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Abstract 
The inadequate management of municipal solid waste can cause environmental and health issues, however the predominance 
of municipal biowaste and food waste make anaerobic digestion (AD) an attractive option for the treatment and recovery 
of organic matter. From AD two by-products with high potential use are obtained, such as methane gas (present in biogas) 
and the digestate, whilst the process contributes to a mitigation of the problems generated by final disposal. Nevertheless, 
the AD process is affected by different factors associated with environmental conditions, the substrate, inoculum and reac-
tor and experimental configuration. This paper presents an analysis and reflection on the effect of the variables associated 
with these factors from a technological surveillance over the period 2009–2019. Among the most studied variables, are 
temperature (in the thermophilic and mesophilic ranges), pH, and nutrients, while evaluation on psychrophilic temperature 
conditions and the head space effect, are less studied. In addition, few studies have evaluated the simultaneous performance 
of different variables, which is of interest, when considered that their interaction can elucidate elements that lead to a greater 
approximation between the theoretical and experimental production of methane.
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This article analyse, through a technological surveillance, 
the different factors and variables that affect anaerobic 
digestion of municipal biowaste and food waste, which was 
grouped, identifying the different optimal values for each 
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variable, the most studied variables and those that have not 
yet had a wide development, and therefore are a research 
gap, and represent an opportunity for interested researchers 
in the subject. Likewise, it was identified that there are few 
studies that make a simultaneous evaluation of the variables, 
which leads to a lack of understanding of the interaction 
between them, which would lead to erroneous results.

Introduction

Aspects such as population growth, consumption habits, life-
style and culture, have led to an increase in the production 
of municipal solid waste (MSW), a trend predicted to con-
tinue, with total production between the period 2014–2050 
projected to rise from 1.3 to 3.4 billion tons. Worldwide, 
final disposal is the predominant form of MSW manage-
ment, being landfill responsible for approximately 5% of all 
greenhouse gas (GHG) emissions [1, 2] and carrying to the 
generation of large quantities of leachates. Considering both 
the environmental and health problems associated with final 
disposal, the treatment of MSW is a problematic situation 
requiring urgent attention.

In economically developed countries (DCs), biowaste 
(BW) accounts for approximately 25–28% of total MSW, 
and in the least economically developed countries (LEDCs) 
50–70% [3, 4], of which food waste (FW) represents 20–50% 
of BW worldwide [5] and 50–70% in LEDCs [6]. Further-
more, Slorach et al. [7] estimated that FW generates 6.7% of 
annual, global, anthropogenic GHG emissions. BW and FW 
come from domestic household activities, food processing 
industries, the hospitality sector, and public places such as 
cafeterias and restaurants. According to the Food and Agri-
cultural Organization (FAO), approximately one-third of all 
food (1300 million tons) finishes up as waste each year. In 
DCs, this wastage mainly occurs at the consumption stage, 
whilst in LEDCs, FW results from economic and admin-
istrative limitations, inappropriate collection and storage 
techniques [8].

The National Planning Department [9] estimates that in 
Colombia, from the total food supply of 28.5 million tons 
per year, 9.76 million tons are wasted, with 64% of these 
losses attributable to the stages of production, post-harvest, 
storage and industrial processing. As for FW production per 
inhabitant, authors such as Magnet [10] point out that it is of 
the order of 361, 278, 157, 154, 74.7, 63, 51, and 44 kg/year 
in Australia, the United States, Japan, Germany, the United 
Kingdom, Colombia, India and China, respectively.

Given its predominantly organic composition, anaerobic 
digestion (AD) provides a promising treatment for BW 
and FW. AD is a multistage biological process developed 
in the absence of molecular oxygen [11, 12] that trans-
forms organic substrates (i.e. carbohydrates, proteins and 

lipids) into digestate (with high potential for agricultural 
use [13]), and mainly biogas, with methane as the pre-
dominant gas [14]. With global dependence on fossil fuels 
estimated to exceed 80% of total requirement, the biogas 
produced from AD offers a versatile, renewable energy 
source which can be used for both electric power genera-
tion and as vehicular fuel [15, 16], thereby contributing to 
a reduction in the unsustainable reliance upon fossil fuels; 
particularly important given the depletion of reserves and 
atmospheric impacts [17, 18]. This is an aspect of great 
importance in the framework for concepts of the circular 
and green economies, which are aimed at reducing nega-
tive impacts, risks to the environment, GHG emissions and 
reintroducing waste into productive processes [5].

Hydrolysis is the first stage of the AD process, where 
extracellular enzymes are excreted by facultative and strict 
anaerobic microorganisms, in order to transform insoluble 
organic materials and compounds of high molecular mass 
into soluble organic materials [19, 20]. This is considered 
the limiting stage in the degradation of solid waste such as 
BW and FW, since the decomposition of long-chain carbo-
hydrates such as cellulose, hemicellulose and lignine, pre-
dominantly present in these substrates, is slow. This limits 
the process because methane production does not develop 
rapidly [14]. Authors such as Li et al. [21], Parra-Orobio 
et al. [22], Morales-Polo et al. [23], Ohemeng-Ntiamoah 
and Datta [24] and Mirmohamadsadeghi et al. [5], indicate 
that variables such as temperature, pH, substrate composi-
tion and structure, particle size, substrate/inoculum (S/I) 
ratio, and the number of stages, among others, are of great 
influence at this stage.

One of the ways most widely used to evaluate the via-
bility of AD substrates, is through a laboratory scale test 
known as biochemical methane potential (BMP), which 
allows quantification of maximum biogas production. The 
process and the test are both based on aspects specific to 
the substrate, the inoculum, the method of measurement, 
biogas composition, and the environmental and opera-
tional factors [25–29].

Researchers such as Donoso-Bravo et al. [30], Ariun-
baatar et al. [31], Komilis et al. [32] and Tabatabaei et al. 
[33] have identified the need to further investigate aspects 
such as: (1) the improvement of substrate conditions, i.e. 
pH and nutrients; (2) inoculum quality improvement; (3) 
process kinetics; (4) reactor configuration, and (5) digestate 
quality, among others. Although there is no methodological 
consensus regarding the BMP test, papers by Angelidakii 
et al. [25], Raposo et al. [34], Holliger et al. [28] and Cárde-
nas-Cleves et al. [29] should be highlighted, because they 
contribute to establishing the main aspects for consideration, 
however in most cases only one variable is evaluated. The 
aim of this article is therefore to use technological surveil-
lance to identify the main incident variables and those which 
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have been the most and least studied, in order so that future 
work can be orientated in this regard.

Materials and Methods

Considering methodologies such as those used by Aleix-
andre-Benavent et al. [35] and Gómez-Luna et al. [36] a 
technological surveillance process consistent with the stages 
shown in Fig. 1 was carried out.

The observation window established was between 2009 
and 2019 and bibliometric tools were used to identify the 
required information, to process the data by carrying out 
systematic searches in English and Spanish languages in 
order to consider both the international (Scopus) and Latin 
American (SciELO) contexts, and to identify both research, 
reflection and review articles on anaerobic digestion (AD) 
studies of BW and FW. The search equations were devel-
oped using a combination of keywords (anaerobic digestion, 
biochemical methane potential, kitchen waste, food waste, 
influential operating parameters, influencing factors, among 
others) and boolean operators that allowed the search to be 
restricted to the topic of interest.

The information found was collected, filtered, and pro-
cessed using the free software  Refviz® which also elimi-
nates duplication. Clusters that grouped themes associated 
with AD and that presented proximity or similarity between 
them were formed. This methodology has been applied in 
other works such as Soto-Paz et al. [37] and Parra-Orobio 
et al. [38], demonstrating its validity. Due to the number of 
publications found, articles that had 20 or more citations 
were selected, and in the case of recent documents, the sec-
tions corresponding to the title, summary, keywords, and 
conclusions were reviewed. In this way, 15 articles were 
selected for each cluster and in the case of not achieving the 
required number, existing articles were read, and a complete 
mandatory reading was done to extract key aspects for the 
object of study.

Using the aforementioned methodology, the trends and 
countries which have done the greatest research around the 
AD substrates of interest (BW and FW) were identified. 
Once the conformation of the galaxies was completed, a 
grouping was carried out around the main factors involved 
in AD, which permitted the identification of thematic groups 

so that the different variables involved in each factor were 
established more clearly, their optimal or most commonly 
used values, and the main treatments applied to the substrate 
and inoculum to increase methane production, the results of 
which will be presented in “Trends in research and current 
status”, “Factors and variables influencing the AD process”.

Finally, a reflection was made with relation to the varia-
bles of greatest study and those that have not yet been widely 
investigated and therefore represent an opportunity for future 
work, in order to contribute not only to the progress and 
strengthening of this type of technology, but to also improve 
AD viability and to present opportunities to scale it for dif-
ferent contexts. Finally, some recommendations are made, 
with the objective of contributing to the identification of 
possible interactions between the incidence variables, and 
comparing the results with theoretical productions, with the 
aim of contributing to the standardization of the BMP test on 
which there are currently different experimental variations.

Results and Discussion

Trends in Research and Current Status

Anaerobic digestion is an alternative treatment for the recov-
ery of substrates that seeks to transform waste, mainly into 
energy in the form of methane biogas. Figure 2 shows the 
geographical distribution of worldwide intellectual produc-
tion in the 2009–2019 period, associated with the AD of 
BW and FW.

Figure 2 shows that DCs have developed and published 
more studies on the subject, related to the fact that these 
countries have subsidy policies and incentives which pro-
mote the development and acquisition of energy from renew-
able sources such as BW and FW [39]. It is therefore not 
surprising that these countries have biogas production plants 
[39]; in Europe for example, there are more than 120 full-
scale plants to treat this type of organic waste and produce 
energy, with annual capacities exceeding 4 million tons [39]. 
Globally, the five countries with the highest rates of intellec-
tual production on this subject are China (28.9%), the United 
States (9.8%), the United Kingdom (6.8%), Italy (5.8%) and 
India (5.0%). Whilst, in Latin America and the Caribbean, 
Brazil, Chile, Bolivia and Colombia stand out.

Fig. 1  Stages of technological surveillance



2892 Waste and Biomass Valorization (2021) 12:2889–2904

1 3

Figure 3 shows the temporal distribution in the percent-
age of intellectual production between 2009 and 2019, which 
in accordance with the results obtained by Lin et al. [40] 
shows that the study of AD with different substrates has been 
increasing in recent years, probably as a result of the pos-
sibility of obtaining not only biogas in the form of methane 
used as fuel or energy, but other forms of energy such as 
hydrogen. Furthermore, hydrogen production is also some-
times used as an indicator of reactor stability [41, 42] and 
the digestate, which is the semi-solid by-product can be used 
in agriculture to improve soil properties [43].

Another possible explanation for the increase in intel-
lectual production related to AD, is the inclusion of con-
cepts such as the circular economy and green economy, 
which are closely related to what is intended with this type 
of technology, specifically the inclusion of waste in value 
chains, thereby reducing generation and final disposal, 
contributing to people’s well-being and reducing negative 

environmental impacts [5]. In addition, laws issued at the 
local and national level in contexts of European, Asiatics 
and North America promote this type of technology by 
prohibiting food waste from being disposed of in landfills 
and/or incinerated. AD thus minimizes the negative effects 
of traditional BW management through final disposal; 
traditional BW management generates environmental and 
health problems, in addition to depleting and shortening 
the life of sanitary landfills [44].

It was also found that although there have been efforts to 
standardize methodologies such as the biochemical methane 
potential (BMP) is the most widely used test to evaluate the 
potential production of methane energy from any substrate, 
but these has not yet been standardized. It therefore presents 
different experimental and operational configurations, con-
ditions that are subject in most cases to the availability of 
the economic resources and technological capacity of the 
research groups or centres where the study is carried out 
[25, 28, 29, 34].

Authors such as Mirmohamadsadeghi et al. [5], Esposito 
et al. [26], Lisboa et al. [27], Kondusamy and Kalamdhad 
[45], and Gallipoli at al. [46] highlight that applications of 
the BMP test allow: (1) to identify the potential for energy 
production of a substrate; (2) determine the degradation 
kinetics, which would allow simulation of the digestion pro-
cesses and prediction of the behaviour of a scale digester; 
and (3) to identify and develop indicators to evaluate new 
substrates and inoculums. Among its limitations, slow deg-
radation stands out, a problem which can be solved by per-
forming strategies such as particle size reduction and sub-
strate pre-treatment [21, 45, 47], in addition to the issue of 
slow start-up, which may be associated with conditions of 
lack of adaptation or acclimatization of the inoculum to the 
substrates [34, 48].

Fig. 2  Geographical distribution 
of the Intellectual Production on 
AD of BW and FW

Fig. 3  Temporal distribution percentage of articles published per year 
(2009–2019)
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In the following section, the factors, and variables of inci-
dence in the AD process are highlighted.

Factors and Variables Influencing the AD Process

Different factors affect biogas production and the removal 
efficiency of the AD process. According to classifications 
made by authors such as Angelidaki et al. [25], Cárdenas-
Cleves et al. [29] and, Raposo et al. [34] who categorized 
the variables for each of the principal factors affecting the 
AD process, the main factors to include are (1) substrate 

and environmental, (2) inoculum and (3) reactor design and 
operation factors.

To make AD viable, and a consequence of the sensitivity 
of the biochemical methane production process, it is neces-
sary to identify the points at which the different variables 
affect the process, either positively or negatively. Figure 4 
shows the different clusters identified and the respective 
number of articles found for each variable; the clusters are 
grouped by factor in Fig. 5.

The most evaluated factor is related to experimental con-
figuration, because it has the greatest number of associated 
variables, although most have not been widely investigated. 

Fig. 4  Incidence variables of the AD process with FW and BW

Fig. 5  Factors and Incidence 
variables of the AD process 
with FW and BW
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The most studied aspects include the Organic Load Rate 
(OLR) and the number of stages involved in the process. 
Next was substrate and environmental factors, with pre-
treatment being the most studied variable. Last is inocu-
lum, which is mainly associated with variables such as the 
inoculum mixture, substrate inoculum ratio (S/I) and pre-
treatment, with the latter being the most studied.

In contrast, among the aspects least studied are head space 
(2.16%) and retention time (3.03%); similarly, although tem-
perature is a widely studied variable, most studies mainly 
reference to mesophilic and thermophilic regimes. Addition-
ally, after reviewing the studies and the variables analysed in 
them, it was found that only 18% of the total studies simulta-
neously evaluated two or more variables, an analysis that is 
useful for establishing whether or not there are simultaneous 
interactions between the different variables [49, 50], deter-
mining the optimal points of each and the region in which 
the variable of interest is maximized. Given the information 
that can be extracted from them, studies of this type are 
scarce but nevertheless important.

Next, each of the AD influencing variables with FW is 
described, and some optimal process ranges are also men-
tioned. The current state of research on the variables with 
the highest influence in each of the factors is also analysed.

Substrate

Anaerobic digestion processes developed with BW and FW 
are prone to inhibition due to the accumulation of volatile 
fatty acids (VFAs) [18, 51] because one of the characteris-
tics of BW and FW is acidic pH [37, 52]. This parameter, 
in addition to other variables such as total and bicarbonate 
alkalinity, which are closely related to pH, must be con-
trolled and monitored, and in turn, this process depends on 
other aspects or strategies for optimizing the process, such 
as substrate pre-treatment and nutrient concentration [24]. In 
the following section, the main variables and aspects associ-
ated with this factor are presented.

pH, Alkalinity and  Volatile Fatty Acids (VFAs) These vari-
ables are of great importance because they can inhibit the 
AD process due to VFA accumulation [53]. Hydrolysis and 
acidogenesis usually develop under pH conditions between 
5.5 and 6.5 units [54], while microbial methanogenesis con-
sortia (methanogenic Archaea) require neutral conditions; 
otherwise, inhibitory processes can occur, generating a low 
methane yield [55]. Authors such as Mirmohamadsadeghi 
et al. [5], Cárdenas-Cleves et al. [29] and Yang et al. [53] 
claim that the optimal operating pH range for the AD pro-
cess is between 6.0 and 8.0 units.

Alkalinity is closely related to pH and is one of the main 
control and monitoring variables that can indicate process 
state [29]. Therefore, Total Alkalinity (TA) and Bicarbonate 

Alkalinity (BA), and alkalinity indices such as α (BA/
TA) and IA/PA (intermediate alkalinity/partial alkalinity) 
[56], must be adjusted according to the inoculum source 
and substrate characteristics. According to authors such as 
Sharma et al. [57], the recommended value for alkalinity 
is between 2000 and 4000 mg  CaCO3/L for plant-based 
waste. In addition, the predominance of BA is important, 
because it neutralizes VFAs, which can inhibit processes 
such as hydrolysis [58] as a consequence of the high con-
tent of slow-degradation organic matter, thereby causing a 
decrease in pH [59].

Volatile fatty acids such as acetic, propionic and butyric 
acids are the main intermediates during the degradation of 
organic matter in the acidogenic stage and are transformed 
into acetate and then into methane and carbon dioxide 
through the action of methanogenic Archaea [60]. Authors 
such as Marchaim and Krause [61] and Buyukkamaci et al. 
[62] suggest that a propionic acid/acetic acid ratio of 1.4 or 
concentrations of acetic acid higher than 0.8 g/L can trigger 
a failure of AD, which could be used to warn of disequilib-
rium and serve as a monitoring variable to establish stability 
conditions. Other authors such as Giwa et al. [63] suggest 
that in general, an elevated concentration of propionic acid 
indicates acidification, leading to a decrease in pH and there-
fore an increase of  CO2 in the biogas.

Although the natural buffer system for avoiding inhibition 
by VFAs is based on a balance between the phases or stages 
of production and the consumption of VFAs (carbonic, 
bicarbonate and carbonate acids prevent the pH value from 
drastically decreasing [5]), in the case of easily acidifiable 
substrates such as FW and BW, it is usually advisable to 
perform pH conditioning because the substrate and inoculum 
can lack TA and BA [25, 28].

Pre‑treatment of the Substrate Different types of substrate 
pre-treatment increase methane production; these include 
physical, thermal, chemical and biological methods [45]. 
The objective of physical methods is to separate FW from 
other waste flows, such as plastics [64], and to decrease 
particle size (crushing) in order to increase surface area to 
facilitate and accelerate degradation. This pre-treatment is 
highly related to VFA production and retention times, and 
ultimately results in lower operating costs [22]. Ultrasound, 
another type of physical pre-treatment, has been used by 
researchers such as Rasapoor et al. [47] to increase biogas 
production by up to 80% compared to a substrate without 
pre-treatment, both in laboratory and pilot-scale reactors, 
with a power of 0.2 W/mL.

Thermal pre-treatment is one of the most used methods, 
and it has even been successfully applied to a full-scale 
operation [21]. Authors such as Cesaro et al. [65] and Li 
et al. [21] mention that the effectiveness of this type of treat-
ment is due to accelerated hydrolysis and the consequent 
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decrease in hydraulic retention time given the greater solu-
bility induced in both organic and inorganic compounds, in 
addition to lower viscosity values [66]. Conversely, studies 
such as those by Liu et al. [67] show that high temperatures 
(170 °C) and long exposure times (60 min) lead to a decrease 
in efficiency, which is consistent with the results of Li et al. 
[21], who stated that this type of process should not be car-
ried out at temperatures above 120 °C or exceed 15 min of 
exposure.

Kondusamy et al. [45] indicated that alkaline chemical 
pre-treatments are also effective. Studies such as those of 
Wang et al. [68] and Wang et al. [69] have evaluated the 
effect of the addition of different low-cost buffer substances 
(i.e., NaOH, CaO, Ca (OH)2, KOH,  K2HPO4,  Na2CO3, 
NaOH) to optimize the process, and each substance has 
advantages and limitations that must be evaluated in each 
case. Neves et al. [70] indicated that care must be taken, 
because high concentrations of sodium or potassium can 
cause inhibition problems.

The main objective of biological pre-treatment is to sim-
plify molecularly complex wastes, such as lipids or ligno-
cellulosic components, so that the microorganisms involved 
in AD can assimilate them more easily. This type of pre-
treatment includes enzymatic pre-treatment, which aims to 
reduce the duration of the hydrolysis step with a mixture of 
enzymes (e.g., hemicellulase, xylanase, araninase) [18], and 
the addition of fungi such as Trichoderma viride to boost 
methane production by increasing the availability of nutri-
ents and organic acids. Given that certain species of fungi 
are more associated with particular materials, prior charac-
terization of the substrate is essential [71].

Nutrients Some elements, such as nitrogen, phosphorus, 
potassium, calcium, selenium, nickel, zinc, aluminium and 
iron, are necessary for good process performance because 
they are required for the growth of a large number of the 
microorganisms responsible for degrading the various com-
pounds present in FW [72, 73].

One of the most important nutrients in biological pro-
cesses is nitrogen and its form is directly related to pH. 
Compounds such as free ammonia  (NH3) or ammonium ions 
 (NH4

+) are produced mainly through protein degradation. In 
high concentrations,  NH3 can lead to inhibition, especially at 
high temperatures and high pH values. Authors such as Fer-
nandes et al. [74] report that at a pH of 7 and a temperature 
of 35 °C, only 1% of  NH3 is in its free form, while at a pH of 
8 and at the same temperature, the concentration increases 
to 10%. Contrary to the behaviour of  NH3,  NH4

+ will act as 
a buffer that contributes to VFA equilibrium [5].

Authors such as Parawira et al. [75] suggest that con-
centrations of  NH4

+ in the order of 1100 mg/L can cre-
ate an adequate buffer capacity. However, authors such 
as Parra-Orobio et al. [76] report that only a third of this 

concentration (324 mg/L) is necessary to ensure enough BA 
is available to neutralize the VFA acidity in substrates such 
as BW and FW. It is therefore important to quantify  NH4

+ 
levels in the substrate and inoculum, in order to identify 
whether an external nutrient source should be added.

The traditional way to analyse the presence of adequate 
nutrient levels in the AD process is through the carbon/
nitrogen (C/N) ratio, for which there is no established fixed 
value. However, authors such as Lee et al. [77] and Zhang 
et al. [60] claim that the most appropriate value is between 
15 and 35. When the C/N is low, an increase in  NH3 levels 
is favoured, making the AD process unfeasible [78]. Ariun-
baatar et al. [33] reported a value of 3.8 g/L for the inhibi-
tory concentration of  NH3, while Hansen et al. [79] indicated 
a value of 1.1 gN/L. However, optimal conditions depend 
upon the characteristics of the substrate and the inoculum, 
as well as on pH and temperature conditions, so this behav-
iour should be investigated, and potentially inhibitory values 
should be identified for different scenarios [74].

Potassium concentrations lower than 400 mg/L lead to 
better production in the mesophilic and thermophilic ranges, 
whereas when concentrations are higher, the inhibitory effect 
is more pronounced in the thermophilic range; thus, bacte-
rial groups that degrade acetate are more sensitive to the 
toxicity associated with high potassium concentrations [80].

Essential micronutrients include nickel (Ni), iron (Fe) and 
zinc (Zn) because for some microorganisms, these cations 
play an important role in maintaining enzymatic activity. 
Ni is required due to its relationship with coenzymes such 
as  F430, because it serves as a central element [81], and the 
role of Fe is related to the transport of electrons and the 
conversion of carbon dioxide to methane. Zn concentrations 
have been found in methanogenic Archaea on the order of 
50–630 mg/L [82], and thus, Zn is also expected to play an 
important role. However, it should be noted that depending 
on the concentration, pH and redox potential, these com-
pounds can potentially produce inhibitory effects [60].

Some studies, such as those by Parra-Orobio et al. [51], 
Wei et al. [83] and Zhang et al. [84], discuss the addition of 
nutrients in the starting conditions of the AD process, lead-
ing to the successful development of the process.

Co‑digestion Co-digestion has emerged as an economic 
alternative to improve the AD process, because FW is an 
easily degradable substrate which tends to accumulate 
large amounts of VFAs, leading to a consumption of BA 
and therefore a decrease in pH, all of which are variables 
of interest because they affect the methanogenic Archaea, 
thereby compromising methane production [85]. This type 
of alternative seeks the simultaneous digestion of two or 
more substrates, generating synergistic effects induced by 
the introduction of co-substrates to the process, in order to 
provide the missing nutrient requirements and other aspects 
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such as buffer capacity [86], so that biogas production can 
be increased. Co-digestion is considered a sustainable and 
beneficial strategy for the environment, and is a practice 
which originated in Europe, in countries such as Germany 
more than 20 years ago [87].

Among the co-substrates most commonly used in the AD 
of FW and BW, are sewage sludge from wastewater treat-
ment plants (WWTP), and agro-industrial waste, such as 
green waste and pig slurry. The first is categorized as a good 
co-substrate based on its total organic carbon concentration, 
the contribution of alkalinity to the process and the presence 
of macro and micronutrients [40].

According to authors such as Hagos et al. [88] and Sid-
dique and Wahid, [89] the nutrient requirement is one of the 
variables that affect the co-digestion process, this is closely 
related to the C/N ratio which in turn affects microorgan-
isms, so it is important to take it into account when identify-
ing a co-substrate. Lu et al. [90] in a study that used RA and 
co-substrates such as corn straw and cattle manure, identified 
that the best C/N ratio was found between 17 and 24 with 
this class of co-substrates. On the other hand, authors such 
as Ren et al. [91] point out that co-substrates of lignocellu-
losic origin are also useful for mixing with RA, an example 
of which are macro and micro algae, on which Cogan and 
Antizar-Ladislao [92] affirms that methane productions have 
increased using this type of materials.

Inoculum

The inoculum or seed is an important factor since it is the 
component that contributes the microorganisms to the reac-
tor. Its quality, origin and acclimatization will largely depend 
on the development of the process; therefore it is important 
to choose an appropriate inoculum according to the charac-
teristics of the substrate to be used. According to Holliger 
et al. [28], the inoculum should not provide more than 20% 
of the total methane production of the reactor and should 
ideally have a pH between 7 and 8.5 units. Next, the main 
variables and strategies that group this factor are described.

Source of Inoculum The type and source of inoculum are 
important in the AD process because granular types are 
more beneficial for the process than flocculent ones, due 
to the greater settlement, microbial diversity and metha-
nogenic activity of the former [34]. Similarly, depending 
on their origin, they can supply nutrients and provide the 
microorganisms that are necessary for the proper develop-
ment of the process [48, 51]. The inoculum should ideally 
be physicochemically characterized, even with respect to 
its nutrient content, because this along with the character-
istics of the substrate, will indicate the need for an exter-
nal nutrient source [22]. The most commonly used inocu-
lum types are (1) digester sludge from WWTPs, (2) sludge 

from agricultural waste treatment plants, (3) sludge from 
biological waste [93], (4) digester sludge from chicken 
excreta and (5) sludge from the degradation of pig and 
cattle manure [5].

Substrate/Inoculum (S/I) Ratio The S/I ratio is important in 
the AD process because according to the characteristics of 
the substrate and the inoculum used, this ratio can vary [94]. 
Authors such as Raposo et  al. [34] recommend employ-
ing ratios between 0.5 and 1.0 gVSsubstrate/gVSinoculum. This 
relationship is also expressed in terms of  gCODsubstrate/
gVSinoculum, and authors such as Liu et al. [67] and Parra-
Orobio et  al. [76] show that at a higher S/I ratio, there is 
less methane production, which according to authors such as 
Hansen et al. [95], may be due to the accumulation of VFAs 
and the low buffer capacity of the reactors, which facilitates 
the acidification of the system and thereby inhibits the AD 
process.

Inoculum Mixtures To increase and improve the AD pro-
cesses, strategies have been studied to increase biogas pro-
duction, including the inoculum mixture. Studies such as 
Parra-Orobio et al. [51], focus on the biochemical methane 
potential (BMP) with different inoculum mixtures; using a 
granular inoculum from an anaerobic digester of a slaugh-
terhouse and a flocculent sludge from a WWTP, they found 
that the optimal inoculum mixture was 25:75 V/V. Addition-
ally, Cristancho et al. [96] mixed a flocculent inoculum from 
a UASB reactor and an inoculum with a tendency to form 
granules from a pig manure treatment process at 50:50 V/V, 
and compared their results to the yields obtained for each 
sludge separately; it was found that the inoculum mixture 
not only induced an increase in methane production but also 
showed better pH stability.

Pre‑treatment of the Inoculum Researchers have found that 
alternatives such as the addition of coagulants and nutrients 
or incubation of the inoculum, improve its characteristics. 
However, while the addition of coagulants improves the 
settlement of sludge, it can inhibit microorganisms, so the 
concentration to be added must be studied [51]. In addition, 
depending on the type of coagulant, the behaviour will vary, 
and therefore, each case should be evaluated. Romero-Güiza 
et  al. [97] claimed that nutrients have a positive impact 
on the AD process, not only because of the stability that 
they provide to the process, but also because they facilitate 
their own reactions. In any case, the ideal is to show the 
shortcomings of the system and to supplement the missing 
nutrients with the objective of optimization [24]. Incubation 
consists in leaving the inoculum at the temperature at which 
the process is going to develop so that there is a period of 
temperature acclimation and a shorter latency or adaptive 
phase, thus avoiding low production once the reactor starts 
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operating, which could potentially prevent the process from 
being classified as adequate [48, 68].

Experimental Design

The experimental design of the reactor is one of the main 
factors to be taken into account in AD, because different 
production values will be obtained for the same substrate 
and inoculum used [5]. More attention should be paid at cer-
tain stages of the process due to the sensitivity, and in some 
cases, operating costs will be higher [98]. Some variables 
and strategies considered in this factor are presented below.

Temperature Temperature is one of the variables that most 
affects the AD process, because according to the temperature 
range, there are differences in the latency phase, microbial 
communities and stability, among others [64, 99]. Biogas 
production in wastewater has been identified in both the 
Arctic (< 0 °C) and at very high temperatures (100 °C) [12]. 
In general, three temperature ranges and optimal points are 
established; for example, the psychrophilic range is less than 
20 °C, the mesophilic range is between 20 and 45 °C and 
the thermophilic range is between 45 and 65 °C, with 15, 
35 and 55 °C being the optimal temperatures, respectively 
[14, 100].

Authors such as Deepanraj et al. [101], have conducted 
different studies with temperatures ranging between 30 and 
60 °C in both the mesophilic and thermophilic ranges [102], 
and found greater yields at higher temperatures. Although 
high temperatures (thermophilic range) have a positive effect 
on biogas production as a consequence of the higher degra-
dation rate of the substrate (approximately 50%) compared 
to the mesophilic range, and digestate with a lower amount 
of pathogens is obtained, i.e., a more adequate material in 
terms of safety for agricultural use [5, 103], more energy is 
required to maintain these temperatures [59], and in addi-
tion, in this condition the AD process is more sensitive to 
small changes and prone to the accumulation of propionic 
acid [18, 104]. Due to the stability of the process and the 
high organic loadings of FW, authors such as Guo et al. [11] 
indicate that mesophilic AD (i.e., 35–37 °C) is the most 
suitable for this type of substrate.

There are zones that due to their climatic and topographic 
characteristics are considered cold, and as a consequence 
of the energy expenditure required, some alternatives that 
enable viable AD in the psychrophilic range have been 
studied. Authors such as Rajagopal et al. [58] have showed 
that the co-digestion of FW with substrates such as dairy 
cattle manure favours methane gas production under psy-
chrophilic conditions. Similarly, [105] carried out pilot-scale 
application studies at 16.8 °C for the AD of fruit and veg-
etable waste without particle size conditioning; the digester 
was constructed with a black geomembrane of different 

thicknesses (1.5 and 2.0 mm), and expanded polyethylene 
was used as insulation to prevent heat loss, the design did not 
involve the heating or mixing of substrates to obtain biogas. 
In European countries, FW-AD has become an emerging 
and applied technology due to the subsidies granted [31].

Number of  Stages The design of reactors by stages has 
emerged as a solution for the rapid transformation of FW 
into VFAs, because the processes that occur in the first stage 
of AD trigger a drastic drop in pH and therefore an inhibi-
tion of the process, mainly of methanogenic Archaea [106]. 
When compared to a single-stage digestion, AD that has 
been developed in two or three stages presents advantages, 
such as (1) an improvement of the hydrolysis phase, (2) pro-
cess stability, (3) an increase in methane production, i.e., a 
decrease in the hydraulic retention time, (4) the use of high 
organic loads and (5) a greater microbial diversity [107, 
108]. A disadvantages of the two stages includes the higher 
costs attributable to the needs and operation of another reac-
tor [98].

In staged systems, a slightly acidic pH (5.5–6.5) is 
maintained in the first reactor with a short hydraulic reten-
tion time (HRT) (2–3 days), while in the second reactor, a 
pH close to neutrality (6–8) is maintained with a HRT of 
20–30 days, to promote a favourable growth environment 
for the methanogenic Archaea [109]. Additionally, the tem-
perature can vary between the stages; for example, the first 
stage can be maintained in thermophilic conditions, while 
the second is maintained in mesophilic conditions. In addi-
tion, according to authors such as Xu et al. [106], the recir-
culation of the leachate from the second to the first stage, 
can improve the process.

In the treatment of FW through AD, authors such as 
Nathao et al. [110] and Shen et al. [111] have increased 
methane gas production by 7.0–15.8% compared to single-
stage reactors. Zhang et al. [109] demonstrated that a three-
stage system (hydrolytic, acidogenic and methanogenic) 
is also favourable for AD degradation with a co-substrate, 
increasing production up to 22.7% when compared to a con-
ventional system that used the same co-substrate. They also 
identified significant differences in the microbial popula-
tion present and favoured the trophic group of interest cor-
responding to each stage.

Head Space Another variable that affects the process and is 
related to pH is head space, which is especially important 
when biogas measurements are performed using the mano-
metric method, which consists of introducing the needle of a 
manometer through a rubber plug and converting the meas-
ured pressure into the volume of the biogas produced by 
means of a series of equations [29, 104, 112]. According to 
Holliger et al. [113] and a study from 32 laboratories using 
different substrates, this method of quantifying methane 
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yields inferior results when compared with measurements 
made by automated volumetric methods.

In agreement with authors such as Angelidaki et al. [25], 
Holliger et al. [28] and Valero et al. [114], head space can 
inhibit the process due to alterations in pH because with a 
greater partial pressure of  CO2 in the head space, there is a 
greater presence of organic carbon dissolved in solution, and 
consequently, a lower concentration of  CO2 in the biogas, 
for which low head space conditions favour the increase in 
partial pressure and the solubilization of  CO2. In addition, 
because organic carbon is a buffer component (i.e., it con-
tributes to pH equilibrium by preventing declines as a con-
sequence of the VFAs produced from decomposing organic 
matter), it prevents inhibition of the process caused by the 
death of microorganisms such as methanogenic Archaea, 
which are responsible for methane production and are highly 
sensitive to changes in pH [24, 115, 116]. This also avoids 
the need for additional alkalizing agents which represents a 
cost saving.

Despite the importance of this variable on the efficiency 
of the AD process, it is observed that there is no consen-
sus regarding the recommended range of values, and in this 
review values between 20 and 50% of the useful volume of 
the reactors were found [82, 84, 117]. In addition, no studies 
on the influence of this parameter with FW were found, only 
publications suggesting it should be evaluated [114, 116].

Use of  Traditional Kinetic Models and  Dynamics Kinetic 
models enable the design, operation and control of biologi-
cal systems [118]. Within these models, some models, such 
as the first-order model, consider environmental or opera-
tional influencing variables. Taking into account that overall 
in the AD of solid waste, the limiting stage of the process is 
hydrolysis, kinetic models can establish the influence of dif-
ferent factors [22, 46, 119]. In this sense, other models have 
been developed that enable the biomass-by-product ratio 
to be predicted in order to prioritize methane production. 
Furthermore, some of these models can be used to evaluate 
variables such as the latency phase, which is related to two 
stages of anaerobic degradation (acidogenesis and acetogen-
esis).

These models also include the logistical function, trans-
fer function and modified Gompertz models: the first model 
assumes that the methane obtained is proportional to the 
microorganisms present and the substrate under biodegrada-
tion; the transfer model considers the reactor to be a fixed 
process, and thus, as a system of inputs and outputs; the 
Gompertz model assumes that production is proportional 
to microbial activity and decreases with the solid retention 
time [21, 30]. It should be noted that the latter is one of 
the most widely used models in AD processes using an FW 
substrate, even though some authors claim that production 
can sometimes be overestimated [120]. For this reason, in 

general, the use of several models is recommended in order 
to identify the one that best fits production trends. Further-
more, given that some models also provide information that 
others do not (i.e., the Gompertz model yields the latency 
phase, while the first-order model order can determine the 
hydrolysis constant); it is advisable to use them in a comple-
mentary manner, not for comparison purposes, but rather to 
obtain more information about the AD process.

Another model used to predict methane production is 
the Anaerobic Digestion Model No. 1 (ADM1) model, 
which was developed by the International Water Associa-
tion (IWA). The model is based on mass and load balances, 
represents both biological and physicochemical reactions 
[121] and is divided into five steps: disintegration, hydroly-
sis, acidogenesis, acetogenesis and methanogenesis. The 
first step is a process in which organic and inorganic matter 
is transformed into carbohydrates, proteins and lipids; the 
model also considers the effects of inhibition by variables 
such as pH and hydrogen and consists of 32 dynamic state 
variables [122]. Furthermore, authors such as Hagos et al. 
[88] point out that this model together with its modified ver-
sion are tools that contribute to the optimization of DA and 
Co-digestion.

Organic Load Organic load is another variable of inci-
dence in the AD process which affects the performance of 
the methanogenic Archaeas and therefore biogas produc-
tion. Although higher organic load is expected to increase 
methane production, in practice it is not entirely true, since 
it can cause inhibition problems [123]. Some authors such 
as Kumar et al. [49] jointly evaluated the effect of organic 
load and temperature (mesophilic and thermophilic regime) 
on FW-AD; in their study organic loads between 1.0 and 
6.1 kg COD/m3 * day were used. Kumar et al. [49] found 
that an increase in organic load increased methane produc-
tion in both temperature regimes, and under thermophilic 
conditions, the acceleration of the hydrolysis of the process 
is favoured.

Solids Content The total solids (TS) and volatile solids 
(VS) content of FW is generally between 18.1–30.9 and 
17.1–26.3 respectively [60], so the moisture content is high 
(70–80%), and given the high VS/TS ratio which indicates 
the organic predominance of the substrate [5], it is an eas-
ily degradable substrate [99]. From the point of view of 
the TS content, AD can be classified in two types: when 
TS < 16%, it is a wet process and when 16% < TS < 40%, it is 
a dry process [93]; while according to other classifications, 
there is the conventional modality (≤ 20% TS), semi-dry 
(10% < TS < 20%) and dry (TS > 20%). The main advantage 
of wet AD is the greater contact between the substrate and 
the inoculum, which is why it is attributed greater efficiency, 
but its greatest limitation is the requirement of greater area 
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due to the volume of liquid necessary to guarantee moisture 
[50, 93].

Experiences such as that of Yi et al., [124] conclude 
that as the content of TS increases and moves in the range 
of 10–20%, higher yields are obtained, likewise there is a 
decrease in the VS, which is reflected in increased biogas 
production.

Retention Time (RT) RT is considered as the time it takes 
organic matter to decompose completely or the average time 
that organic matter remains in a reactor or digester [14]. 
Mao et al. [104], pointed out that temperature is an impor-
tant variable, since it is closely related to bacterial growth 
and retention time. According to Kothari et al., [12], a time 
of 10–40 days is enough to treat organic waste at tempera-
tures in the mesophilic range, but in the thermophilic range, 
this period is shorter. For example, a reactor operated in this 
range has a RT of approximately 14 days.

There are two kinds of RT, the first is the Solid Retention 
Time (TRS) and refers to the time in which the microorgan-
isms are in the digester, and the second is the Hydraulic 
Retention Time (more related to liquid substrates), which 
is defined as the time in which the liquid passes through 
the digester [101]. Therefore, prolonged TRS and HRT are 
recommended in order to facilitate biological acclimatiza-
tion to toxic compounds and greater degradation, therefore 
enhancing biogas production.

Research and Reflection Trends

According to this technological surveillance, factors such 
as the substrate, inoculum and reactor are observed to be of 
great importance in the AD process. Variables such as pH, 
alkalinity and VFAs, the solids content and nutrients, as well 
as an evaluation of the process under temperature condi-
tions in the mesophilic and thermophilic ranges, have been 
extensively investigated. Among the strategies for improv-
ing the AD process of BW and FW, co-digestion with other 
substrates and both substrate and inoculum pre-treatments 
stand out.

Although it is observed that in general there are ranges 
considered optimal for the majority of variables identified 
for each factor, with some being more studied than others, it 
is necessary to evaluate each particular variable depending 
on local conditions (characteristics of available substrates 
and inoculums, temperature modification possibilities, 
nutrient addition, mode of operation, etc.), in order to first 
evaluate the conditions that sustainably favour the highest 
methane yield, thereby minimizing resource consumption 
and always obtaining the greatest possible amount of renew-
able energy.

In contrast, among the less evaluated aspects, there is 
the evaluation of the process performance in conditions of 
psychrophilic temperatures and head space is also known 
to have an important impact on the process, being another 
aspect that requires more research. Another interesting 
aspect of this study is the identification of the increasing 
importance that digestate or biosolid has taken, which is 
the solid material that in most cases is stabilized as a result 
of the degradation of the AD process itself. This material 
is rich in nutrients such as nitrogen, phosphorus and potas-
sium and is of great interest for its potential use as a soil 
improver or partial replacement of chemical fertilizers. Vari-
ables such as pH, nutrient content, organic matter content 
and pathogens should be measured in the digestate once the 
process is finished, with the aim of assessing its potential 
use [125], since according to these characteristics, it can 
increase microbial activity and therefore the flow of  CO2, in 
addition to generating nitrogen losses and may even have a 
phytotoxic effect [43].

In addition to the economic and environmental benefits 
associated with a decrease in the levels of biosolids or diges-
tates, their return to the production chain can also contribute 
to a reduction of costs associated with the use of chemical 
fertilizers. For example, in 2009 in the United Kingdom, it 
was decreed that the digestate must comply with the protocol 
(The Quality Protocol for Anaerobic Digestate) established 
by the Environmental Agency, which issues a certificate, 
without which the material cannot be applied to the ground. 
In the Colombian case, Decree 1284 [126] was approved in 
2014, which establishes criteria for the use of the biosolids 
generated in WWTP.

The above shows the opportunity for future work along 
these lines, in order to increase the closing of cycles in this 
kind of process and favour technologies that point both to 
a decrease in the generation of waste, and to a minimiza-
tion in the final disposal of materials of high exploitation 
potential. Techniques such as Anaerobic Digestion, allow 
us to obtain materials with both energetic and agricultural 
potential, while reducing problems such as the generation 
of GHG and leachate, among other aspects. In this way, the 
AD is related with circular economy and green economy, 
promoting the incorporation of waste to other processes and 
reducing the quantity which finishes up in landfill [5].

Another aspect observed is that, in general, there are still 
few studies that jointly or simultaneously evaluate several 
of the related aspects, therefore future studies which jointly 
evaluate different variables should be developed, so that 
their effect upon methane production and the interaction 
between the different variables is documented.

Finally, it is recommended that the results obtained in 
different experimental conditions should be contrasted with 
expected theoretical production values from elementary 
analysis (C,  H2,  O2, N, S) or from the organic load (COD) 
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of the substrate [127], to identify the variables that most 
contribute to this aspect, so that cost-effective analyses and 
multi-criteria techniques can be carried out for the applica-
tion of improvement strategies.

Conclusions

• The anaerobic digestion of biowaste and food waste is 
an increasingly relevant biological technology, because 
it contributes to extending the useful life of landfills, 
decreases the generation of leachates and greenhouse 
gases through both treatment and recovery, thereby help-
ing to close production cycles.

• While temperature (thermophilic and mesophilic) is one 
of the variables that has been widely studied, a limited 
number of studies have been conducted under psychro-
philic conditions, which is important to study, especially 
in places where resources to provide the mesophilic tem-
perature are scarce; a condition that has been reported 
within the optimum range due to its stability. Another 
variable for which there is not yet sufficient information 
is head space, although several articles suggest evaluat-
ing it due to its relationship with the carbonaceous sys-
tem that influences the balance of bicarbonate alkalinity 
and volatile fatty acids.

• The majority of studies present evaluations focused 
on a single parameter and ignore the interactions that 
may exist between two or more variables, so it is rec-
ommended to evaluate variables together to determine 
whether or not there is an interaction between them and 
to identify the optimal values for each variable.
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