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Abstract
Global environmental concerns connected to the use of fossil fuels have forced the development of
alternative sustainable energy technologies. The application of anaerobic digestion, from waste streams that
currently have no use, can be utilized for bioenergy production. Due to the high protein and fat content,
slaughterhouse waste has a high potential for biogas production. However, potential inhibitory compounds
can be formed during the degradation of the proteins and lipids, which can make the process sensitive and
prone to failure. One of the ways to overcome these problems is co-digestion with carbohydrate-rich cosubstrates i.e., a mixture of agro-wastes with low protein/lipid content. This also leads to a better nutritional
balance and enhanced methane yield due to the positive mixture interactions.
In this study, four different waste fractions, i.e., solid cattle slaughterhouse waste (SB), manure (M),
various crops (VC), and the organic fraction of municipal solid waste (MSW) were investigated in monodigestion and co-digestion processes. Different mixture ratios were prepared, and the methane yield (YCH4),
the specific methanogenic activity (SMA), and a kinetic parameter (k0) were determined using the batch
digestion assays at thermophilic conditions (55oC). The SB had a lower degradation rate and lower SMA
compared with those of the other samples. In order to investigate the effect of the temperature, a selected
mixture ratio was also digested at mesophilic conditions (37oC), which resulted in a decrease in YCH4 and in
the kinetic parameters, specific methane production rate (rsCH4), and k0, by up to 57% compared to those
obtained at the thermophilic conditions. During the next part of the work, a four-factor mixture design was
applied aiming to obtain possible synergetic or antagonistic effects. The performance of the process was
assessed using YCH4 and rsCH4 as the response variables. Mixing all four of the substrates resulted in a 31%
increase in the YCH4 compared to the expected yield calculated on the basis of the methane potential of the
individual fractions and 97% of the theoretical methane yield, clearly demonstrating a synergistic effect.
Nevertheless, antagonistic interactions were also observed for certain mixtures. In order to maximize both
the response variables simultaneously, a response surface method was employed to find the optimal
combination for the substrate mixture.
The impact of the mixture interactions, obtained in the batch operation mode, was also evaluated under
semi-continuous co-digestion. Digestion of the SB as the sole substrate failed at an organic loading rate of
0.9 gVS L-1d-1, while stable performance with higher loadings was observed for mixtures that displayed
synergy earlier during the batch experiments. The combination that showed the antagonistic effects resulted
in unstable operation and poor representation of methanogens. It was proved that synergetic or antagonistic
effects observed in the batch mode could be correlated to the process performance, as well as to the
development of the microbial community structure during the semi-continuous operation.
In the last part of the work, the response of the methanogenic biomass to the consecutive feeding applied in
the batch assays was evaluated regarding process parameters such as YCH4, SMA, and degradation kinetics.
The objective was to examine whether there is a possibility to correlate these findings to the expected
process performance during the long-term operation. Digestion of the SB alone showed a total inhibition
after the second feeding, which is in correlation with the failure observed during the semi-continuous mode.
Furthermore, enhanced SMA was observed after the second feeding in those mixtures that showed synergy
in the previous batch assays as well as a good process performance during the semi-continuous operation.

Keywords: Slaughterhouse waste, Agro-Waste, Co-digestion, Synergistic effects, Methanogenic
community structure
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Preface
The present study was performed within a special arrangement between the Swedish Centre
for Resource Recovery at the University of Borås (UB) in Sweden and the Process
Engineering Center at Instituto Superior Politécnico José Antonio Echeverría (Cujae) in
Havana, Cuba. As a “sandwich” Ph.D. student from Cuba, I have been alternating between
these two universities, dividing my time at both places, including teaching activities during
my Ph.D. studies in Cuba. I first came to Borås as an exchange student as part of a LinnaeusPalme exchange program supported by the Swedish International Program Office in 2010. My
intention was to perform my M.Sc. thesis project here, and the subject was decided based on
the special interest of the Agricultural Ministry in Cuba, which suggested AD technologies for
slaughterhouse waste enterprises for the treatment of their waste. The subject of this first
study, therefore, was to investigate the mono- and co-digestion of different waste streams
from agro-industrial and agricultural activities. I was very grateful that after one year, in 2011,
I had the opportunity to return to continue my research studies within this field under the
supervision of Dr. Ilona Sárvári Horváth and Dr. Ileana Pereda Reyes. I have been registered
as a Ph.D. student at the University of Borås, which has funded the part of my studies that was
performed in Sweden. I had the enormous privilege to be a part of the research group of
Resource Recovery at the Swedish Centre for Resource Recovery, which is led by Prof.
Mohammad Taherzadeh.
My first task was to carry out a broad literature review in the field of anaerobic co-digestion
of cattle slaughterhouse waste and agro-wastes. The literature review revealed that even
though anaerobic co-digestion has stood out during the last few years as the most relevant
solution to improving biogas yield and to increasing the economic viability of the biogas
plants, there is still little knowledge available about the mixture interactions occurring
between the different substrates. It is very important to study these interactions in detail
because depending on the mixture composition the process performance, in terms of methane
yield, biodegradation, and kinetics may be enhanced or attenuated. Hence, there is a need to
find out these positive or negative interactions between the substrates so that a proper
combination of co-substrates can be selected for the co-digestion process. Since it is known
that the digestion of slaughterhouse waste is not an easy task, my project focuses on the
mono- and co-digestion of cattle slaughterhouse waste (SB) and other waste streams from the
agricultural and municipality activities, such as animal manure (M), various crops (VC), and
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the organic fraction of the municipal solid waste (MSW). During the first part of the study, the
AD of slaughterhouse waste and its mixtures was investigated using different process
parameters for the evaluation. The mixture ratios were defined according to their availability
at the site of the slaughterhouse enterprises in Cuba (Papers I and II). The degradation of the
different mixtures of SB, M, VC, and MSW was then evaluated by using two different
models, i.e., the first order kinetic model and the Chapman model (Paper II). In order to
quantify the effect of the temperature, a selected mixture ratio from a study case in Cuba was
also evaluated at mesophilic conditions. Since so far our results have showed positive synergy
effects when applying AcoD, we wondered if only positive interactions were occurring, so we
investigated the mixture interactions in more detail. A four-factor mixture design was then
applied to define the mixture compositions of SB, M, VC, and MSW as components, making
possible the statistical evaluations (Paper III). In this study, four individual components as
well as the binary, ternary, and quaternary mixture combinations were evaluated with the
objective to explore possible synergistic and antagonistic interactions, as well as to find the
optimal mixture composition leading to the highest methane production. The methane yield
and the specific methane production rate therefore were used as response variables. The
results of evaluating eleven mixture combinations showed that synergetic effects could be
obtained in nine of them; nevertheless, antagonistic effects could also be determined in two of
the studied mixtures. Thus far, we had only worked with batch assays and we thought it would
be important to evaluate these interaction effects further during long-term operation.
Therefore, four reactors were operated, running as semi-continuous processes. We used
mono-digestion of the SB as a control; furthermore, we chose three other mixture
combinations representing both synergy and antagonistic effects obtained previously during
the batch assays. Moreover, the effects on the methanogenic community structure were also
evaluated (Paper IV).
Running semi-continuous experiments is a very time consuming method, but these are
important to verify results obtained through batch assays, as well as to be able to determine
the long-term effects. In the last part of the work, an alternative operation mode therefore was
investigated, where consecutive feeding, i.e., second feeding, was applied during the batch
assays. The idea was that this method would make it possible to get a quick prediction of the
process performance, which then can be used when designing the semi-continuous operation.
Accordingly, the response of the microbial biomass to an additional second feeding was
determined in terms of the methane yield, degradation kinetics, and the specific methanogenic
viii

activity. A similar methodology had already been used even in the beginning of the studies,
and the response of the microbial community was determined under a substrate limitation
(Paper I), while here the second feeding was applied under a non-substrate limitation (Paper
V). Finally, the results from this last part of the study were correlated with the results obtained
from the different operation modes during this work, i.e., batch mode (Paper III) and semicontinuous operation (Paper IV), as well as with previous results found in the literature.
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1 Introduction
Due to the current energy scenarios and the world’s dependency on fossil fuels, the protection
of the environment has become a major concern. The utilization of fossil fuels has led to
environmental problems connected to increased greenhouse gas emissions and climate changes.
Moreover, the deficit of energy in the world and, in particular, in developing countries, has
therefore gained an increased attention; thus, new alternative energy sources must be
introduced. Biogas produced from organic wastes is a renewable energy source for future and
sustainable energy supply. In this regard, agriculture is a sector with many activities and
necessities that generate a huge amount of biodegradable organic waste, which can be utilized
for biogas production. Consequently, it has a unique position to satisfy both food demand and
energy supply in farms, rural communities, cities, as well as can be applied as fuel within the
transport and industrial sector.
Animal by-products and residues from the meat industry have high methane potential and are
therefore highly demanded substrates for biogas production on a competitive market. Due to
the high content of lipids in these residues the methane yield will be high, increasing the
economic feasibility of the biogas plants [1]. However, there are problems that may occur in a
full-scale biogas plant treating slaughterhouse waste with significant impacts on process
efficiency, operational costs, and economic profitability. Among the operational problems, the
formation of foam can be mentioned, which is usually caused by the high content of lipids and
proteins present in these residues [2]. Another problem associated with anaerobic digestion of
slaughterhouse wastes is that potential inhibition of the microbial activity may occur, with a
subsequent low methane production, process instability, and finally, failure of the process [3].
The slow degradation rate of the slaughterhouse waste will lead to the accumulation of
intermediary compounds such as long chain fatty acids, volatile fatty acids, ammonia, and
ammonium nitrogen, causing inhibition in the system [4, 5].
One possible solution to solving the above-mentioned problems is the application of anaerobic
co-digestion (AcoD). In this system, slaughterhouse wastes can be treated together with the
other residues generated during the agriculture activities. The main advantages of co-digestion
are related to a balanced nutrient supply, better carbon to nitrogen (C/N) ratio, the dilution of
inhibitory compounds, as well as to a more efficient utilization of the digester plant by treating
several wastes at the same time.
1

However, even though there are some results reported in the literature dealing with the AcoD of
different mixtures of biodegradable wastes, there is still a lack of investigations to predict the
mixture interactions (i.e., synergy and antagonism) based on the composition of the wastes,
biodegradability, and kinetics of the anaerobic process in the long-term operation.
This thesis therefore deals with the evaluation of the anaerobic mono- and co-digestion of solid
cattle slaughterhouse waste and other waste streams from the agricultural and agro-industrial
activities. The main objective was to evaluate the anaerobic digestion in terms of the
biodegradability of the substrates as well as mixture interactions, influencing the performance
of the process.

1.1 Outline of the thesis
A short summary of the chapters comprised in this thesis are listed as follows:
Chapter 1 introduces the background of the work and the main objectives of the investigations.
Chapter 2 provides general and current information about the biogas production, the basic
principles of the anaerobic digestion process, as well as the most important environmental and
operational parameters.
Chapter 3 presents the substrates evaluated in the present study, i.e., cattle slaughterhouse
waste and residues from agriculture (animal manure, various crops) and municipality activities
(organic fraction of municipal solid waste). The current production and the impact of the final
disposal of these waste streams are presented, as well as the difficulties associated with the
anaerobic digestion of slaughterhouse waste.
Chapter 4 presents the different fermentation assays to assess the methane potential, the
biodegradability of the substrates, and the process performance (Papers I–V).
Chapter 5 is dedicated to the mono-digestion of the slaughterhouse wastes and some residues
from the agricultural and municipal activities. The biodegradability of every individual material
is discussed in terms of methane yield, the specific methanogenic activity, and the kinetics of
the process (Papers I, III–V).
Chapter 6 deals with the anaerobic co-digestion process. It gives an overview of the current
scenarios, especially when slaughterhouse waste is co-digested with the agro-wastes in binary,
ternary, and quaternary mixture combinations. The effect of the mixture interactions, i.e.,
synergy and antagonism, on process performance and operation mode is also discussed (Paper
I–V).

2

1.2 Social and ethical reflections
During the last few decades and up until today, there has been a lot of discussions and debates
about ethical, social, and political aspects of biogas production. The debates are based on the
utilization of raw materials, which can also be utilized as food sources, i.e., maize, wheat, or
sugarcane, for biogas production. This has resulted in a lot of discussions related to the social
and environmental impacts as well as the land and water usage for biofuel production at a time
when there is considerable food demands in developing countries. However, one cannot decide
whether this is wrong or right without considering the local conditions as well as all the
advantages and disadvantages toward society and environment. If biogas is produced in an
environmentally sustainable way, with no exacerbation of global climate change and in
accordance with the trade principles and human rights, then there is a duty to produce biogas
through the utilization of organic waste fractions. The production of biogas from raw materials
considered as “wastes,” such as animal manure, slaughterhouse waste, or crops residues, will
not interfere with human or animal consumption but instead have numerous environmental and
social benefits. Today, many of these waste fractions are still unexploited and by just dumping
them at sites will contribute to environmental damage in the rural sectors. Hence, their
utilization will play an important role in the reduction of the greenhouse gas emissions and to
facilitate a sustainable development of energy supply while providing bio-fertilizer to farmers,
especially in the developing countries, like Cuba. As these residues are generated from the
agriculture or agro-industrial sector producing the food, their utilization within the same areas
in which they are produced will offer other important benefits as well, like treating wastes close
to their source. Biogas production from the residues, which cannot be used as food any longer,
will increase the consciousness of people and the public acceptability of the waste management
and at the same time create new job opportunities in the rural areas.

3
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2 The anaerobic digestion process
2.1 Biogas production – Some remarks
Today, most of the primary energy supply in the world is covered by fossil fuels such as oil,
coal, and natural gas, which together represent about 81% of the energy demand of the world
(Figure 2.1) [6]. Current scenarios have shown that due to the rising price of crude oil, as well
as the negative impacts of fossil fuels on the environment, energy insecurity, and continuous
abuse of the natural resources, the interest has shifted towards renewable energy sources to
provide a sustainable future energy production. According to the recommendations of the
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Figure 2.1 World total primary energy supply in 2012 from fossil fuels, nuclear energy, and renewable sources [6]

Considering the renewable energy production, biogas production utilizing the municipal,
industrial, and agricultural residues has a potential to play a vital role in the future. Biogas is a
mixture of gases, with the main ingredients of methane (CH4) and carbon dioxide (CO2), which
are produced by the microbial degradation of the organic matter under anaerobic conditions.
The energy content of biogas is related to its methane content, due to its combustible
characteristic (~10 kWh Nm-3 CH4). The methane content in the produced gas depends on a
number of factors in which process design and substrate characteristics have a major influence.
Figure 2.2 shows an overview of the biogas industry. Depending on the needs of every society
worldwide, i.e., developed or developing countries, different fields of applications can be
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considered. In the European Union (EU), biogas is mainly used for the co-generation of
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electricity and heat, meanwhile cooking and lighting are the major utilizing forms in the
developing countries.

Municipality
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urban waste water
- Source separated
organic waste, etc.

Industry
- Food waste
- Industrial effluents
- Grease
- Slaughterhouse
waste, etc.

Agriculture
- Animal manure
- Energy crops, etc..

Gardering

Agriculture

Figure 2.2 Overview of the biogas industry

The primary energy output of biogas heat sales increased in the EU by 18% and 16%,
respectively, in 2010 and 2011 [8]. In addition, biogas can also be utilized as a vehicle fuel in
the transport sector if it is upgraded. Sweden has taken the lead in this regard, although other
countries including Switzerland, Germany, Austria, Spain, and France have ongoing
development within this area [9]. On the other hand, Germany has a leading role in injecting
upgraded biogas, i.e., biomethane, into the natural gas grids in Europe [8]. These options
represent efficient methods to integrate biogas into the energy sector. Moreover, biogas
production through AD offers other significant environmental benefits as well, as the anaerobic
effluent (the digestate residue) can be utilized as a fertilizer, recycling nutrients to the
agricultural land while replacing the chemical fertilizers.
Hence, there are strong incentives worldwide for the stimulation of biogas production using
different biodegradable substrates. According to the European Environmental Agency, the
6

agriculture sector has the greatest potential, which is today still a large unexploited sector.
Currently, there are more than 12,000 biogas plants operating in Europe, among them about
8,500 are agricultural biogas plants (Table 2.1) using animal manure and energy crops as the
main substrates.

Number of biogas plants
unit electricity
generation
9,945
610
600
336
336
252
242
167
129
78
73
30
22

Energy
production
(GWh/year)
40,970
10,494
1,023
1273
585
n.a
1,589
1,218
500
1,925
569
n.a
697

Number of
agriculture biogas
plants
7,800
53
89
105
291
105
26
82
4
8
8
8
8
2012
2013
2012
2012
2012
2013
2012
2010
2010
2012
2012
2012
2013

Year of the data
information

Table 2.1. Status of biogas production in several European countries, Brazil and Republic of Korea [10]
Country

Germany
United Kingdom
Switzerland
France
Austria
Netherlands
Sweden
Denmark
Norway
Republic of Korea
Finland
Ireland
Brazil
n.a: Not available

By the year 2020, it is estimated that the number of biogas plants will be more than 45,000 in
Europe [11]. In that sense, the challenges for sustainable biogas production in the future will lie
in the substrates’ availability as well as the governmental policies, national strategy plans, and
subventions, in order to be able to compete with the fossil fuels [10].
Compared to Europe, in countries in Latin America and Central America, for example, Cuba,
Argentina, Mexico, Peru, and Chile, the biogas production at the industrial level is in its initial
phase, and most of the biogas implementations are developed on a small-scale level and at
farms.
Finally, we can conclude, that the positive environmental impact that a biogas plant provides,
wherever it is located, should be an important issue to take into account.

2.2 The basic principles of anaerobic digestion
Anaerobic digestion is a biological process in which complex organic matter (i.e., proteins,
carbohydrates and lipids) is broken down through the action of different groups of
microorganisms (Bacteria and Archaea) to produce biogas in the absence of oxygen. The
process takes place through a series of parallel and serial-parallel biochemical reactions, in
7

which an active microbial community has to work together (Figure 2.3). The successful
performance of this biological process is highly dependent on the substrate’s composition,
microbial community structure, as well as the operational and environmental conditions [12].
The AD process can be divided into four main degradation steps, i.e., hydrolysis, acidogenesis,

Acetotrophic
methanogenesis

Acetate
(CH3COO-)

acetogenesis, and methanogenesis, as it is schematically represented in Figure 2.3 and briefly
summarized as follows:

Proteins, Carbohydrates, Lipids

Complex Organic Matter
Hydrolysis

Soluble Organic Monomers

Anaerobic oxidation

Acetogenesis

Volatile fatty acids, Alcohols, etc.

Intermediary products

Acidogenesis

Amino acids, Sugars, Long Chain Fatty Acids, etc.

Hydrogen (H2) Carbon
Dioxide (CO2)

Hydrogenotrophic
methanogenesis

Methane (CH4) and
Carbon Dioxide (CO2)

Figure 2.3 Simplified representation of the anaerobic digestion process (Adapted from [13])

a. Hydrolysis
In the first stage, the complex organic matter, containing proteins, carbohydrates, and lipids
will be hydrolyzed, producing simple monomers by the action of the extracellular enzymes,
such as cellulases, proteinases, lipases, etc., excreted by the hydrolytic bacteria [14]. The
presence of the different types of bacteria depends on the variety of substrates, and the secreted
exoenzymes have the function to solubilize particular substrates, leading to products, which, in
turn, will be further transported into the cells to be further degraded by the endoenzymes and
used as a source of energy. The proteins are first hydrolyzed to amino acids by the proteinases,
and the carbohydrates are hydrolyzed by the cellulases, hemicellulases, and amylases to soluble
sugars. On the other hand, lipids are hydrolyzed to mainly glycerol and long-chain fatty acids
8

(LCFAs) by exoenzymes called lipases. Depending on the nature and complexity of the
substrates, the process can take hours or days. This stage is usually the rate-limiting step in the
whole anaerobic process when the solid and complex substrates are treated [15, 16].

b. Acidogenesis
The soluble organic monomers such as amino acids, sugars, and long chain fatty acids formed
during the hydrolysis stage are further converted by facultative bacteria into short-chain organic
compounds containing one to five carbon units. The main products formed during the
acidogenesis steps are volatile fatty acids (VFAs), like acetic, propionic, valeric, and butyric
acids. Furthermore, depending on the characteristics of the substrates, the environmental
conditions and the microorganisms present in the system alcohols, carbon dioxide, hydrogen,
and ammonia are also produced [17]. Sugars are converted into VFAs while amino acids are
degraded into acetate, ammonia, carbon dioxide, and hydrogen sulphide [18]. The LCFAs are
converted into acetate, hydrogen (H2), and propionate through the ß-oxidation pathway. The
accumulation of the intermediates, such as ethanol, propionate, butyrate, and benzoate, is
strongly related to the increased hydrogen concentration in the system [19].

c. Acetogenesis
In this stage, the intermediary compounds, i.e., acids and alcohols from the acidogenesis step,
are converted into acetate, hydrogen, and carbon dioxide by acetogenic bacteria to be further
utilized in the next step by the methanogens. The anaerobic oxidation of these intermediary
compounds is not thermodynamically possible unless acetogenic bacteria engages in a
syntrophic cooperation with the hydrogen consuming methanogens in order to keep a low H2
partial pressure in the system. At a low H2 partial pressure, the changes in the Gibbs free
energy (ΔG°) is favorable for the ATP synthesis and bacterial growth [19]. In addition,
homoacetogenic bacteria reduce the H2 and CO2 to acetic acid [20, 21]; however, in
environments with increasing concentrations of ammonia nitrogen, the acetate can also be
oxidized by the syntrophic acetate oxidizing bacteria to H2 and CO2 [22, 23].

d. Methanogenesis
Methanogenesis is the last step within the anaerobic digestion process, and it is driven by the
methanogens belonging to the domain of Archaea. In this stage, acetate, H2, and CO2 produced
during the previous steps are converted into CH4 and CO2, although other methylated
compounds, such as methylamines and methanol, can also be converted into methane [24].
9

Almost 70% of the produced methane takes place through the acetotrophic pathway (Table
2.2). In this reaction, carried out by the Methanosarcina and Methanosaeta, the methyl group
of acetate is reduced to CH4, while the carboxylic group is oxidized to CO2 [25]. The rest (i.e.,
about 30%) of the produced methane is formed through the hydrogenotrophic pathway, in
which H2 is used to reduce the CO2 to methane. This group of methanogens has the important

Pathway
CH3COO- + H+

Reaction
CH4 + CO2
CH4 + 2H2O

-130

-32

ΔG° (kJ/mol)

role of consuming the H2 produced in the previous step, keeping the partial pressure of H2 low
in the system, as discussed above.

Acetotrophic
CO2 + 4H2

Table 2.2: Principal biochemical pathway in methanogenesis [25]

Hydrogenotrophic

2.3 Environmental and operational parameters in AD
a. Temperature
Temperature is an important physical parameter for the anaerobic digestion process, since it is
directly linked to the thermodynamics and kinetics of the biochemical reactions, as well as the
growth of the microorganisms [26]. AD processes can be operated at a wide range of
temperatures, i.e., between 10°C and 65°C; nevertheless, most of the biogas reactors on the
industrial levels operate at mesophilic (35°C – 38°C) or thermophilic (54°C – 56°C) conditions.
Mesophilic conditions result in higher process stability and lower energy needs compared to the
thermophilic conditions. However, operating at higher temperatures offers several advantages,
like higher efficiency in the biodegradation of organic matter, leading to improved gas yield
due to the increased rates in the biochemical and chemical reactions, as well as increased
sludge hygienization and elimination of pathogens [27-29]. The growth rate of the
microorganisms is also higher at thermophilic conditions compared to that at mesophilic
temperatures, making the process faster and more efficient [30, 31]. Today, thermophilic AcoD
of waste from agriculture/agro-industrial activities, especially when slaughterhouse waste is
utilized, has gained attention due to its capacity to enhance the hydrolysis rate of this fatty
material, and better destruction of the pathogens.
In the present study, the effect of temperature was evaluated during a co-digestion process
using a mixture of SB, M, and VC (Paper II). In general, higher temperatures have a positive
influence on the activity of the biomass, but on the other hand, the process can be more
10

sensitive to the accumulation of intermediary products, such as ammonia, VFAs, and LCFAs
[4, 32, 33].

b. Organic loading rate and retention times
The organic loading rate (OLR) and the retention times (e.g., hydraulic retention time (HRT)
and solid retention time (SRT)) are usually used as design parameters to determine the reactor
size at the industrial level. OLR expresses the amount of organic matter, e.g., total solid (TS),
volatile solid (VS), or chemical oxygen demand (COD) fed into the reactor per unit of effective
volume per unit of time. HRT is defined as the average period of time in which the substrate
remains inside the reactor and is in contact with the microorganisms present there. Meanwhile,
SRT is the average time in which the anaerobic biomass (microorganisms) remains inside the
reactor [34]. In continuous stirred tank reactor (CSTR), SRT and HRT are the same if there is
no recirculation of biomass back into the reactor.
The extent of a desirable retention time and the amount of organic matter fed into the reactor
are related to the reactor configuration and to the characteristics of the materials digested.
Complex materials rich in fats and proteins require a longer time at a lower OLR. For example,
solid materials such as slaughterhouse waste, animal manure, and crop residues are normally
digested in completely mixed reactors at low OLRs, i.e., between 1 to 3 kgVS m-3 d-1 [4, 35,
36]. While liquid substrates such as wastewaters are normally treated in up-flow anaerobic
sludge blanket (UASB) reactors at higher OLRs between 10 to 20 kg COD per m3 reactor per
day [37]. Both parameters are very important in order to monitor the process and to achieve
stable operation. If too high OLR is applied, intermediary products can be accumulated in the
system causing instability and finally a failure of the reactor.

c. pH, alkalinity, and VFA/Alkalinity ratio
The AD process is strongly affected by the slight changes in the pH. Each group of
microorganisms works optimally in their own optimum pH range. Among them, methanogens
are more sensitive to variations in pH than fermentative bacteria, which are able to function
within a wider range of pH, i.e., between 4.8 and 8.5 [38]. The hydrolytic and acidogenic
microorganisms reach their optimal growth at a pH between 5.5 to 6.5, while for methanogens
a pH between 7.8 to 8.2 is optimal [39]. Consequently, the optimal pH for the whole process is
around neutral with values ranging from 6.8 to 7.4 [39].
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Although the pH level has a direct influence on the biological activity of the different groups of
microorganisms, it is not a good indicator for monitoring the performance of the process, since
any slight variation in the pH may lead to stress conditions and failure of the digester. In order
to prevent a drastic decrease in the pH and to keep the digester stability, it is important to have
high alkalinity. Alkalinity measures the amount of alkaline substances that neutralize the acids
produced in the anaerobic digestion process. Alkalinity mainly consists of the presence of
bicarbonate ions in an equilibrium with CO2, although protein-rich substrates may also
contribute to the buffer capacity due to the formation of ammonium bicarbonate [40].
Alkalinity is a proper parameter to indicate VFA accumulation, since any increment of VFAs
will consume alkalinity, and it would happen before any greater changes in the pH can be
detected. Hence, a good indicator and a fast control for the reactor performance is the
VFA/Alkalinity ratio. If this ratio is kept between 0.1 and 0.35, the process works under stable
conditions [20, 41, 42].
In the present study, the performance of the semi-continuous digestion of SB and its codigestion with other residues was monitored by controlling the VFA/Alkalinity ratio (Paper
IV). As shown in Figure 2.4, in the case of SB and SB + VC, only a small variation in the pH
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of these substances show a considerable disparity between the different studies [43]. This can
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concentration, especially for the methanogens. However, the reported inhibitory levels for some

In the AD process, there are several substances that may be toxic for biomass activity at a given

d. Inhibitors

Figure 2.4 Variations of the pH and VFA/Alkalinity ratios during the semi-continuous co-digestion studies of: (●)

pH

be explained by the fact that the inhibitory level can be affected by the composition of waste,
including the concentration of the inhibitors presented, as well as the origin of the inoculum
and/or the adaptation of the microorganisms to certain inhibitory compounds, and moreover the
environmental and operational conditions. Mechanisms such as antagonism and synergism
have also shown to have a significant influence on the inhibition phenomenon [43]. In the case
of slaughterhouse waste, compounds such as ammonia (NH3) and LCFAs are commonly
present and develop during the AD process. Although other compounds like sulfides, VFAs,
metal ions, and other organic compounds may also be present at levels causing inhibition.
During the degradation, lipids are broken down into LCFAs. The adsorption of LCFAs on the
microbial surface, interfering with the transport of substances and the protective function of the
cells, has previously been described as the mechanism of the inhibition [44, 45]. However, the
degree of inhibition also depends on the available biomass surface area, the complexity of the
carbon chains, as well as on the adaptation of the biomass [46]. Oleic (18:1) and palmitic (16:0)
acids are the most common unsaturated and saturated LCFAs, respectively, counting up to
~68% in animal waste, and they have been reported to inhibit the AD process [47, 48].
Nevertheless, there are other studies that show that the inhibition is a reversible process and
that the system may recover after a lag-phase and an adaptation period [5, 49].
On the other hand, during the degradation of proteins, NH3 and ammonium (NH4+) are released
to the medium, leading to inhibition and hence, process failure [50]. Depending on the pH and
the temperature, these are in equilibrium with each other. Among them, the uncharged NH3
molecule has shown to be more inhibitory compared to the NH4+ ion, as it can easily pass
through the cell membrane causing proton imbalance and potassium deficiency within the cells
[51]. Acetolastic methanogens are more sensitive to ammonia inhibition than the
hydrogenotrophic ones [52, 53]. A broad range of total ammonia concentration values, i.e.,
between 1.7 – 14 g L-1 has been reported to cause inhibition depending on the pH, temperature,
and biomass adaptation [43]. However, the interaction that takes place between the free
ammonia, VFAs, and pH can lead the process to a so called “inhibited steady state,” in which
the process runs stable but with a lower methane production [53, 54].
The inhibitory effect of either LCFAs or NH3/NH4+ might lead to instability and the generation
of intermediates, such as VFAs, accumulated in the system [51, 55]. VFAs are the main
intermediary compounds produced during the degradation of substrates; hence, monitoring the
concentration of VFAs is an important control parameter aiming to detect an imbalance among
the acid-producers and acid-consumers [42]. VFAs are present in the anaerobic digesters, either
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in a molecular form (un-dissociated) or in an ionic form (dissociated), depending on the pH and
the temperature. At a lower pH, most of the VFAs exist in un-dissociated forms, which are
more hazardous for methanogens than the dissociated forms. This is because the un-dissociated
form can easily enter into the cell affecting its energetic functions [17]. In an anaerobic reactor,
about 85% of the total VFAs corresponds to acetate, which is the most predominant acid
produced [21], although propionate is known to be a better indicator of a process imbalance
[56]. The accumulation of both acetate and propionate are indicators of low methanogenic
activity, leading to reactor failure [56].
In the present study, semi-continuous co-digestion of SB with other waste streams was
monitored by controlling the production of VFAs (Paper IV). Figure 2.5 shows the correlation
between the concentration of VFAs and the methane production when the SB and VC were codigested. When OLR of 2 gVS L-1d-1 was applied, overloading was observed. This could be
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3 Substrates for biogas production
3.1 Animal wastes
Due to the growing demand on meat in the world for human feed, the meat production industry
became a fast increasing industry worldwide. According to the Food and Agriculture
Organization (FAO) of the United Nations, the global production and consumption of meat has
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Figure 3.1 Meat production and consumption in the World (Adapted from [57])

From the bovine animal processing industries, approximately 60% of the cattle animal weight

kg
140
38.5
12
1.12

Meat
%
40
55
40
56

kg
210
31.5
18
0.88

Wastes
%
60
45
60
44

is considered to be waste that is not indented for human or animal consumption as shown in
Table 3.1 [58].

Weight of the animal
kg
350
70
30
2

Table 3.1 Typical quantity of animal waste per species of animals
Species
Cattle
Pig
Sheep/Goat
Poultry

Hence, the slaughterhouse industry generates a large variety of waste fractions that include both
liquid and solid materials. The animal by-products generated from the meat producing
industries are rumen, fat, gut fill, blood, stomach, or intestinal contents, etc. The uncontrolled
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decomposition of theses residuals results in large-scale contamination of land, water, and air as
a result of the organic pollution and microbial pathogenic loads. Currently, there are problems
with the disposal of such residues due to the legislative restrictions and high disposal costs. In
the EU, stringent regulations have been adopted to control the handling, safe collection,
transport, storage, processing, use, and disposal of these waste fractions [59]. According to the
Regulation (EC) No. 1069/2009 and based on the potential risk to public and animal health, as
well as to the environment, the treatment of animal wastes is classified into three categories
[59]. Category 1 includes all materials presenting the highest risk of being infected with bovine
spongiform encephalopathy (BSE) or with pollutant substances such as hormones used for
growth. These types of waste materials must directly be incinerated or landfilled after a
pressure sterilization treatment [59]. Category 2 includes contaminated animals that were sick
or died at the farms in a context or under controlled diseases. These types of fractions also
include manure and digestive tract content and can properly be treated by a biological treatment
such as composting or AD [59]. Category 3 contains food wastes and all animal by-products
originated from healthy animals intended for human consumption. These materials can be used
for further processing for animal food, biogas production, or composting [59].
Taking into account the fact that the meat industry produces large amounts of wastes and the
environmental problems associated with its activities, it is imperative that this issue be solved.
In order to diminish such negative environmental impacts, several technologies such as
combustion and AD have been introduced around the world.

AD of slaughterhouse waste
The proper development of the AD process is highly dependent on the type and the
composition of the materials to be treated [60]. The composition of animal residues differs
slightly, depending on several factors such as weather conditions, animal breed, age, and the
quantity/quality of the food. Table 3.2 shows a summary of the characterization of several
animal waste fractions suitable for biogas production. As shown in Table 3.2, the lipid and
proteins content can vary between 15.8 – 86.6% and 2.14 – 50%, respectively, depending on
the type of the wastes.
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5.9
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Table 3.2 Characteristics of diverse animal wastes
Raw materials

Cow rumen
Rumen paunch
Pig paunch waste
Cow blood
Iberia pig
slaughterhouse
waste
Solid cattle
slaughterhouse
waste
Solid cattle meat
and fat
Solid pig meat and
fat
Pig stomach
Rumen content
Bovine
slaughterhouse
waste
n.a: Not available; * based on dry matter; TS: Total solid (based on fresh matter); VS: Volatile solid (based on dry matter);
C/N: Carbon to nitrogen ratio

The theoretical methane yield depends on the content of carbohydrates, proteins, and fats. Due
to their high lipid and protein content, these types of waste fractions have a high methane
potential (e.g., theoretical yield of 980 mLCH4 gVS-1, Paper IV). However, despite the high
methane potential, the AD treatment is often complicated [65]. The presence of lipids offers the
highest yields, but with lower kinetic rates, as a consequence of the slow biodegradation of
lipids. Furthermore, the high content of lipids and proteins causes process instability, leading to
several microbiological and operational problems when the slaughterhouse waste is treated in
mono-digestion. The basic principles related to the degradation of these compounds will be
discussed below.

Degradation of lipids
Lipids are hydrophobic molecules presented mainly in fats, oils, and greases, with variable
compositions. They have different characteristics depending on the saturation state, i.e., the
portion of single or double bonds presented in the molecule, the length of the carbon chain,
which determine the melting point. Saturated fats are mainly present in the meat and dairy
products, while the unsaturated ones are more common in vegetable oils, in fish, nuts, and corn
oil. During the hydrolysis of lipids, glycerol and LCFAs are produced by the action of
extracellular lipases. LCFAs are organic acids that contain long carbon chains of 8 to 18 units.
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Some examples of LCFA are stearic, palmitic, oleic, linoleic, and caprylic acids [67]. These
hydrolysis products will then be further converted into H2, acetate, and propionate during the
next steps of the degradation process. The degradation of LCFAs takes place through the ßoxidation pathway, which is usually reported as the rate-limiting step in the AD because of the
slow growth of the LCFAs utilizing bacteria (i.e., 0.1 – 0.3 d-1) [68].
Anaerobic digestion of lipid-rich wastes is a challenge, since these types of residues often have
low alkalinity [69, 70] and exhibit a high tendency to be toxic for the anaerobic
microorganisms [46, 71, 72]. During the conversion of lipids, LCFAs are released and the
accumulation of these causes inhibition if they are not efficiently removed [36, 52, 73]. It is
well known that methanogenic activity can be inhibited by the presence of the LCFAs. The
mechanism of inhibition has been attributed to cell damage and to the limitation of nutrients
[44]. However, after a lag phase and biomass adaptation, the system would be able to recover
and efficiently degrade the LCFAs [49].
Another problem related to the degradation of lipids is the high tendency to form floating
aggregates and foam in the biogas reactors. Foaming is one of the major problems that
negatively affects the overall process in the biogas plants digesting the fatty materials [74].
Foaming causes numerous operational problems, such as blockage of the gas mixing devices,
piping and pumping failure, and decrease of the effective working volume in the digester
leading to a drop in the VS reduction, etc. [21]. Several reasons have been identified and
reported in the literature for the causes of foam formation, for example, substrate composition
(i.e., mainly fatty and protein-rich feedstock), temperature fluctuation, mixing devices,
overloading, and the presence of specific microorganisms, among others [2, 21, 75].

Degradation of proteins
Proteins consist of long chains of amino acids, bending together with peptide bonds [21]. Little
is known about the degradation route of the proteins and amino acids in the anaerobic reactors
[76, 77]. Nevertheless, during the hydrolysis of protein-rich materials in an anaerobic
environment, proteolytic bacteria from the genus of Clostridia seem to be dominant and play an
important role during the subsequent degradation of the amino acids [78]. Soluble amino acids
are further converted into a variety of organic acids, together with a release of ammonia and
ammonium. The increment of ammonia or ammonium content in the digester depends on the
prevailing pH and temperature conditions as previously discussed in section 2.3. The described
inhibitory effect of ammonia has been widely discussed in the literature [43, 51].
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3.2 Residues from agriculture and municipality activities
Agriculture is an economic sector with diverse activities and necessities. There is an abundance
of wastes generated by this sector worldwide, which is still unexploited, with an estimated
amount of around 140 kg per capita per year [79]. In the EU, about 1.23 billion tons of organic
wastes are produced every year, in which about 90% of the total organic residue streams come
from agriculture [80]. However, in developing countries, most of these types of waste streams
are still unused, hence, contributing to environmental pollutions in both urban and rural areas.
Residues from agriculture consist mainly of grains, wheat, rice straw as well as the fruit and
vegetable residues generated after each harvesting period as well as the different types of
animal manure from cattle, horse, pig, or poultry.
The organic fraction of municipal solid waste is another material produced by the communities
close to the agricultural activities. These materials are rich in carbohydrates and are very
suitable for biogas production, providing an environmental solution and self-energy supply in
the rural communities. Table 3.3 shows a summary of the characterization of some residues
derived from agriculture and the municipality activities suitable for biogas production.

Raw materials

6.46
6.9
4.2

n.a
n.a
7.7
n.a
8.36

pH

87.8
47
8.3

81.5
23
31
55
35

TS
(%)

91
84-85
87

79.6
91
93

75.8
78.6
65
63.6
40

VS*
(%)

n.a
2-4
n.a

n.a
4
2.1

Total
nitrogen
(%)*
2.1
2.5
3.8
3.2
1.1

2.6
7-14
16

n.a
11
n.a

1.9
1.3
n.a
n.a
1.1

Lipids
(%)*

22.5
12-16
16

n.a
25
n.a

13.5
20.8
n.a
n.a
7.4

Proteins
(%)*

66.7
43
n.a

n.a
n.a
n.a

60.3
57.3
n.a
n.a
51.4

n.a
19.5
18

43
10
34.2

n.a
n.a
39
10.2
n.a

Carbohydrates C/N
(%)*

[85]
Papers I, III
[86]

[83]
Paper I
[84]

[81]
[81]
[62]
[82]
Papers III-V

References

Table 3.3 Characterization data on several agriculture and municipality waste fractions

Horse manure
Cattle manure

n.a
10.8
5.2-5.9 11-18
n.a
26

Pig manure
Mixture of animal
manure (pig, cow,
horse)
Rice straw
Various crops
Fruit and vegetable
wastes
Vegetable wastes
MSW

n.a: Not available; * based on dry matter; TS: Total solid (based on fresh matter); VS: Volatile solid (based on dry matter);
C/N: Carbon to nitrogen ratio

Due to the relevance to this project, some of these agriculture and municipality waste fractions
will be presented in more detail below.
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Manure
Liquid and solid animal manure is an abundant source of organic material produced daily
within the agricultural industries. The daily production of manure is correlated with the animal
type. In that sense, 0.08 kg of chicken manure, while 2 kg and 8 kg of pig and cattle manure,
respectively, are produced per animal per day [87]. Usually, manure is stored at farms,
producing spontaneous emissions of methane, carbon dioxide, and ammonia, thus, contributing
to the greenhouse gas emissions [88, 89]. Animal manure is a suitable substrate for biogas
production due to the presence of carbohydrates, proteins, and lipids in its composition. In
Sweden, the biogas potential from animal manure is estimated to 2.63×108 m3 of methane per
year [90], and the manure is mostly treated in centralized biogas plants in co-digestion with
other waste streams.
The composition of manure from different animals differs depending on the species, the breed,
the food quality, the age of the animal, as well as the type and amount of the bedding material
and the pre-storage conditions [91, 92]. Cow manure contains a high amount of carbohydrates
while pig manure is mostly composed of proteins, which increase its gas potential, amounting
to theoretical yields of 469 and 516 LCH4 kgVS-1, respectively [92]. Thus, the methane
potential of manure is linked to its organic components, as well as to the presence of some
recalcitrant organic fibers, such as straw used as bedding material [93]. Due to the high protein
content in pig manure, an additional alkalinity is provided, as well as essential nutrients and
higher buffer capacity to the system.
In this thesis, cow manure was used as a co-substrate in the co-digestion with SB, VC, and the
organic fraction of MSW (Papers I and II), meanwhile a mixture of pig, cow, and horse
manure was also evaluated as an individual substrate as well as in co-digestion within the
second part of the work (Papers III–V).

Various crops
Straw
Straw is a lignocellulosic material mainly derived from the production of wheat, oat, barley,
rice, rye, triticale, and oil-plants, among others [94]. The world production of rice and wheat
generates about 730 and 530 million tons straw per year, respectively, which are distributed
around the world [95]. Even though there are several methods available to utilize straw (i.e.,
animal feed, fuel, soil structure, or bedding material, etc.), there is still a significant amount that
is unused and is burned at open fields, causing environmental and health problems [95, 96].
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However, effective utilization of straw in the AD processes is a challenge due to its recalcitrant
structure, which is resistant to enzymatic attack [97]. In that sense, the application of a suitable
pretreatment method is often needed to break down the lignocellulose structure in order to
access the hemicellulose and cellulose fraction from which methane can be generated. Several
factors, such as the crystallinity of the cellulose, degree of cellulose polymerization, accessible
surface area, and protection by lignin affect the rate of the biological degradation of straw and
lignocelluloses in general [98]. A previous investigation evaluated the biogas production of
straw blended manure by the utilization of a pretreatment method for the straw fraction [81];
others used straw as a co-substrate in the co-digestion processes [92, 99]. In this thesis, 30%
(w/w) of straw was used for the preparation of various crops fraction and the rest consisted of
fruit and vegetable waste.

Fruit and vegetable waste
Fruit and vegetable waste is widely produced in large quantities in markets and in agricultural
activities after a harvest season. According to the Food and Agriculture Organization (FAO) of
the United Nation, the production of fruit and vegetable waste in the world reached 78 million
tons in 2012 [100]. Nevertheless, a huge amount of losses are generated during the post-harvest
chain, i.e., on the way from the field to the market, due to the inadequate management and
handling. This results in rotten, injured, and contaminated fruits and vegetables, which do not
meet the quality requirements and that finally end up as waste [101]. In that sense, due to their
high biodegradability, they are also considered as a source of pollution [102]. Using suitable
technologies as part of a secondary processing, might allow these raw materials to be utilized.
Among others, they can be converted into new commercial products, such as food flavors,
animal feed, or can be utilized within the cosmetic and pharmaceutical industry [102]. On the
other hand, as alternative utilization concepts, composting and biogas production have also
been widely applied for the treatment of fruit and vegetable waste.
In this regard, these waste fractions are suitable substrates for biogas production as they tend to
have a high organic material content (i.e., more than 95% of dry matter), easily degradable, and
have high percentages of moisture (i.e., about 80%) [103]. Nevertheless, the low pH and the
fast hydrolysis rate can lead to a rapid acidification within the AD system with consequent
inhibition of methanogens. In order to ensure a stable performance process, a two-stage system
[104] or co-digestion process have been suggested [61, 105].
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In the present thesis, 70% (w/w) of fruit and vegetable waste was used for the preparation of
various crops and the rest consisted of straw, as was mentioned above. Various crops were then
used as an individual fraction and investigated both in mono- and in co-digestion studies
(Papers III–V). The composition of this various crops fraction was determined considering the
amount of fruit and vegetable wastes together with the straw generated in the fields after
harvesting in Cuba.

Municipal solid waste
Municipal solid waste (MSW) is a heterogeneous material generated by household,
institutional, and commercial activities. The global MSW generation in 2010 was about 1.3
billion tons, and it is expected to double by 2025 [106]. The generation rate of MSW is strongly
influenced by the economic development, the industrialization level, public habits, and the
local climate. Usually, countries with a higher income rate and urbanization produce a greater
amount of wastes. Furthermore, the composition of MSW is also affected by the climate,
seasonal and regional differences and changes, as well as by the collection and recycling
practices, etc. [107]. The main components in MSW are food waste and yard waste, while other
components, such as paper, wood, plastic, cardboard, metal, textile, and glass waste may also
be presented [107].
Separated MSW, aiming to obtain the organic fraction, is the most suitable fraction for biogas
production, while the rest can be collected and/or recycled. The organic fraction of MSW has a
high percentage of moisture content. Its VS content is over 90% of its TS content; moreover, it
is highly biodegradable. In Europe, approximately 90% of the full scale biogas plants use the
the organic fraction of MSW as a substrate or co-substrate [108]. The application of AD for the
treatment of this residue has been widely studied in the literature [109-112], and the reported
methane yields vary depending on the above-mentioned factors. In the present research, the
organic fraction of MSW was investigated as an individual substrate (Papers I and III) and in
co-digestion with the other residues (Papers I–V).
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4 Assessing the methane potential and the
process performance
4.1 Fermentation assays
Fermentation assays are generally used to evaluate the biogas potential from the given
substrates. The prediction of the amount of produced gas is a key factor for the economic
calculations to establish future biogas plants since the gas is the energy value carrier. Digestion
tests may be performed in different scales, such as laboratory, pilot, or bank level and different
operation modes, such as batch, continuous, semi-continuous, two stage, fed-batch, etc.
Nevertheless, the accuracy of the obtained results will strongly be correlated to the applied test
conditions.

Batch operation: Biochemical Methane Potential test (BMP)
The first step in evaluating the feasibility of any substrate is the determination of its
biomethane potential by the use of batch anaerobic digestion assays. A required amount of
fresh substrate to be evaluated is placed in a reactor together with a specific amount of
anaerobic biomass, called “inoculum,” for a period of time until the substrate is totally
degraded. The degradation time will depend on the specific characteristics of the substrate as
well as on the activity of the inoculum. Determining the feed ratio between the substrate and
the inoculum also plays an important role for a successfully performed BMP test. Normally, a
VS ratio of 1:2 for gVSsubstrates : gVSinoculum is used to prevent inhibition and guarantee that there
is “enough” microorganisms to degrade the substrate [113]. In order to maintain strictly
anaerobic conditions, the reactors are flushed with anaerobic atmosphere, sealed, and placed
under well-controlled conditions at specific optimal temperature for the inoculum used. Since
the solid substrates may be quite heterogeneous and the fact that AD is a complex
microbiological process including several steps, as discussed earlier, at least 3 or 4 replicates
are usually performed to facilitate statistical analysis of the obtained data. The methane
volumes are regularly recorded during the test period. One of the advantages of this procedure
is that many tests can be investigated in parallel, to compare the different conditions.
In anaerobic fermentation assays, the BMP test is one of the most used assays for choosing
materials and setting preliminary prices, as it has the advantages to determine the possible
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biogas yield of the substrates, the biodegradability, estimate the kinetics of the degradation, or
possible inhibitory effects under the investigations [114].

The produced gas is normally presented as accumulated methane/biogas curves in which the
shapes may vary depending on substrate compositions and experimental factors. Figure 4.1
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Curve 2 (Paper III)

shows some typical shapes for accumulated methane yield obtained during batch fermentation
tests.
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for human activities. Among the wide applications of statistics, the use of experimental designs

The development of statistical and computational methods has been an important contribution

Mixture experimental design

the methane yield and the degradation rates (Papers I, II, III, and V).

the co-digestion process of the SB and different agriculture/agro-industrial residues in terms of

In the present work, batch fermentation tests were used to investigate the mono-digestion and

than that from the inoculum (blank reactor) (Paper V).

negative net gas formation – which appears when the gas formation from the sample is less

degradation (Diauxia) (Curve 2, Paper III). Curve 3 shows a strong inhibition resulting in a

of fats, such as slaughterhouse wastes, are degraded with difficulty, exhibiting two-stage

quantity of the produced gas from the start (Paper I). Complex substrates with a high content

Curve 1 shows a rapid conversion of the substrate into methane with a steep increase in the

Figure 4.1 Typical shapes of gas formation curves during batch fermentation tests
(Adapted from Papers I, III, and V)

Net methane yield [mL gVS-1]

allows one to evaluate a studied phenomenon effectively. The selection of an experimental
design might help to understand and optimize the process, by analyzing several factors and
their impacts on the response variables. Within the experimental designs, the mixture
experimental designs are particularly useful in many research disciplines and industrial
applications, where mixtures are involved, such as food, textile, and pharmaceutical processing.
When using these experimental designs, the independent factors are proportions of different
components in a blend (e.g., q components), and the sum is equal to 1 according to the
following equation:
ݔଵ  ݔଶ   ڮ ݔ ൌ ͳͲ  ݔ  ͳǢ ݅ ൌ ͳǡʹǡ ǥ ǡ  ݍ
The response variables under investigation are modeled as functions of the relative proportions
of the components in the mixture rather than their absolute amounts [115]. If a mixture of two
ingredients is investigated, then the factor space for the design lies in a line segment with each
component ranging between 0 and 1. If there are three components, the mixture space is a
triangle in three dimensions with corners on the positive coordinate axes. In the case of four
components, the constrained experimental region can be represented as a tetrahedron where
each triangular face corresponds to a mixture of three components; an edge line segment
corresponds to a blend of two components and the corners correspond to pure blends.
Mathematically, this type of region is called a “simplex.” The simplex representation of the
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(c)

X3=1

design space for the mixture designs with two, three, or four components is shown in Figure
4.2.

1

X2=1

0
1

X1

Figure 4.2 Design for two (a), three (b) and four (c) components

Among the mixture experimental designs, the simplex centroid design is a particular design in
which centroids are added in the interior of each simplex elements of the region (Figure 4.3).
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X124=0.33
X1=1

X14=0.5

X12=0.5
X2=1

X4=1

X24=0.5

X =0.5
13

X134=0.33
X34=0.5

X23=0.5

X234=0.33
X3=1
X1234=0.25

Figure 4.3 Simplex centroid design for q = 4 components

In this type of design, the experimental points can be determined as ʹ െ ͳ where q represents
the number of components in the system, as mentioned above. Modeling blending surface
predictions can be made as a function of the individual components. The objective is to fit a
mathematical model, which is able to predict and optimize the measured response variables as
functions of the proportions of the components in the blend.
In this work, the effect of quaternary mixture combinations of SB, M, VC, and organic fraction
of MSW on the methane yield and degradation rates was investigated (Paper III). A fourfactor simplex centroid was used to allow for the estimation of a full cubic model, where the
linear coefficients measure the relative effect on the individual substrates, while the quadratic
and cubic terms measure the synergistic and antagonistic interactions between the substrates
that take place during the co-digestion process.

Semi-continuous operation
The use of batch fermentation tests has some limitations. For example, no information is
provided regarding process efficiency, stability, or instability under continuous long-term
operation. Furthermore, the methane yield under practical conditions is affected by other
factors as well, i.e., OLR, HRT, mixing, etc., which cannot be evaluated by the batch method
[114]. Semi-continuous fermentation tests are then generally used to investigate the stability
and performance of the process under practical conditions to simulate the long-term operation
at the industrial level. It has the advantages that a maximum growth rate can be constantly
achieved at steady state conditions by controlling the loading rate, meanwhile in batch assays it
is not possible to reach the steady state as the concentrations of the components are changing
along the digestion time [116]. Depending on the waste composition, the biodegradation, and
the activity of the biomass, the process can be operated using different retention times. Basic
26

principles such as the organic loading rate, the hydraulic and solid retention time, the formation
and accumulation of specific metabolic intermediates, optimization of feed composition, the
microbial community dynamics, and structure, etc. may be investigated in a semi-continuous
operation. When complex solid substrates are treated, the use of a continuously stirred tank
reactor (CSTR) is recommended [117]. In these cases, usually longer retention times (about 50 ̶
100 days) and lower organic loading rates (0.9 ̶ 4.0 gVS m-3d-1) are required.
The effect of mixture interactions (i.e., synergy or antagonism) found in the batch fermentation
tests was further investigated in this study by performing semi-continuous experiments. The
reactor performance, as well as the methanogenic community structure was investigated (Paper
IV). Four CSTRs with a working volume of 3L (Figure 4.4) were used to evaluate the mono-

3

4

2
6

5

digestion of the SB and its co-digestion with the other substrates.

1
1. Water in
2. Water out
3. Feed / effluent
4. Stirrer
5. Gas outlet
6. Automatic gas
measurement system
(Bioprocess Control, Sweden)

Figure 4.4 Schematic diagram of the CSTRs used for the semi-continuous co-digestion experiments

Molecular biology techniques
The study of microbial ecology based on the conventional methods has been inadequate for the
identification of microorganisms present in the environmental ecosystems (e.g., AD process)
[118]. Traditional methods are based on the isolation and identification of the different species
using pure culturing technique. Nevertheless, in anaerobic reactors, where complex microbial
communities are present, the application of these cultivation-based methods is limited. In the
1990s the arisen of new molecular biology techniques revolutionized the microbial ecology
research. These new examinations allowed the extraction and amplification of DNA from
environmental samples with useful genetic information of the microbial community. Generally,
most of the molecular biology techniques are based on polymerase chain reaction (PCR), which
can be classified into qualitative and quantitative methods.
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Among qualitative approaches, clone library sequence and molecular profiling such as
denaturant gradient gel electrophoresis (DGGE) or terminal restriction fragment length
polymorphism (T-RFLP) are very popular techniques to study the diversity and the dynamic
changes in the microbial community of the AD reactors [119-122]. Cloning offers a detailed
taxonomical characterization of a microbial consortium; however, it is considered to be a timeconsuming technique with limited application for monitoring changes in the larger sets of the
samples from the natural environment. On the other hand, DGGE is a relatively simple method
where amplifying the 16S rRNA genes provides characteristic band patterns by distinguishing
among the DNA sequences with the same length. In that sense, it allows a sample profile with
the possibility of sequencing a particular band to get deeper genetic information. This technique
is widely used to study the diversity and abundance shifts [123].
Regarding quantitative molecular biology techniques, the use of two methods, fluorescent in
situ hydridization with DNA probes (FISH) and real-time PCR analysis stands out. FISH is
very popular and a widely applied technique when previous knowledge on the microbial
population is available. It makes it possible to identify and quantify microorganisms without
cultivation at any taxonomical level and makes it possible to know if they are active or not in
their natural environment [118, 124]. Real-time PCR is easy to perform and provides an
accurate and reliable quantification of the target gene sequence allowing analyses of small
amounts of DNA. It is based on the same principles as the traditional PCR method, but here the
amount of amplified products can be monitored in real time with the help of using fluorescent
reporter molecules. The increase in the fluorescence intensity is proportional to the increase in
the concentration of the target gene produced with each amplification cycle. Depending on the
objective of the research, it can be applied to perform relative or absolute quantifications.
In the present study, a relative quantification of the microbial community developed during the
semi-continuous operation was performed using the inoculum samples as a control to compare
the relative shift of the methanogenic structure under the co-digestion process of the SB with
other different co-substrates (Paper IV).

Batch operation: Consecutive feeding procedure
A major drawback with the use of long-term operation tests is that running these experiments is
a very time consuming task. The use of consecutive feeding in batch assays, e.g., second
feeding, is an intermediary step between batch and semi-continuous fermentation tests. So far,
this method has rarely been reported in the literature. Nevertheless, the consecutive feeding
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procedure is a good alternative to predicting the response of the microbial community or the
performance of the reactors by the use of the specific methanogenic activity (SMA) test [125].
The SMA test has previously been used to evaluate the methanogenic activity of the granular
sludge from the UASB reactors [126] and the loss in methanogenic activity due to the
inhibitions [125]. Moreover, it was also used to measure the activity of the specific
physiological groups of methanogens consuming H2 and acetate, such as hydrogenotrophic and
acetolastic methanogens [127].
In this work, consecutive feeding in batch assays was used to investigate the response of the
microbial community to the addition of a second feeding of the SB co-digested with the other
waste streams, in terms of the SMA, methane yield, and the methane production rate (Paper
V). The aim was to evaluate the feasibility of using a consecutive feeding to be able to get a
quick prediction on the process performance, which can be correlated to the process
performance under semi-continuous operation. The initial experimental set-ups were similar to
that described earlier for the batch fermentation assays using 2L glass bottles. Nevertheless,
when about 80% of the substrates were consumed in the first feeding, an additional feeding was
applied with the same amount of substrates as the initial feed.

Consecutive
feeding batch
assays

2nd Feeding
(the same amount of
substrate than in the first
feeding)

When about 80% of
the substrate were
consumed

1st Feeding
Day 0

Inoculum + Substrate
Ratio 1:2
gVS Substrate/gVS Inoculum

Figure 4.4 Schematic diagram of the consecutive feeding fermentation test
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5 Mono-digestion
5.1 Biodegradability
Biodegradability of organic substrates is normally referred to as the rate (i.e., the speed of the
substrate utilization) and the extension of conversion. In general, it can be expressed as the
amount of volatile solids converted per amount of volatile solids added and can be studied
through biodegradability tests. These tests provide information about the portion of waste that
can be used as a substrate in the AD process; meanwhile, the indigestible fraction is also
defined. The efficiency of anaerobic biodegradation depends on the coordinated activity of the
different groups of microorganisms, as discussed previously. These biochemical reactions will,
in turn, be affected by the environmental and operational conditions, as well as the
characteristics and composition of the substrates. High biodegradability implicates that more
methane can be produced per unit of substrate fed into the reactor per hour. Hence, this can
reduce the required reactor size improving the economics of the biogas plants. Knowledge
about the biodegradability in terms of the biomethane potential and the overall kinetics of the
process, therefore, plays an important role in the development, operation, process analysis, and
control of the biogas plants.

5.2 Methane potential
Methane yield describes the metabolic activity of the methanogenic systems, and it can be used
to evaluate the biodegradability efficiency of the organic substrates [128]. Methane yield can be
determined as the volume of the produced methane measured under normal conditions (i.e.,
0°C, 101.325 kPa) [129] per quantity of substrate fed into the reactor (e.g., in terms of volatile
solid, total solid or fresh matter in the case of solid wastes). The methane yield basically
depends on the organic content and the composition (e.g., fats, proteins, and carbohydrates) of
the substrate, which is biologically converted into methane under anaerobic conditions.
However, the attainable yield is affected by several other factors as well, such as the particle
size, quality, and adaptation of the inoculum, temperature, digestion time, mixing, availability
of nutrients, etc.
Methane yield can be determined by theoretical as well as experimental methods (i.e., batch
and semi-continuous assays, as previously described in Chapter 4). Theoretical methods are
usually based on the elemental or the component composition of the substrate. The Buswell and
Müller’s [130] equation is based on the elemental composition (i.e., the carbon, hydrogen, and
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oxygen content) assuming the total stoichiometric conversion of the organic matter to methane
and carbon dioxide:

ൣ൫ൗଶ൯ା൫ൗ଼൯ି൫ൗସ൯൧ൈଶଶǤସ
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ʹ ͺ Ͷ

YCH4 Theoretical =
Nevertheless, when protein rich materials are present in the reactor, ammonia and hydrogen
sulphide are also released which must also be taken into consideration, as it is shown by the
modified Boyle’s [131] equation:
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YCH4 Theoretical =
Where 22.4 is the molar volume of a gas in liter per mol at standard conditions.

Furthermore, if the proportions of the biodegradable organic fractions (i.e., carbohydrates,
proteins, and lipids) are known, the predicted methane yield can be estimated using the general
chemical formulas, e.g., 415, 496, and 1014 mLCH4 gVS-1 from carbohydrates (C6H10O5),
proteins (C5H7O2N), and lipids (C5H104O6), respectively [132].

Solid cattle slaughterhouse waste
In the present research, the methane potential of the solid cattle slaughterhouse waste was
investigated in mono-digestion by using the different operation modes (Papers I, III–V). There
are only a few studies that report the AD of residues from the solid cattle slaughterhouse
activities so far. Most of the studies using the slaughterhouse waste deal with pig [63, 133, 134]
and poultry [135, 136] animal by-products, and the processes are investigated under mesophilic
conditions (Table 5.1). As shown in Table 5.1, the methane yields of several types of animal
wastes from the pig slaughterhouse activities determined in batch assays range from 230 to 620
mL gVS-1 [134, 137], while the methane yields from the different slaughterhouse poultry byproducts including offal, blood, meat, and bone trimming wastes are between 520 and 700 mL
gVS-1 [137-139].
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Batch (2L)
CSTR (3L), HRT= 25
days, OLR=0.9 gVS L-1 d-1
CSTR (2L), HRT= 30 days
274-302 (mL gCOD-1)

60 (mL gVS-1)

582-681 (mL gVS-1 )
410 (mL gVS-1)

Methane yield (YCH4)

78.59 (COD red)

86-92 (COD red)

34.5 (VS red)

n.a
n.a

Degradation
efficiency (%)

[63]

[64]

[61]

Papers I, III, V
Paper IV

References

Table 5.1 Biodegradation of different animal wastes in anaerobic mono-digestion

35
Batch (1L)
17.84 (m3 m-3Feed)

35
Batch (1.2L)

Batch (1.2L)
580 (mL gVS-1)

460 (mL gVS-1)

n.a

55.2 (COD red)

76.6 (COD red)

[138]

[139]

[137]

[137]

[134]

Operation Mode
and conditions

35

CSRT (2L), HRT=23.5
days
230-620 (mL gVS-1)

T(°C)

38
Batch (0.5 and 2L)

Substrates

Solid cattle and
pig
Solid and liquid
pig/cattle
mixtures
Iberian pig
55

35
520-550 (mL gVS-1)
77-79 (VS red)

Slaughterhouse waste
Solid cattle
55
55

Pig

50-100
(YCH4/YCH4Theoretical)

Poultry
35
600-700 (mL gVS-1)
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CSTR (2L), HRT= 50
days, OLR=0.8 gVS L-1d-1
CSTR (3L), HRT= 50, 36,
25 days, OLR=0.9, 1.16,
1.70 gVS L-1d-1

n.a: Not available; CSTR: Continuous stirring tank reactor; HRT: Hydraulic retention time; COD: Chemical oxygen demand;
OLR: Organic loading rate

In this thesis, the methane yield of the solid cattle slaughterhouse waste (SB) was obtained in
batch (Papers I, III, and V) and semi-continuous (Paper IV) operation, and the observed
values ranged between 410 and 681 mL gVS-1. A surface response representation from a fourfactor mixture design shows that among the individual fractions investigated, the highest
methane yield (i.e., 608 mL gVS-1) was obtained from the SB. From the plots, it is also shown

1
1
Solid cattle
Manure
slaughterhouse
waste

1
Organic fraction
of MSW

1 Solid cattle
slaughterhouse
waste

that the zones of high yield were located towards the side of the triangle having SB as vertices
(Figure 5.1, in Paper III).

1
Manure
1
Various Crops
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Figure 5.1 Surface response plots of methane yield displayed as a function of different mixture ratios of solid
cattle slaughterhouse waste and other wastes (Paper III)

mLCH4 gVS-1

Furthermore, the biodegradability of the SB, in terms of methane yield, was also investigated
using consecutive feedings in the batch assays to assess the response of the microbial
community under stress (i.e., substrate limitation) (Paper I) and non-stress (i.e., without
substrate limitation) (Paper V) conditions. The results show that the stressed system with a
longer period without feeding was able to start-up after an acclimation period of 21 days,

20

Without substrate
limitation
(Paper V)

10

60

Addition of 2nd feeding

50

With substrate
limitation
(Paper I)

40

Time [days]

30

70

80

producing a greater amount of methane than that obtained in the first feeding (i.e., 582 vs. 681

-100 0

100

300

500

700

mL gVS-1) (Figure 5.2).
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obtained when using the second feeding procedure. Another important factor observed during

at day 58, and the methane production was completely stopped in agreement with the results

large instability in the methane production was observed (Figure 5.3). Total inhibition occurred

OLR of only 0.9 gVS L-1d-1 using HRT of 25 days could be applied; under these conditions,

yield observed was 410 mL gVS-1 corresponding to 42% of the theoretical methane yield. An

digestion failed under thermophilic conditions (55 ± 1°C) (Paper IV). The average methane

The AD of SB during a semi-continuous operation for 101 days showed that the mono-

being able to handle the second loading.

the inhibitory compounds (e.g., NH3, LCFAs) during the first feeding resulted in the system not

degrading lipids exhibit a slow growth rate [68]. This together with the possible formation of

of the exponential phase (e.g., at day 25), strong inhibition was observed (Figure 5.2.). Bacteria

However, when the same amount of substrate as in the first feeding was added before the end

substrate limitation (●) (Paper V)

slaughterhouse waste using consecutive feedings in cases of substrate limitation (▲) (Paper I) or without

Figure 5.2. Accumulated methane production obtained during the mono-digestion of the solid cattle

Methane yield [mL gVS-1 ]

the mono-digestion of the SB was the formation of foam, which is highly related to the high

Start-up
period

20

40

HRT=25days

-1 -1

0.9 gVS L d

60

80

100

0

1

2

3

lipid (i.e., 175 g kg-1fresh matter) and protein (i.e., 130 g kg-1fresh matter) content in the feed [2].
1 000
800
600
400
200
0
0
Time [days]
Figure 5.3 Obtained methane yield during the thermophilic (55°C) semi-continuous mono-digestion of SB
(Paper IV)

OLR [gVS L-1 d-1]

materials during their anaerobic mono-digestion.
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processes. Table 5.2 summarizes some results of the biodegradability obtained for these

the MSW have been widely studied in the literature either in mono-digestion or in co-digestion

The methane yield of animal manure (mainly cow and pig), crops, and the organic fraction of

Animal manure, various crops, and the organic fraction of the municipal solid waste

Methane yield [mL gVS-1]

Operation Mode
and conditions
279 (mL gVS-1)
250 (mL gVS-1)
261(mL gVS-1)
148 (mL gVS-1)

Methane yield
(YCH4)
n.a
n.a
n.a
32 (YCH4/YCH4Theoretical)

Degradation
efficiency (%)
[81]
[81]
[140]
[92]

References

Table 5.2 Biodegradation of different agro-wastes and municipal solid waste in anaerobic mono-digestion
T(°C)
Batch (118 mL)
Batch (118 mL)
Batch (1L)
Batch (1100mL)

Substrates
Horse manure
Cattle manure

55
55
35
35

Papers I, III
[83]

Paper III

[82]

[82]
[140]
[92]

Pig manure

n.a
n.a
69 (Y

357 (mL gVS-1)
188 (mL gVS-1)
356 (mL gVS-1)
36.6 (VS red)

Batch (250 mL)
Batch (1L)
Batch (1100mL)
330 (mL gVS-1)
n.a

/YCH4Theoretical)

384 (mL gVS-1)

n.a
62 (Y

CH4

CSTR, HRT=30 days,
OLR=1.2 kgVS m-3d-1
Batch (2L)
422-504 (mL gVS-1)
226 (mL gVS-1)

35
55

Batch (2L)
Batch (2 L)
74 (Y
[141]

[83]

281 (mL gVS-1)
11 (YCH4/YCH4Theoretical)
[92]
[63]

/YCH4Theoretical)

45 (mL g-1Carbohydrates)
n.a
60.76 (COD red)
[61]

CH4

145-195 (mL gVS-1)
5.76 (m3 m-3Substrate)
19.2

[84]
[142]
[142]
Papers I, III

55
35
35
55
35

Batch (2 L)
Batch (118 mL)

0.2 (mL gVS-1)
79 (VS red)
n.a
n.a
n.a

[143]

55
55

278 (mL gVS-1)
0.18-0.73 (mL gVS-1)
0.19-0.40 (mL gVS-1)
537-596 (mL gVS-1)
25-71 (VS red)

[144]

/YCH4Theoretical)

35
38

248-403 (mL gVS-1)

n.a

35

Batch (1100mL)
CSRT (2L), HRT=8
days
CSTR ( 2L), HRT=30
days
ASBR (2L)
Batch (135mL)
Batch (135mL)
Batch (2L)

508 (mL gVS-1)

CH4

55
37

35
35
35

Mixture of animal
manure (pig, cow,
horse)
Various crops
Rice straw

Wheat straw
Tomato processing
waste
Fruit and vegetable
wastes
Fruit wastes
Vegetable wastes
Organic fraction of
MSW
CSTR (2.2m3),
HRT=14.5 days,
OLR=1.7-3.9 kgVS
m-3d-1
Batch (1L)

35

n.a: Not available; CSTR: Continuous stirring tank reactor; HRT: Hydraulic retention time; COD: Chemical oxygen demand;
OLR: Organic loading rate

In this thesis, the individual digestion of a mixture of animal manure, i.e., pig, cow, and horse
(Paper III), various crops (Papers I and III), and the organic fraction of the MSW (Papers I
and III) was investigated at thermophilic conditions. The results showed that the manure and
the various crops were the individual fractions that contributed the least to the methane yield
with values ranging from 384 and 422 mL gVS-1, while when using the organic fraction of
MSW, 534 mL gVS-1 methane yield could be achieved (Figure 5.4, Paper III).
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produce methane from a given substrate during a unit of time.

Manure
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The specific methanogenic activity (SMA) is used to estimate the capacity of the biomass to

5.3 Specific methanogenic activity

anaerobic biodegradability [81].

lignocellulosic fraction present in the cattle and horse manure can be applied to increase its

potential in comparison with the cattle manure [92]. Moreover, pretreatment of the

Meanwhile, larger proportions of proteins are present in the pig manure, increasing its methane

degrade in comparison with the pig manure [81].

of carbohydrates and lignin present in the cattle and horse manure cause them to slowly

degradation process that occurs under pre-storage conditions [91, 92]. The higher proportions

140]. Other important aspects are the amount and type of bedding materials used and the

140 – 400 mL gVS-1) since it is affected by several factors, as discussed earlier [81, 82, 92,

The methane yield of the animal manure reported in the literature varies to a large extent (i.e.,

the system, as well as contribute to a balanced nutrient supply required for the microorganisms.

role in the stability of large-scale biogas plants, as they help to improve the buffer capacity of

the first feeding, improving its biodegradation efficiency. These substrates play an important

to the fact that specific groups of microorganisms were able to adapt to the substrates during

observed compared to those observed from the first feeding in both batches. This was ascribed

showed that after a long adaptation period (i.e., 14 days), increased methane yields were

using consecutive feeding under stress conditions (substrate limitation, Paper I). The results

The methane potential of various crops and the organic fraction of MSW were also investigated

various crops, and the organic fraction of MSW (Paper III)

Figure 5.4 Surface response plots of methane yield displayed as a function of different mixture ratios of manure,

1
Various Crops

mLCH4 gVS-1

It is expressed as gCODmLCH4 gVSinoculum-1d-1, and it is calculated from the slope of the
exponential part of the cumulative methane production curve, according to the following


ݍܧǤ ሺͳሻ
 ൈ  ൈ 

equation:
ܵ ܣܯൌ

where R is the methane production rate (mL d-1), determined as a mean slope of the maximum
production activity in the methane production curve; CF is a conversion factor, converting the
produced methane to equivalent COD and is equal to 350 mLCH4 gCOD-1 [145]; V is the
effective volume (mL) and VS is the concentration of the volatile solids (g mL-1) of the
inoculum.
The specific methanogenic activity is a good control parameter for monitoring the stability of
the process, as methane production is an excellent indicator of the activity of the methanogens
[128]. Higher values of SMA mean that the system is able to act on a higher methane
production rate per active biomass in the inoculum. In this research, the response of the
methanogenic biomass to a second feeding (consecutive feeding in batch assays) was evaluated
by the use of SMA, both under substrate limitation (Paper I) and without the substrate
limitation (Paper V).

Slaughterhouse waste, various crops, and the organic fraction of municipal solid waste
In the literature, no values of SMA for the mono-digestion of SB, VC, and the organic fraction
of MSW were found for comparison.
Table 5.3 shows the SMA values as well as the lag phase observed during each feeding. The
results were in accordance with those observed regarding the methane yield, as presented in the
previous section.
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Table 5.3 Specific methanogenic activity (gCODmLCH4 gVSinoculum-1 d-1)a in thermophilic reactors (55ºC) treating the

0.07±0.01
6.1

0.06±0.00
0
0.11±0.00
0
0.13±0.01
0

1st Feeding

0.00±0.00
n.d

0.07±0.00
21
0.05±0.01
14
0.04±0.01
14

2nd Feeding

V

I

I

I

Paper

solid cattle slaughterhouse waste, various crops, and the organic fraction of MSW using consecutive feeding in
batch assays (Papers I and V)

With substrate limitation
Slaughterhouse waste
Observed lag phase (days)
Various crops
Observed lag phase (days)
Municipal solid waste
Observed lag phase (days)
Without substrate limitation
Slaughterhouse waste
Predicted lag phase b
n.d: Not determined; a Mean values from three independent vessels ± standard deviation calculated from the exponential
b
part of the cumulative methane production curve; Predicted lag phase determined by the modified Gompertz model

the

growth

of

hydrogenotrophic

methanogens,

i.e.,

Methanomicrobiales

and

Furthermore, in the case of SB, the semi-continuous mono-digestion resulted in poor conditions
for

Methanobacteriales with an accumulation of hydrogen in the system (Paper IV). On the other
hand, the biodegradation of VC and the organic fraction of MSW showed that the SMA
decreased by 54% and 69%, respectively, even though a shorter lag phase (i.e., 14 days, Table
5.3) was observed in comparison with that obtained when SB was investigated.

5.4 Kinetics
Understanding the kinetics of anaerobic degradation for a given material plays an important
role when designing and operating the biogas plants [16]. The rate of the degradation is based
on the rate of the biochemical reactions in the process, which also depend on both the
environmental and the operational factors. In the literature, a number of relationships can be
found ranging from simple equations [146, 147] to more complex models [13, 148] describing
the biological process. Most of the kinetics models reported in the literature focus on the rate of
substrate consumption [16] and the maximum specific growth rate of microorganisms [149].
Nevertheless, the methane production rate is a good indicator to describe the kinetics of the
system in a simple way due to its direct correlation with the substrate consumption.
With the objective to get a quick evaluation of the biodegradation capacity of several different
substrates in the batch assays, mathematical models are widely used. When solid complex
materials are treated, the hydrolysis step is expected to be the rate-limiting step in the
degradation process; hence, first order kinetic models are widely accepted for obtaining the
kinetic parameters [146, 150, 151].
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The first order model provides a simple way to compare the process performance when treating
the different materials under practical conditions. It is based on the availability of the substrate
as a limiting factor and the correlation between the substrate consumption and the biogas
production [151]. The model is expressed as shown in Equation 2 below:
ܻሺݐሻ ൌ ܻ௫ ሾͳ െ ݁ ିబ ௧ ሿݍܧǤ ሺʹሻ

However, the degradation of certain substrates does not follow this simple first order model
since they are difficult to digest. In these cases, other models like the modified Gompertz
model can be applied [147, 152, 153]. This model is a type of mathematical model based on a
sigmoid function, where the degradation profile shows a delay at the start of the gas production,
taking into account a lag phase period. Hence, this model is useful to determine both the
maximum methane production rate (Rm) and the length of the lag phase (λ). The inclusion of
the lag phase as a parameter is important in order to investigate how much time is needed for
the biomass to adapt to the substrate and then to separate this time period from the time needed

ೌೣ

ோ ൈ

ሺߣ െ ݐሻ  ͳቃቅ ݍܧǤ ሺ͵ሻ

for the biodegradation itself. The modified Gompertz model can be expressed as it is shown in
Equation 3:
ܻሺݐሻ ൌ ܻ௫ ൈ  ቄെ  ቂ

Another empirical mathematical model is the Chapman model, which predicts the methane
yield (Y), the specific methane production rate (rsCH4) as well as the boundary time in which the
difference in the methane production between the two consecutive days is no more than 1% of
the methane production up to this time, called the Grenz time (tGrenz) [154]. The integrated form
of the Chapman model is expressed according to Equation 4:
ܻሺݐሻ ൌ ܻ௫ ሾͳ െ ݁ ି௧ ሿ ݍܧǤ ሺͶሻ

ݍܧǤ ሺͷሻ

The specific methane production rate and the boundary time are expressed by Equations 5 and
6, respectively:
మ
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In these models, Y(t) represents the accumulated methane potential at a given time (mL gVS-1);
Ymax is the maximum methane potential accumulated at an infinite digestion time (mL gVS-1);
k0 is the specific rate constant of the overall process (often called the hydrolysis constant) given
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per day; Rm is the maximum methane production rate (mL gVS-1d-1), e = 2.7183, λ is the lag
phase (days); t is the digestion time (days); rsCH4 is the specific methane production rate (mL
gVS-1d-1); tGrenz is the time during which the daily methane production of two consecutive days
differ less than 1%; and b and c are the mathematical coefficients obtained from the fitting
curve.
In this work, the first-order model (Paper I), the Chapman model (Papers II and III), and the
Gompertz model (Paper V) were used to evaluate the biodegradability of the SB and agrowastes individually as well as in the co-digestion processes. Although these are very simple
models, they provide useful information applicable for process design such as reactor size,
OLR, HRT, and process performance in terms of the expected methane yield.

Solid cattle slaughterhouse waste and agro-wastes
Depending on the temperature, quality, and adaptation of the inoculum and the biodegradability
of each individual substrate, the kinetic parameters describing the degradation of the solid
wastes exhibit a wide range of variations (Table 5.5). Among the individual waste fractions
studied in the present thesis, the SB displayed a lower degradation rate compared to that of the
other waste streams investigated. The first-order kinetics constant (k0) and the specific methane
production rate (rsCH4) showed the lowest values for the SB (i.e., 0.09 d-1 and 13 mL gVS-1d-1)
followed by VC (i.e., 0.29 d-1 and 37 mL gVS-1 d-1), and the organic fraction of MSW (i.e.,
0.33 d-1 and 45 mL gVS-1d-1) (Table 5.5).
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