

L/min inflow rate, 1450–1550 rpm 

rotor speed, 50 min 

4 L batch, substrate-to-inoculum ra-

tio 6–7 (VS basis), 37 °C, 14 rpm 

~9-fold increase in 

maximum VFA con-

centration 

[46] 

3. Anaerobic Digestion for the Production of Biohydrogen or VFAs 

AD shows promise as an industrially viable method for the production of biohydro-

gen and VFAs, due to its feasibility of utilising various organic wastes as potential feed-

stocks. Carbohydrates are the preferred carbon source for fermentation; however, the use 

of carbohydrate-rich substrates such as glucose, sucrose and starch are associated with 

high commercial costs and competition with human-food requirements [82]. There are 

however numerous waste streams that contain a wide spectrum of carbohydrates that can 

be obtained from industrial, agricultural and municipal sources that are available at little 

to no cost [83].  

Conventional AD broadly proceeds through four main stages: hydrolysis, acidogen-

esis, acetogenesis and methanogenesis (Figure 4). During hydrolysis, complex organic 

macromolecules, such as carbohydrates, proteins and lipids, are broken down into their 

respective monomers (monosaccharides, amino acids and fatty acids) by hydrolytic bac-

teria. 

The products of hydrolysis are then fermented by acidogenic bacteria, which facili-

tate the formation of VFAs and hydrogen (Figure 5). Acidogenesis largely proceeds 

through the acetic (1) and butyric acid (3) pathways [84], resulting in hydrogen as a by-

product. However, propionic acid is another common VFA produced in the AD of organic 

wastes, and this process is hydrogen-consuming (2).  

C6H12O6 + 2H2O → 2CH3COOH + 4H2 + 2CO2 (1) 

C6H12O6 + 2H2 → 2CH3CH2COOH + 2H2O (2) 

C6H12O6 + 2H2O → C3H7COOH + 2H2 + 2CO2 (3) 
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Figure 4. The four main stages of AD. 

The preferred pathway for acidogenic bacteria is the production of acetic acid since 

it provides the biggest energy yield for growth. However, as the partial pressure of hy-

drogen increases, the process that allows for the conversion of pyruvate to acetate be-

comes energetically unfavourable. The metabolic pathways therefore shift to produce 

VFAs that are more reduced than acetic acid, such as propionic and butyric acid [85]. Py-

ruvate is often the pivotal intermediate which can be converted into a spectrum of prod-

ucts, such as acetate, propionate, butyrate, lactate, propanol, butanol, hydrogen and car-

bon dioxide. The proportions of pyruvate directed to each pathway depend on several 

factors, including substrates, environmental conditions and microbial populations [86].  

Hydrogen and acetate are produced during the acetogenic phase through the oxida-

tion of the longer chain fatty acids. However, these catabolic reactions are endergonic and 

depend on low concentrations of acetate and hydrogen to drive the oxidation pathway 

forward. Acetogenesis also includes a hydrogen consumption process, known as homo-

acetogenesis, which is utilised to fix carbon dioxide into more acetic acid. Both hydrogen 

and VFAs are consumed in the final methanogenic stage, whereby acetoclastic and hy-

drogenotrophic methanogens either convert acetic acid into carbon dioxide and methane 

or oxidise hydrogen to reduce carbon dioxide to methane, respectively [87]. 

The yields of VFAs and hydrogen produced through AD are largely dependent on 

bioreactor conditions. Bioprocesses that favour the formation of either hydrogen or a VFA 

mixture will often produce the other as a by-product. In fact, single-stage fermentation for 

the co-production of hydrogen and VFAs have achieved bioconversion efficiencies of up 

to 64% [88]. Increased VFA concentrations however can negatively interfere with hydro-

gen production, either as a result of hydrogen consumption by homoacetogens or inhibi-

tion by undissociated acid molecules [89]. Higher partial pressures of hydrogen within 

bioreactors can also alter the proportions of VFAs obtained [90].  
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Figure 5. The metabolic pathways during acidogenesis that lead to hydrogen and VFAs from hex-

ose. (NAD: Nicotinamide adenine dinucleotide; Fd: Ferredoxin; ATP: Adenosine triphosphate; 

ADP: Adenosine diphosphate). 

While the metabolic pathways leading to either H2 or VFAs are similar, enhanced 

production of either of the products requires process optimisation. This is largely achieved 

by optimising operational conditions and bioreactor design to ensure the inhibition of 

methanogenic activity and that conditions are favourable for either hydrogen- or VFA-

producing microorganisms. Process parameters that influence the acidogenic fermenta-

tion yield are discussed in detail in this section. Each of the subsections will discuss the 

influence of the parameter on both biohydrogen and VFA production. 

3.1. Hydraulic Retention Time (HRT)  

HRT is an important engineering parameter and is influenced by the reactor volume, 

V and the mass inflow rate, Q of the feedstock (4). 

HRT =  
V

Q
 (4) 

HRT has been reported to play an important role in maximising hydrogen yield when 

fermenting organic wastes. Shorter HRTs can suppress homoacetogenesis and methano-

genesis, which are both hydrogen-consuming pathways [91]. If HRTs are too short, how-

ever, biomass washout can occur [92]. HRTs as low as 6 h have proven successful in en-

hancing hydrogen yields of a galactose reactor [93]. However, this study only investigated 

three short HRTs (2 h, 3 h and 6 h), so it is unclear whether longer HRTs would have 

elicited higher yields. For instance, another study using a waste sugar feedstock discov-

ered that an HRT between 14–15 h was optimal for biohydrogen production [84]. In a 

study investigating hydrogen production from three feedstocks at three different HRTs, 

Salem et al. [60] discovered that the optimum HRT for hydrogen yield using bean 

wastewater was 24 h (80 mL H2/g VS), and for potato wastewater, it was 18 h (150 mL H2/g 

VS). These results are consistent with a study by Massanet-Nicolau et al. [94] that utilised 

sewage biosolids as the feedstock and found that a 24 h HRT resulted in the most stable 
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hydrogen producing period during which a hydrogen yield of 21.9 mL H2/g VS was 

achieved. A 24 h HRT was also found to be optimum for a food waste reactor, producing 

a yield of 255.4 ± 33.6 mL H2/g VS/d [95]. 

Several studies have also analysed the effect that HRT has on VFA production, with 

results varying depending on the feedstock. For instance, studies using synthetic and low-

strength wastewater have found that HRTs as low as 6–8 h produce the maximum total 

VFA concentration [96,97]. Although with more recalcitrant feedstocks, particularly those 

utilised at an industrial scale, longer HRTs are generally more beneficial for VFA produc-

tion. A 6-day HRT increased total VFA concentration from 2.4 g COD/L to over 50 g 

COD/L in a reactor fed with urban biowastes [98]. Using other organic waste streams, 

Jankowska et al. [99] found that for cheese whey, the optimum HRT was 20 days, produc-

ing a total VFA concentration of 16.3 g/L, and for mixed sludge fermentation, it was 12 

days, producing a total VFA concentration of 12.5 g/L. Overall, the literature suggests that 

HRTs in the order of hours are beneficial for H2 production, whereas in the order of days 

is required to obtain VFAs. 

3.2. Organic Loading Rate (OLR) 

The OLR within a bioreactor can aid in maximising production performance in a con-

tinuous system and is often altered by adjusting the HRT. Kumar et al. [93] reported a 

peak hydrogen production rate at a 3 h HRT and an OLR of 120 g galactose/L/d. However, 

when the HRT was adjusted to 6 h, the OLR was halved to 60 g galactose/L/d, and this 

resulted in the maximum hydrogen yield of 2.21 mol H2/mol galactose. This study deter-

mined that at higher OLRs under lower HRTs, more H2-producing bacteria, such as Clos-

tridia, become dominant. Operating at a higher HRT, however, resulted in a stronger abil-

ity to retain active biomass in the system, leading to greater overall hydrogen yields. A 

similar hydrogen yield (2.1 mol H2/mol glucose) was achieved at an OLR of 6.5 g COD/L/d 

in a glucose reactor at an HRT of 8 h [100]. In a different study, using industrial wastewater 

feedstock, Ferraz Júnior et al. [100] reported a maximum hydrogen yield (1.4 mol H2/mol 

total carbohydrates) at an OLR of 72.4 g COD/L/d and HRT of 12 h. This study also re-

ported that applying OLRs in excess of 100 g COD/L/d can result in significant reductions 

in biohydrogen yield and production rate, and such organic overloads can cause biomass 

washout in suspended-growth systems, e.g., continuously stirred tank reactors (CSTRs). 

Therefore, higher OLRs may only be suitable in immobilised-cell reactors, such as packed 

bed reactors, where the washout of active biomass is hindered [101].  

Varying the OLR to enhance VFA production has also recently been investigated. 

Tang et al. [102] studied the impact of three separate OLRs on the VFA concentration in a 

food waste reactor (at a 5-day fixed HRT) and found higher VFA yields when the OLR 

was increased from 14 to 22 g TS/L/d. Iglesias-Iglesias et al. [103] also reported increases 

in VFA production at higher OLRs using sewage sludge as the substrate. Similarly, a step-

wise increase in OLR from 3 to 12 g COD/L/d at an 8-day HRT enhanced VFA production 

in a microalgae biomass fermentation experiment [104]. These results are consistent with 

another study that found an optimum OLR value of 12.9 g COD/L/d at a 12-day HRT 

using olive mill solid residue as the feedstock [105,106]. Some recent studies have also 

reported the effect that OLR has on VFA composition, with results indicating that higher 

OLRs produce greater yields of longer chain VFAs, such as butyric, valeric and caproic 

acids [96,103,107,108]. 

3.3. pH 

The pH level within a reactor is a key parameter that can influence the metabolic 

pathways of AD. Methanogens are most active between the pH range of 6.5–8.2 [109], and 

although the optimum pH for hydrolytic and acidogenic bacteria has been suggested as 

5.4–6.5, pH levels as low as 4.0 and as high as 11.0 have been employed with various sub-

strates [110]. 
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For hydrogen production, it has been reported that a pH of 5.5 can be most beneficial 

due to the inhibition of both methanogenesis and homoacetogenesis [111]. Indeed, many 

studies have reported an optimum pH for hydrogen production from food waste within 

the range of 5.0–6.0 [112–114], whereas a pH value within the range of 6.0–7.0 has proven 

most successful with crop residues and agricultural wastes [115–117]. It is clear from the 

literature that the optimum pH for hydrogen production is largely dependent on the sub-

strate used. For instance, a recent study by Tsigkou et al. [118] found that the optimum 

pH for hydrogen production when using a fruit/vegetable mixture was 6.5, but when us-

ing a mixed waste substrate, it was 7.5. Generally, the optimum pH for biohydrogen pro-

duction from organic wastes is within the range of 5.0–7.0 since this favours the activity 

of hydrogenases and is also suitable for microbial growth and metabolism [119].  

For VFA production, recent studies suggest a higher pH level is more beneficial. A 

more alkaline pH has been shown to not only improve hydrolysis efficiency but also en-

hance VFA yield when using complex feedstocks [120–122]. Cabrera et al. [120] reported 

an increased acetic acid concentration from 1.08 g/L to 3.14 g/L when the pH was increased 

from 5.0 to 9.0. A maintained pH level of 10.0 was also optimum for VFA production in a 

waste-activated sludge reactor [123], which is consistent with [124], which also reported a 

peak VFA production efficiency at pH 10.0. The pH level also plays a critical role in deter-

mining the VFA composition. Acidic conditions often result in a higher acetic acid con-

centration, and alkaline conditions result in a butyrate-dominant product mixture 

[124,125].  

3.4. Temperature 

Fermentation temperature is an important factor that can impact microbial metabo-

lisms and the efficiency of substrate conversion to desired products [126]. Mesophilic fer-

mentation often takes place within the range of 30–40 °C, whilst the thermophilic range is 

typically 50–60 °C. Recent research also suggests the use of psychrophilic temperatures 

(<20 °C) within anaerobic digesters, which could be particularly useful in countries with 

colder climates. Studies have shown that process parameters, including COD removal and 

biogas production, are comparable in a psychrophilic and mesophilic reactor [127]. The 

biotechnological potential of psychrophilic reactors is still under-utilised since certain dis-

advantages limit their use on a larger scale. These include the alteration of physical and 

chemical properties within biomass, thereby reducing substrate availability, inhibition of 

important cellular processes and the requirement to modify existing digester designs and, 

in some cases, use acclimated microbial biomass [128]. As a result, studies using meso-

philic and thermophilic bioreactors still dominate the literature. A temperature of 55 °C 

has been reported as optimum for biohydrogen production from the fermentation of rice 

straw [129], food waste and manure [130] and sewage sludge [131]. Conversely, other 

studies have observed higher hydrogen yields at mesophilic temperatures. Ziara et al. 

[132] tested four different temperatures (35, 45, 50 and 55 °C) on a digester fed with lactate 

wastewater and found that biohydrogen production only occurred at 35 and 45 °C. These 

results are consistent with [126], who reported a maximum hydrogen yield (492.3 ± 5.1 

mL/g TS) at a temperature of 36.6 °C.  

Similar findings have been reported for VFA yields at various temperatures. Huang 

et al. [133] investigated the effect of eight temperatures between the range 25–65 °C on the 

AD of waste-activated sludge. They reported that the average acetate concentration in-

creased with temperature until a peak at 40 °C, producing a yield of 0.29 g/L, beyond 

which the accumulation decreased. A study by Moretto et al. [98] also reported an opti-

mum temperature of 37 °C, which resulted in a maximum total VFA concentration of 65 

g/L. Mesophilic temperatures have also proven preferential for VFA production from 

sewage sludge [134] and the organic fraction of municipal solid waste (OFMSW) [135].  
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Although thermophilic conditions present advantages, including an increased rate of 

hydrolysis, enhanced pathogen destruction and a higher rate of organic matter destruc-

tion, mesophilic conditions are most promising for larger-scale digesters due to the lower 

energy requirements and more stable operation [129,136]. 

3.4. Operational Mode and Reactor Configuration 

Batch bioreactors have been extensively used for both biohydrogen and VFA produc-

tion to evaluate the viability of feedstocks and the effect of various process conditions. 

Batch experiments are widely used to optimise process parameters at the lab scale, and 

the results often indicate an initial increase in desired products, followed by a rapid de-

cline as the feedstock is used up [137]. While the initial insight provided by batch systems 

is useful for understanding the digestion process, it is important to understand digester 

behaviour in (semi)continuous systems to aid scale up.  

With respect to acidogenic digestion, various bioreactor configurations have been in-

vestigated at a laboratory scale, both under batch and (semi)continuous modes. The most 

extensively studied is the continuously stirred tank reactor (CSTR); however, other meth-

ods include anaerobic fluidised bed reactors (AFBRs), anaerobic sequencing batch reac-

tors (ASBRs), anaerobic packed bed reactors (APBRs) and up flow anaerobic sludge blan-

ket reactors (UASBRs). There is also a strong correlation between production efficiencies 

and the size of the microbial population present within the reactor. Therefore, cell reten-

tion strategies such as granulation and immobilisation systems have also been investi-

gated to enhance overall product yields [138]. An overview of the typical reactor configu-

rations used for biohydrogen and VFA production is shown in Table 3 and discussed in 

detail in this section. 

Table 3. Advantages and disadvantages of typical reactor configurations used for biohydrogen and 

VFA production. 

Reactor 

Configuration 
Advantages Disadvantages 

CSTR 

• Constant suspension and homogeneous mix-

ing lead to efficient contact between substrates 

and microbes 

• Simple design and easy maintenance 

• Can be operated continuously 

• Low operating cost 

• Susceptible to shear strain at high mixing 

speeds 

• Low HRTs can cause biomass washout 

• May require combination with an immobili-

sation system 

AFBR 

• Enhanced mass transfer 

• Likelihood of biomass washout is low 

• Operate at shorter HRTs (favours biohydro-

gen production) 

• Can be operated continuously 

• High energy requirement to supply constant 

fluidisation 

• Support material required for adhesion of 

biomass 

• Less applicable for high solid biomass and 

longer HRTs  

• Difficulties in scale-up 

ASBR 

• Not reliant on HRT for active biomass reten-

tion 

• Ability to adjust SRT allows for an addi-

tional mechanism for microbial manipulation 

• Unable to handle high solid biomass since 

they are susceptible to organic overload which can 

reduce performance 

• Less applicable to high-strength 

wastewaters 

APBR 

• Able to tolerate high OLRs 

• Low construction costs 

• Good feedstock retention 

• Susceptible to excess biomass accumulation 

• Often require a recirculation loop to im-

prove mass transfer and a support material for im-

mobilisation  
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UASBR 

• Good microbial retention without the use of 

biofilms or support materials 

• Simple method which has proven successful 

at large scale 

• Low energy requirement 

• Extended start-up time 

• High pathogen, nutrient, COD and BOD lev-

els remain in the effluent 

• Difficult to maintain proper HRT 

3.4.1. CSTR 

In a CSTR, the microbes and substrates are constantly suspended and mixed, which 

facilitates effective contact and higher mass transfer [139]. Their benefits include simple 

design, easy maintenance, homogenous mixing, and a well-maintained HRT. CSTRs are 

also the preferred reactor configuration when no differentiation between solids and liquid 

retention times are required. CSTRs are widely considered an effective and economical 

approach for the production of both biohydrogen [140–143] and VFAs [98,144,145] from 

organic waste streams. Although this kind of reactor is sensitive to operational parame-

ters, including pH, temperature and HRT, limitations in mass transfer have proven a crit-

ical parameter for optimum performance. Research indicates that the concentration of de-

sired products increases when the mixing speed increases until an optimum; exceeding 

this can result in shear strain that can damage floc particles and relevant microbial popu-

lations [146]. Their main drawback however is biomass washout at lower HRTs [92]. As a 

result of this, some studies have combined CSTRs with immobilised systems to retain 

more active biomass in the reactor. Keskin et al. [147] reported higher hydrogen yields 

and greater resistance to biomass washout in an immobilised bioreactor configuration 

compared to a conventional CSTR, particularly at higher OLRs.  

3.4.2. AFBR 

In AFBRs, a fluidisation medium (liquid or gas) is passed through the digester con-

taining the feedstock, usually of high solid content, to ensure suspension. This enhances 

microbial activity via enhanced mass transfer and can cause greater degradation of 

wastewaters [148]. In comparison with CSTRs, the likelihood of biomass washout is lower, 

but more energy is required for constant fluidisation. Often, a support material is also 

required for biomass adhesion; examples from the literature include shredded tires [149], 

activated carbon [150], polystyrene and expanded clay [151]. The literature indicates the 

broader use of AFBRs for hydrogen production in comparison to studies focused on VFA 

production. This could be due to the fact that they can operate at shorter HRTs and higher 

OLRs which favours biohydrogen production (Section 3.2). For instance, Amorim et al. 

[152] reported an increase in hydrogen yield from 0.13 to 1.91 mol H2/mol glucose when 

the HRT decreased from 8 to 2 h in an AFBR utilising cassava wastewater.  

3.4.3. ASBR 

This reactor process involves cycling through the stages of feeding, reaction, settling 

and decanting. Within this semi-batch process, the use of a settling stage allows for greater 

solid retention within the reactor, meaning that the solid retention time (SRT) becomes 

independent of HRT. Recent studies have obtained high hydrogen yields using ASBR sys-

tems. Maaroff et al. [153] tested a two-stage ASBR system for biohydrogen production 

from palm oil mill effluent and achieved yields as high as 2.52 mol H2/mol sugar at an 

optimum HRT of 12 h. A similar HRT was utilised in a study by Santiago et al. [154], who 

reported a 16 h HRT and 55 h SRT as optimum for biohydrogen yields from organic waste. 

This study also examined the effect of SRT and HRT on VFA production and found that a 

similar SRT (60 h) but a longer HRT (48 h) was optimum for VFA yields. The ability to 

adjust the SRT in an ASBR provides an additional mechanism to manipulate microbial 

communities, which in turn can be used to enhance desired metabolic pathways. Through 

analysis of population dynamics within ASBRs, it is reported that hydrolytic bacteria are 
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dominant at shorter SRTs, whilst acidogenic and acetogenic bacteria become more domi-

nant at longer SRTs [155]. 

3.4.4. APBR 

These reactors are often used with feedstocks of high organic content, and the beds 

can contain granules or biofilms to improve function at lower HRTs and increase tolerance 

to high OLRs [156]. APBRs are easy to operate and require lower construction costs when 

compared with other reactors [139]. Additionally, due to their ability to retain high feed-

stock concentrations within the reactor, high conversion rates can be achieved. Despite 

this, some studies have reported unstable operation, mainly attributed to excess biomass 

accumulation in the bed, which can lead to the proliferation of H2- and VFA-consuming 

microbes [157]. Since there is no continuous mixing, such as in a CSTR, a recirculation 

loop is often implemented to improve mass transfer and enhance product yields [158]. 

Various support materials have been tested for their ability to immobilise relevant mi-

crobes within APBRs and therefore impact production performance. Muri et al. [159] an-

alysed the impact of three different support materials (Mutag BioChip™, expanded clay 

and activated carbon) on hydrogen yields within an APBR fed with synthetic wastewater 

and reported the highest yield (1.80 mol H2/mol glucose) when the reactor was packed 

with Mutag BioChip™.  

3.4.5. UASBR 

UASBRs are another reactor configuration that aims to retain microbes within the 

reactor. They do not use biofilms or support materials and instead rely on the formation 

of biological granules. UASBRs are best utilised with medium–high strength wastewaters 

since the feedstocks need to have good settling characteristics. They are a simple and reli-

able method for wastewater treatment, and many large-scale plants have been success-

fully operated [160]. They have proven successful for biohydrogen and VFA production 

from various organic waste streams [161–165]; however, some disadvantages include an 

extended start-up time and excess pathogen, nutrient and overall biomass content in the 

effluent.  

3.5. Additives 

The impact that additional chemicals and nutrients have on the production yields of 

hydrogen and VFAs has been extensively investigated. Adjusting the carbon to nitrogen 

(C/N) ratio of feedstocks is a common parameter used to enhance digester performance. 

Ratios that are too high (>30) can lead to insufficient nitrogen available to maintain micro-

bial biomass, whilst ratios that are too low can increase ammonia production, which can 

inhibit microbial activity (Section 3.6) [166]. Studies suggest that increasing C/N ratios can 

enhance biohydrogen yield with ratios as high as 137 [157] and 173 [167], resulting in 

maximum hydrogen yields from reactors fed with sucrose and wheat powder solution, 

respectively. Argun et al. also reported a maximum VFA yield at the same C/N ratio, pro-

ducing 11 g/L of total VFAs. A C/N ratio of 47 was reported as optimum for biohydrogen 

production in a sewage sludge reactor, whilst the same study determined a C/N ratio of 

130 resulted in the maximum VFA yield [168].  

Metals have been among the most widely employed additives in AD systems. The 

addition of iron and nickel (in ion or nanoparticle form) have shown significant enhance-

ments in biohydrogen yields due to their ability to facilitate the acceleration of the electron 

transfer between ferredoxin and hydrogenase, which, in turn, drives hydrogen generation 

[169]. The addition of nickel ion and Ni0 nanoparticles has been shown to effectively en-

hance biohydrogen yields [170], and the use of biologically synthesised iron nanoparticles 

improved biohydrogen yields by up to 44% when compared with no addition [171]. In 

contrast, the use of metal additives in studies focused on VFA production have produced 
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varying results. Zhang et al. [172] reported higher VFA yields when adding iron to a cad-

mium-containing system compared to adding nickel. The addition of Co2+ and Zn2+ [173] 

lowered total VFA yields in comparison to the control, but yields of propionic acid were 

significantly increased (from 28.71 to 317 mg of propionic acid/g of COD).  

Biochar addition has also recently been investigated in various anaerobic digesters. 

A 15 g/L biochar addition produced a maximum hydrogen yield of 3990 mL/L in Zhao et 

al. [174]. Sugiarto et al. [175] found that biochar addition not only increased hydrogen 

yields by 107% but also the primary elements present in biochar (Fe, K and Ca) were re-

sponsible for increasing both acetic acid and butyric acid concentrations. Similarly, acetic 

acid concentration increased from 0.18 to 0.36 g/L in response to a 0.6 g/L biochar addition 

in a study by Lu et al. [176].  

The influence of salinity on biohydrogen and VFA yields has produced contrasting 

results in the recent literature. Taheri et al. [177] found that increasing NaCl concentration 

from 0.5 g/L to 30 g/L had a negative effect on hydrogen yield, decreasing it from 1.1 mol 

H2/mol glucose to 0.3 mol H2/mol glucose. However, Sarkar et al. [178] reported that a 

NaCl concentration as high as 40 g/L resulted in maximum hydrogen yields from a food 

waste reactor. This study also found that a 40 g/L NaCl addition improved total VFA 

yields by 1.35 times, producing 6.58 g/L compared with 4.84 g/L from the control experi-

ment. He et al. [179] examined the impact of 4 NaCl concentrations (10, 30, 50 and 70 g/L) 

on VFA production, and although the highest yield was achieved at 10 g/L (0.542 g/g dry 

weight of food waste), yields remained high at 70 g/L (0.441 g/g dry weight). 
The addition of antibiotics is associated with the suppressions of methanogenesis and 

therefore has been studied as a method to increase biohydrogen and VFA yields. Recent 

research indicates that certain antibiotics can have an inhibitory effect on each stage of 

AD; however, the more severe inhibition impacts acetogenesis and methanogenesis 

[180,181]. The addition of roxithromycin to a waste-activated sludge fermenter had the 

most severe inhibitory effect on methanogenesis, so the VFA yield more than doubled 

when the antibiotic concentration increased from 0 to 100 mg/kg TSS [182]. Huang et al. 

[181] reported maximum VFA yields when concentrations of clarithromycin reached 

1000 mg/kg TSS. Contrastingly, Tao et al. [183] found a negative correlation between the 

concentration of thiosulfate and yields of both VFAs and hydrogen. This study inferred 

that thiosulfate inhibited several metabolic pathways of acidogenesis and in particular 

restricted the activity of key enzymes, including butyryl CoA and NADH. 
Although the addition of some chemicals and nutrients may have a positive impact 

on hydrogen and VFA yields, most of the studies reported yields from small-scale digest-

ers (<1 L). It is therefore unclear how beneficial the addition of chemicals and antibiotics 

would be on a larger scale, particularly from an economic point of view. 

3.6. Undesired By-Products and Inhibitors 

The accumulation of hydrogen and VFAs within reactor systems can make it ther-

modynamically unfavourable for their continued production and result in inhibited di-

gestion with reduced yields. Studies have shown that the continuous recovery of hydro-

gen and VFAs from fermentation broths can enhance the overall yields of both products. 

Jones et al. [184] utilised proton exchange membranes to remove hydrogen and electrodi-

alysis to remove VFAs from a sucrose reactor to effectively enhance hydrogen yields by a 

factor of 3.75. In Hassan et al.’s work [185], the in situ recovery of VFAs from a food waste 

reactor almost doubled hydrogen yields and increased VFA concentration from 1.9 to 4.7 

g/L. Further studies operating electrodialysis on reactors fed with grass waste [87] and 

food waste [145] were also effective in enhancing VFAs yield. Methods for hydrogen and 

VFA extraction are discussed further in Section 4. 

While end-product inhibition is commonly observed with acidogenic digestion, in-

hibition due to the formation of undesired by-products should not be ignored. The for-

mation of undesired by-products is influenced by the type of substrate, operating condi-

tions (temperature and pH) and the diversity and abundance of the microbial community 
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present in the digester. The most common inhibitor encountered in digesters is ammonia. 

The presence of excess ammonia, both in free (NH3) and ionic (NH4+) form, can induce 

inhibition. Ammonia is able to pass through cell walls and react with protons to produce 

NH4+, which can alter intracellular pH and inhibit microbial activity [186]. Whilst meth-

anogenesis is considered the most severely inhibited AD stage, excess ammonia can also 

have an inhibitory effect on fermentative bacteria [187]. The severity of ammonia inhibi-

tion is dependent on operational conditions, and studies reveal that thermophilic temper-

atures and a higher pH (>7) can increase the percentage of total ammonia present in di-

gesters [188]. Methods to limit ammonia inhibition in reactors include adsorption using 

zeolites [189] or biochars [190], pH reduction [191] and adjustments in C/N ratios [192]. 

Hydrogen yields were increased by 10–26% in a study by [193] utilising zeolites for am-

monia stripping. The use of nitrogen sparging and sulfuric acid absorption was used by 

Ye et al. [123] to remove ammonia from a waste-activated sludge digester, which en-

hanced total VFA yields by 21.7%. 

Many other inhibitory substances and contaminants, such as sulphides, phenols and 

furans, may already be present in organic waste streams and methods to limit their inhi-

bition include dilution, adsorption, acclimatisation and precipitation. Sulphate derivates, 

such as sulphides, can be toxic to fermentative microbes, and sulphate-reducing bacteria 

have been reported to outcompete hydrogen-producing acetogens through the consump-

tion of substrates, such as butyrate and propionate [194,195]. It is therefore critical to con-

trol the levels of sulphates (and sulphides) within bioreactors. Desulphurisation tech-

niques, including the use of bio scrubbers [196] and biofilms [197], have shown promise 

in large-scale systems. Additionally, Dhar et al. [198] reported that the Fe2+ addition was 

successful in limiting biohydrogen inhibition caused by sulphide in excess of 0.025 g/L. 

Metal ion addition has also been used to limit the inhibition effect of humic acid in a 

sludge anaerobic digester [199].  

The presence of phenols and furans within bioreactors can negatively impact the 

growth and cell membrane function of fermentative bacteria [200], and hence, methods to 

extract them from bioreactors, as well as limit their production, have been investigated. 

An adsorption resin was used by Trujillo-Reyes et al. [201] to successfully extract phenolic 

compounds from a raspberry waste stream, accumulating up to 2402 mg gallic acid equiv-

alents/kg of feedstock which significantly enhanced biogas yields. Adsorption using acti-

vated carbon supported with a nano zero-valent iron material was also effective in remov-

ing phenolic compounds from organic wastewater, which improved the efficiency of hy-

drogen-producing bacteria and increased the conversion rate of organic matter [202]. As 

mentioned in Section 2, the choice of pre-treatment method is often one of the most im-

portant parameters that impact the presence of both phenolic and furan compounds. For 

instance, Kim and Karthikeyan [203] found that carbohydrate degradation to furan-de-

rived compounds, in particular furfural, was much greater when applying an acid pre-

treatment (873 ppm) compared with an alkali pre-treatment (375 ppm). 

While the most common parameters influencing acidogenic fermentation were dis-

cussed in this section, it is worth noting that pre-digestion parameters such as inoculum 

treatment (to limit methanogenesis) and substrate pre-treatment (to enhance its bioavail-

ability) as well as downstream processing (product recovery) are also key to enhance 

product yields. It is therefore important to approach acidogenic fermentation with a ho-

listic approach with a specific focus on each of these aspects.  

4. Product Recovery 

Global hydrogen demand increased from 19.2 Mt in 1975 to 73.9 Mt in 2018 [204]. 

Increasing the production of hydrogen sustainably via low carbon technologies is there-

fore critical to meet the growing demand. While much focus has been given to biohydro-

gen production, equal attention has also been given to its recovery. It is important to ad-

vance on both these fronts to maximise the desired product yields. A range of recovery 

options for biohydrogen and VFAs are shown in Table 4. 
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Table 4. Examples of biohydrogen and VFA recovery strategies employed in the literature. 

Recovery and Production Methods Fermentation Conditions Recovery and Production Data Author 

Hydrogen Recovery 

Electrochemical proton exchange 

membrane and CO2 scrubbing of 

bioreactor gas phase; 

Homoacetogenesis and end-prod-

uct inhibition arrested 

Sucrose inoculated with heat-treated 

AD digestate. 3.34 L, continuously 

fed CSTR; pH 5.5; 35 °C; 24 h HRT 

1.79 mol H2/mol hexose  

7 cmH23/min 

>99% purity of recovered H2 

[205] 

As above with electrodialytic re-

covery of VFAs from the liquid 

phase to arrest end-product inhibi-

tion further 

As above with 48 h HRT 

0.90 mol H2/mol hexose 

3.47 cmH23/min 

>99% purity of recovered H2 

[184] 

VFA Recovery 

Filtration and electrodialysis for in 

situ VFA recovery; 

Methanogenesis and end-product 

inhibition arrested 

1% TS food waste inoculated with 

heat-treated AD digestate. 100 L 

continuously fed CSTR; pH 5.5; 35 

°C, 10 d HRT 

17 g VFA/day recovered from biore-

actor 
[145] 

Inline ultrasonic sieving, centrifu-

gation, microfiltration, and electro-

dialysis for in situ VFA recovery; 

Methanogenesis and end product 

inhibition arrested 

5% TS grass waste inoculated with 

heat-treated AD digestate. 100 L 

continuously fed CSTR; pH 5.5; 35 

°C, 8.25 d HRT 

VFAs continually recovered into an 

external 30 L solution of up to 4500 

mg VFA/L 

VFA yields of 404 mg VFA/g VS 

achieved 

[87] 

As above with an additional per-

vaporation stage before electrodial-

ysis to aid VFA selectivity 

As above with 7 d HRT 

VFAs continually recovered into an 

external 30 L solution of up to 4000 

mg VFA/L 

VFA yields of 875 mg VFA/g VS 

achieved 

[206] 

Recent work has reported prolonging thermodynamically favourable fermentation 

conditions for continued and enhanced hydrogen production without subsequent meth-

anogenesis [205]. In this study, a proton exchange membrane was used to recover hydro-

gen from the gas phase of a sucrose bioreactor in conjunction with carbon dioxide scrub-

bing. The in situ recovery of these gasses had two effects. The first was that homoaceto-

genesis was arrested by making the substrates (hydrogen and carbon dioxide) unavailable 

for homoacetogens to consume. The second effect was to arrest end-product inhibition by 

preventing hydrogen accumulation in the reactor headspace. This maintained thermody-

namically favourable conditions for continued hydrogen production whilst continually 

recovering purified hydrogen as it was being produced. Hydrogen yields in a 4 L sucrose 

CSTR were increased from 0.07 to 1.79 mol H2/mol hexose using this methodology over 

three 24 h HRTs. A similar methodology was employed by Jones et al. [184]; however, in 

addition to electrochemical hydrogen recovery and carbon dioxide scrubbing, electrodi-

alysis was also used to alleviate end-product inhibition, increasing hydrogen yields al-

most four-fold from 0.24 to 0.90 mol H2/mol hexose. Whilst no techno-economical work 

was carried out in this study, the hydraulic retention times were increased from a matter 

of hours to 2 days, resulting in greater substrate utilisation rates. This is of particular im-

portance to waste remediation industries since, currently, the fermentation of organic 

wastes to hydrogen is not viable due to low hydraulic retention times resulting in either 

poor substrate utilisation rates or the requirement to add sparging gases such as nitrogen 

at economic and environmental costs. Shortening hydraulic retention times may also be-

come problematic for waste treatment facilities, and the contaminated nature of waste 

streams means that it would be difficult to maintain conditions in which a targeted micro-

bial consortium could thrive. The use of electrochemical means to recover hydrogen from 
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the gas phase of bioreactors would be relatively straightforward to retrofit to existing in-

frastructure could be powered using excess renewables and increase hydraulic retention 

times. 

In addition to the biological production of hydrogen and methane, the targeted bio-

logical production and recovery of VFAs in preference to these biogases have been inves-

tigated. Whilst the majority of research into the recovery of VFAs from fermentation 

broths is at the millilitre scale and could not yet be considered to be industrially applica-

ble, there has been some research, as reported in more detail in Jones et al. [207] in which 

fermentations at larger scales using real waste, and waste analogues, have been carried 

out with subsequent VFA recovery. For example, acetic acid, propionic acid, butyric acid, 

and valeric acid were recovered from a 4 L fermentation of olive mill waste via a combi-

nation of filtration and electrodialysis into a solution with total VFA concentrations over 

14 g/L [208]. Jones et al. [87,145,206] showed that the targeted recovery of VFAs from the 

liquid phase of 100 L bioreactors arrests methanogenesis and increases the yields of VFAs. 

In one of these studies, a combination of filtration and electrodialysis was used to recover 

a VFA solution of up to 4 g/L from a 100 L continuously fed food waste digester [145]. 

This VFA recovery also had the effect of increasing substrate utilisation rates and in-

creased the rate of production of VFAs from 4 to 35 mg VFA/g VS d−1 by alleviating 

end-product inhibition. In the other two studies, similar methodologies were used to re-

cover VFAs from continuously-fed 100 L grass fermentations [87,206]. In one, a combina-

tion of mechanical sieving, filtration and electrodialysis recovered a VFA solution of up 

to 4.8 g/L and increased yields from 287 to 404 mg VFA/g VS. In the other, the addition of 

a pervaporation stage to exclude non-volatile compounds from recovery, a VFA solution 

of 4.5 g/L was produced, and yields as high as 875 mg VFA/g VS were achieved. These 

sorts of results are promising when considering VFAs as a valorisation route for wastes 

since the methodologies employed would be easily retrofitted to existing infrastructure 

and are scalable. No techno-economic considerations were made in these bodies of work, 

and so more research to clarify this aspect of the process would be useful. 

5. Techno-Economics and Process Life Cycle 

Broadly, biohydrogen production can be split into photo and dark fermentation. Pro-

ducing hydrogen in these ways has CO2 emissions of 0.1–4.0 kg CO2/kg H2, compared 

with up to 38 kg CO2/kg H2 for fossil fuel derived hydrogen [204]. For comparison, power 

to hydrogen via electrolysis is carbon neutral at the point of use; however, the whole life 

carbon emissions of hydrogen as an energy vector are contingent upon its production 

pathway [209] (Figure 6). 

According to IEA [210], coal, natural gas, LPG, gasoline, and diesel have kg CO2 

equivalents per kWh of 1.05, 0.55, 0.62, 0.69 and 0.73, respectively. These are still, globally, 

the most commonly used energy vectors [211], and renewable energy sources contribute 

to just 10% of global energy consumption, excluding transport, so it would be necessary 

to increase the global installed capacity of renewables from 2500 GW in 2020 [212] by a 

factor of six to meet Paris Agreement 2050 targets [213]. The intermittent nature of in-

stalled renewable energy sources, 90% of which is solar and wind, requires reliable and 

sustainable energy storage [211], and hydrogen is an obvious candidate for such storage. 

In Europe, it is reported that the production costs of hydrogen could fall to less than EUR 

2.00/kg by 2050 [214]; however, this relies upon the continued decline of the cost of renew-

able energy. 
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Figure 6. Carbon footprint of different pathways to hydrogen. * At point of use when powered by 

excess renewable energy. 

Techno-economic analyses for photo fermentative biohydrogen production have 

briefly been investigated in recent articles. In one [215], a combination of biohydrogen 

production from 140 ha open pond and 14 ha photobioreactor sources yielded 1.2 million 

GJ/year of hydrogen, with an initial investment of USD 55 m. Whilst they posit that bio-

hydrogen production units greater than 30 m3 could be profitable, approximately 14% of 

that profit is derived from the co-production of CO2. Fu et al. [216], however, note that 

photo fermentation is not without its own issues, including the costly nature of constant 

illumination and the opacity of the fermentation broth. 

When considering dark-fermentation, modelling of biohydrogen production from 

the co-digestion of food and beverage wastewater found that a plant with a biohydrogen 

production rate of 63,000 m3/year could have a production cost of USD 1/m3 [217]. In the 

same article, it was reported that when agricultural residue was used as the substrate, 

hydrogen could be produced at USD 2.57 and 2.83/kg with dark and photo fermentation, 

respectively. Encouragingly, payback periods of between 5 and 10 years have been re-

ported for hydrogen production from the fermentation, depending on scale, comparing 

favourably with gasification and steam methane reforming, which can have payback pe-

riods as high as 20 years [218]. 

Despite these promising production data, other researchers [219] conclude that the 

lack of synergy between academic research and industrial implementation makes a cur-

rent jump to market unachievable for biohydrogen, especially where biohydrogen at the 

lab scale has been produced under very strict and steady fermentation conditions. Further, 

an economic feasibility threshold of USD 1.50/kg has been reported in other research [220], 

suggesting that the technology is not yet mature enough for commercial success. Other 

studies [221] also report costs as high as USD 6.98/kg for hydrogen production from dark 

fermentation, so there is considerable disparity amongst the literature. 

When considering hydrogen production from wastewaters only, dark fermentation 

is shown to be the best economical path to hydrogen when compared with photo fermen-

tation, electrolysis, electrodialysis, photocatalysis, photoelectrochemical methods and su-

per water gasification [220]. There is however room for considerable improvements in 
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biohydrogen production. A number of bottlenecks to biological hydrogen production 

have been established, and there is a growing body of lab-scale work to overcome these 

problems. Fu et al. [216] review anaerobic biohydrogen production from waste-activated 

sludge and note that whilst the literature widely reports high theoretical maxima for hy-

drogen yields from waste-activated sludge, real-world yields are always significantly 

lower. This is mostly due to hydrogen-producing microorganisms mostly metabolising 

soluble carbohydrates in favour of proteins, humic matter, VFAs and alcohols, all of which 

are typically abundant in industrial wastewaters. Further, the hydrogen produced is typ-

ically consumed rapidly by methanogens, acetogens and sulphate reducers to produce 

H2S. 

As mentioned in Sections 2 and 3, strategies to improve hydrogen production have 

long been employed. The techno-economic applicability of these strategies to industrial-

scale hydrogen production however has yet to be investigated, and more work is called 

for. A recent study [222] notes that because these limitations of hydrogen production have 

yet to be addressed and tested on large scales, the techno-economics of biohydrogen pro-

duction are still less attractive than producing hydrogen from even non-renewable 

sources such as fossil fuels. This is exacerbated by higher costs per unit of hydrogen at 

smaller scales, which may be reduced by up to eight times upon scale-up [204]. Similarly, 

Lepage et al. [223] state that whilst biohydrogen is a promising future possibility, it is 

currently not mature enough to compete with established thermochemical pathways de-

spite the unsustainable nature of the latter. This highlights the need for greater work to 

demonstrate larger-scale hydrogen production utilising industrially applicable engineer-

ing solutions. 

Another issue for the economic feasibility of biohydrogen is competition from the 

other sustainable pathways to hydrogen, notably electrolysis driven by excess wind, solar 

and hydropower. The decreasing costs of renewable energy as a means through which to 

power electrolysis, especially considering solar PV costs less than USD 1/W, thanks to 

falling silicon prices [224]. Competitive levelized costs of energy from hydrogen have been 

demonstrated in several studies. Off-grid hybrid systems of solar PV, wind and hydrogen 

fuel cells were simulated in various configurations for regularly and seasonally occupied 

households and found energy costs as low as USD 0.309/kWh [225], taking into account 

the capital expenditure of the technologies required to achieve such an energy scenario. 

On larger scales, similar and self-sufficient energy scenarios have been reported with en-

ergy costs of USD 0.394/kWh [226] and USD 0.334/kWh. It is also reported however that 

energy management systems and methods to integrate and coordinate sustainable hydro-

gen production systems need to be optimised before they can no longer be considered 

economic drawbacks to larger-scale projects [211]. 

A common theme in the literature is that the cost of electrolysis is the main economic 

limiting factor when considering hydrogen as a sustainably derived energy vector 

[214,227]. Storage has been posited as a means through which to make better use of exist-

ing electrolysis capacity without the installation of further electrolysis apparatus, espe-

cially when that hydrogen can be stored in major geological features such as salt caves 

[227]. In some European countries, the hydrogen capacity in such formations exceeds 10 

EJ of hydrogen [214]. 

As alluded to above, storing hydrogen is becoming less of an unknown, especially 

with the emergence of solid-state storage in stand-alone use cases. It is reported however 

that more work is required to establish the availability, mass and degeneration of storage 

facilities [224]. It is also reported that storing hydrogen in its compressed form is already 

commercially viable [228], provided it is transported by road, and that liquefied hydrogen 

with a gravimetric energy density of 2.0 kWh/kg can be achieved at a cost of USD 

6.00/kWh, lower than the USA Department of Energy’s goal of USD 8.00/kWh. 

In shifting from a carbon-based energy economy to a hydrogen-based one, changes 

to infrastructure need to be considered from a techno-economic point of view. The major-

ity of the reported literature excludes calculations surrounding vehicular hydrogen use, 
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which is of concern because transportation is currently the least diverse energy use sector, 

with 90% of its energy demand met by fossil fuels [229]. By 2050 however, the transporta-

tion sector is predicted to be the single greatest demand case for hydrogen as an energy 

vector [229]. To make this affordable for consumers however high transportation and re-

fuelling station costs will need to be addressed [230]. The purity required for vehicular 

hydrogen will pose a problem for biological hydrogen, which will either need to be puri-

fied downstream or extracted from biogas mixtures in such a way that makes it inherently 

high-purity as per the electrochemical approach employed by Massanet-Nicolau et al. 

[205]. 

Another bottleneck for large-scale and industrial hydrogen production is likely to be 

international cooperation. Nazir et al. [228] summarise that a critical and often overlooked 

issue for any future zero-carbon economy is international cooperation and the require-

ment for legislation and regulations to be harmonious and transnational. Modelling has 

been undertaken [231] investigating the hypothetical outcomes of the implementation of 

a renewable hydrogen quota imposed upon European gas and electricity markets. This 

would increase electricity prices by 12%, with renewable energy producers being the big-

gest beneficiaries. Gas prices however would fall by 3% for the consumer; however, there 

would be a net benefit to energy producers. Policy recommendations for European hy-

drogen implementation have been suggested [232], including coordinated incentivisation 

of hydrogen vehicle purchases and refuelling infrastructure; harmonising the blending 

concentrations for hydrogen and natural gas; implementing certificates and obligations 

for products produced and obtained using low-carbon hydrogen; and promoting the pro-

duction of low-carbon hydrogen by penalising polluting activities further. 

As mentioned in the previous section, biological hydrogen production is similar in 

methodology to biological VFA production, and both can be produced from common sub-

strates. As such, there will be direct competition for these substrates, and the likelihood is 

that the most economically viable product will be successful, especially considering there 

are competing, alternative, renewable pathways to hydrogen. According to the IEA [210], 

the demand for hydrogen is approximately 120 megatons per year, with a global market 

value of USD 130 bn. The demand for VFAs is 16,820–18,500 kilotons per year, with an 

approximate market size of USD 17.1 bn per year [87,233]; smaller in terms of both mass 

and market size. There is also a growing case for the economically viable production of 

VFAs from waste. The wholesale price for VFAs such as propionic acid is currently USD 

6.00/kg, and assuming sympathetic government incentives and favourable conditions, it 

can be derived from industrial wastewater at USD 3.80/kg [233]. Bahreini et al. [234] also 

found that although VFA extraction inherently reduces biogas yields, the cost of this re-

duction is offset and exceeded by the income generated by the recovered VFAs, resulting 

in short payback periods ranging from 1.6 to 6.3 years. There is even now an emerging 

case for the utilisation of cash crops from which to derive VFAs from anaerobic digestion. 

Moscariello et al. [235] carried out millilitre scale batch digestions of pre-treated hemp 

biomass residue and calculated that with alkaline pre-treatment, revenues of EUR 

9364/ha/year could be achieved. It is not clear however how appropriate this sort of pre-

treatment would be at industrial scales, especially from an environmental standpoint. The 

versatility of VFAs as a platform chemical with which to valorise biowastes is highlighted 

in Huq et al. [236], who make the techno-economic case for the use of food-waste-derived 

VFAs in the synthesis of aviation fuel. In this case, production costs are as low as USD 

0.30/kg, with a wholesale price of USD 2.50/gallon. This compares favourably with the 

cost of producing hydrogen from biomass, being several orders of magnitude less costly 

than the above-reported costs of biohydrogen production. 

As it stands, the least costly means through which to produce hydrogen sustainably 

remains to use excess renewable energy, potentially leaving room for VFA production 

from bioremediation of wastes in preference to methane. This is especially true when con-

sidering the diverse, growing markets for VFAs, including disinfection, herbicides, 

bleaching, the food industry, the textile industry, pharmaceuticals, fungicides, polymer 
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production, cosmetics and lubricants [207]. Given the increasing demand for bioplastic 

production and the finite nature of fossil fuels, PHA production is of particular interest 

here with recent research [237], demonstrating through life cycle analyses that the cumu-

lative energy demand of PHAs produced using VFAs from an early stage, non-optimised 

grass-fed bioreactors are in the same order of magnitude as deriving polymers from fossil 

fuels. 

Further work is called for to optimise the VFA production and recovery processes to 

fulfil the promise shown by this sustainable pathway to PHAs, framed in the context of 

decreasing demand for grass as a grazing crop but with little scope for viable alternative 

uses for that land. 

6. Future Perspectives 

There is an immense potential to utilise ‘wastes’ as ‘resources’ to generate value and 

contribute to a circular economy framework. Biorefineries are seen as one of the promising 

routes to contribute to sustainability. A multiple-product platform is attractive techno-

economically; however, the challenges in achieving desired product yields to break even 

are not yet established at an industrial scale. With biogas from AD being a low-value 

product, research attention has been diverted towards the production of biohydrogen and 

VFAs as promising energy carriers and platform chemicals. While the biochemical path-

ways to produce biohydrogen and VFAs via AD overlap, there is a possibility of estab-

lishing a biorefinery where biohydrogen can be the primary product. The VFA mixture in 

the liquid phase could be recovered (as a mixture as opposed to a specific VFA with high 

purity) and valorised further to produce polyhydroxyalkanoates (PHAs) that can be used 

to make bioplastics [238]. Moreover, coupling allied processes such as photo fermentation 

and dark fermentation [239] or biochemical and bioelectrochemical systems [240] can pave 

the way for maximising product recovery via biorefineries.  

A number of strategies relating to the intensification of AD for biohydrogen or VFA 

production were discussed throughout this review; however, there are gaps in several 

areas that still need more attention. For instance, with the feedstock composition and het-

erogeneity largely influencing the end product productivity and yields, focused research 

on scalable pre-treatment methods is needed. The general consensus is that physico-chem-

ical methods are energetically and environmentally favourable when compared to their 

counterparts, and while this is a generality, evidence to support this is limited. Hydrody-

namic cavitation has been utilised effectively as a pre-treatment method for enhancing 

biogas yields [2], and the preliminary evidence on positively influencing acidogenic fer-

mentation yields is promising [46]. Similarly, thermal hydrolysis has shown immense po-

tential for enhancing biogas yields (e.g., the CAMBI thermal hydrolysis process) from 

sewage sludge at a commercial level; however, its influence on acidogenic fermentation 

is unclear. 

The choice of bioreactor and its configuration is also important in maximising prod-

uct yields. While CSTRs have always been the first-choice reactor, alternative configura-

tions with better offerings must be explored to improve the fluid dynamics and mass 

transfer within the system (Table 3). Another aspect that requires deep focus is the selec-

tion of appropriate product recovery methodologies. While there are established product 

recovery strategies for recovering biohydrogen and VFAs from bioreactors, the combina-

tion of technology, scale and mode of operation and productivity must not lead to detri-

mental techno-economics. Furthermore, to achieve a triple bottom line performance of so-

cial-economic-environmental benefits, in addition to techno-economic feasibility studies, 

an LCA investigation is also required. In particular, with the market demand for sustain-

able VFAs being high, a limited investigation at scale and LCA is needed. 

Besides these aspects that require extensive focus, some of the emerging areas in AD 

include two-stage digestion for biohythane production (maximising energy recovery), on-

demand production of VFAs or biohydrogen (feeding the supply chain depending on 
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market needs) and intersectoral coupling to enable efficient waste management (uncon-

ventional wastes as resources). Collective efforts in multiple innovative areas as required 

in addition to intensifying the existing promising options to meet the goals of net-zero 

emissions by 2050. 

7. Conclusions 

Shifting focus from conventional biogas production towards biohydrogen or VFAs 

has been receiving renewed attention recently. Advancements in technology and policy 

support have paved the way for initiating this revived interest. This presented a need to 

analyse the literature critically and establish the current status of acidogenic fermentation. 

This review has specifically addressed this in three main areas; pre-digestion focusing on 

substrate pre-treatment as a measure to address feedstock heterogeneity, parameter opti-

misation for improving product yields and product recovery. The techno-economic as-

pects of biohydrogen and VFA production were also discussed as appropriate. Finally, 

gaps in these areas were highlighted and the future research direction required was iden-

tified. Amongst the areas discussed, three main conclusions were drawn: a scalable pre-

treatment that is both effective and energetically favourable is needed, reactor designs 

specific to handling the feedstock of interest must be exploited and energy-efficient and 

scalable product recovery options need to be integrated downstream of the fermenter to 

maximise product yields and economics. 
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