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1. Summary 
 

Currently there are many researches about the biogas production of the anaerobic digestion 

from organic waste. This study follows the same line, but with the intention of knowing 

specifically the biogas potential by the meat sector, looking for maximum productivity in the 

shortest time. To this is added the application of mathematical models that conform to the 

results, to be compared and to obtain a model that allows predicting the potential of methane 

production from different residues. The waste used comes from typical slaughterhouses in the 

Spanish state.  

In order to know the potential of the residues, biodegradability tests were carried out with 

individual fractions and mixtures, following a pre-treatment of sterilization of all and 

saponification of individual fats. The sterilization received is imposed by the Commission 

Regulation (EU) N° 142/2011 of 25 February 2011 to eliminate pathogens while saponification 

was applied to improve the efficient on one side and get a mix soap that allows to "clean" the 

waste on the other hand. The next treatment received is the lyophilization that allow remove 

the humidity contend without heat  and this action allow more accurate physicochemical  

results. 

The biodegradability tests have allowed to demonstrate the saponified fats and mixtures  

effectiveness in the biomethane production and thus maximize energetic efficiency while is 

benefiting the environment and human health by avoiding gases emissions to the atmosphere 

as methane and ammoniac which are emitted in the livestock mainly by manure and slurry,  but 

all the waste from the slaughter of cattle and swine were used for  this purpose. 

In the study the parameters of biomethane potential, four different models were applied: 

Modified Gompertz, Strömberg, two combined Gompertz and Richards. Although the range of 

error presented by each of them was minimal and the type and amount of information returned 

are different between them and are presented among some, complementary. 
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2. Introduction 

2.1. Slaughterhouse waste generation  

The meat sector is one of the most important in the European Union and it is one of the top five 
industries in Spain (Blanca fort, 2009). Both cattle and swine meat market that comprises the 
81.8% of the total slaughtered livestock in year 2018 in Spain (Ministerio de Agricultura, 2018-
2019) (figure 1). The cattle and swine meat production increased +5.2% and +3.5% in year 2018, 
regarding year 2017, respectively (figures 2-3). It has been estimated that the population in 
Europe consumes about 68% of the chicken's body, between 62-75% of the pig, a 54-60% of the 
cow and 52-58% of the goat and/or sheep (MEMO/04/107); therefore, the rest is waste. 
Therefore, the meat sector is associated with the generation of large quantities of organic 
wastes, not intended for human consumption, denominated animal by-products not intended 
for human consumption (ABP) (EU, 2011).  

 

Figure 1. Cattle and swine meat production between years 2014 and 2018. ( Left) Evolution. (Right) 
Percentage of livestock type in Spain (Instituto Nacional de Estadística (España), 2019) 

 

 

Figure 2. Evolution of the slaughtered swine data from years 2018 vs 2019 from Spain communities (Instituto 
Nacional de Estadística (España), 2019) 
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Figure 3. Evolution of the slaughtered cattle data from years 2018 vs 2019 from Spain communities (Instituto 
Nacional de Estadística (España), 2019) 

 

Due to sanitation reasons, ABP must be classified into three categories, being category 1 with 
the highest sanitary risk, category 2 is linked to intermediate risk and finally, ABP from category 
3 have the lowest risk. Therefore, any transformation or valorisation of ABP must include a 
hygienisation process (Commission Regulation Nº 142/2011 of 25 february, 2011), also linked to 
the corresponding risk. Typically, pasteurisation (70°C for 60 minutes) or sterilisation (133°C and 
2 bars for 20 minutes) are applied before any other valorisation process for ABP of categories 3 
and 2, respectively.  

 

2.2. Different alternative of ABP valorisation  

There are different alternatives to treat ABP from slaughterhouses. A brief summary of 
alternatives for ABP treatment is shown in figure 4. These processes are based on a biological or 
a thermochemical conversion of ABP; otherwise, only phase separation processes of 
components (liquid, particulate, etc.), with no transformation, are developed. Regarding phase 
separation processes, filtration, evaporation and settling have been reported to be applied to 
ABP (Flotats, y otros, 2004). 

SANDASH treatment type

With subproduct 
transformation

Without subproduct 
transformation

Biological conversion

-Anaerobic digestion:
-Biogas production
-Bio-hydrogen production
-Bio-methanol production

-Aerobic digestion
-Compost

Thermochemical conversion
-Pyrolysis
-Gasification
-Direct liquefaction

Incineration

Liquid/Solid separation
-Filtration
-Evaporation
-Settling

 
Figure 4.  ABP transformation process 
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As a biological valorisation process, the anaerobic digestion (AD) consists in the mineralisation 
of the organic matter into simpler components, under oxygen absence, such as methane, carbon 
dioxide and water. The gaseous product is called biogas, while the stabilized sludge is called 
digestate. The anaerobic digestion process consists firstly in breakdown the strongest chains 
from the organic matter as proteins, carbohydrates and lipids into soluble compounds as alcohol 
and acetic acids with a hydrolysis process (figure 5). Then, the fermentative bacteria convert 
hydrolysis products in volatile fatty acids and a gas mixture of H2 and CO2. Finally, from the 
products of fermentative process, methanogenic bacteria produce methane and carbon dioxide. 
Minority gases, such as H2S, are produced in the previous steps to methanogenesis, but are also 
present as part of biogas. 

The anaerobic digestion process is performed under certain conditions, such as influent material 
flow, pH, temperature, organic loading rate (OLR) and hydraulic retention time (HRT), and with 
different bioreactor configurations. Table 1 is a brief description of usual anaerobic digesters 
with biogas production opportunities. Both factors, operational parameters and configuration, 
lead to different yields and biogas production rate.  

 
Figure 5. Anaerobic digestion process scheme (Flotats, 2014) 

 

On the other hand, aerobic digestion process consists in a biological organic matter degradation, 
under oxygen presence, into carbon dioxide and water. In the slaughterhouse waste context, 
ABP can be treated in two way depending which phase is treated the whole material or some of 
its fractions (solid or liquid fractions). The usual aerobic digestions technologies are composting 
or wet aerobic digestion. The composting process generates a final product available to be used 
as fertilizer. Nevertheless, this process requires an initial C/N ratio of the material (ideally 25-
30) which does not fit with actual C/N ratio of ABP (Flotats, y otros, 2004). Therefore, the ABP 
solid phase, after a filtration process, is usually submitted to composting since its nitrogen 
content is lower. Besides, the liquid fraction of ABP and wastewater are usually submitted to 
wet aerobic digestion process or a combination of anaerobic – aerobic step process to ensure 
the organic matter degradation and nitrogen removal (denitrification processes) or recovery.  

Another biological process to treat the slaughterhouse waste is the biohydrogen production, 
that can be done by three different ways: (i) photo-synthetically by algae in a two stage: 
photosynthesis and H2 production process; (ii) photo-synthetically by photo-fermentative by 
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bacteria; and (iii) fermentative using anaerobic fermentative bacteria in a process commonly 
referred to as dark fermentation (Cantrell, Ducey, Ro, & Hunt, 2008) .Table 2 is a brief description 
of usual biohydrogen production.  

Another biological process applied to ABP is the bio-methanol production (Cantrell, Ducey, Ro, 
& Hunt, 2008). The most part of methanol is currently obtained from natural gas as raw material 
(Olah, Geoppert, & Suryah Prackash, 2006). Another possible way to obtain it from ABP; in this 
case there are two ways depending on the initial substrate: CO2 or CH4 from biogas. Table 3 is a 
brief description of usual methanol production from ABP. 

The thermochemical conversion (TCC) is a process where the organic matter chain is broken as 
consequence of exposing it to high temperature. The products are char, a synthesis gas and a 
highly oxygenated bio-oil. The synthesis gases are conformed by H2, CO, CO2, N2, water vapour, 
hydrocarbon gases, while tars and other volatiles condense as a combustible (bio-oil). The char 
is solids resultant as combined of mineral and fixed carbon. The process and products depend 
on some conditional (Cantrell, Ducey, Ro, & Hunt, 2008), such as operating temperature, 
operating pressure, heating rate, residence time and combination of volatile gases, bio-oil and 
solids. This treatment type can be realized in three different process called pyrolysis, gasification 
and direct liquefaction (table 4) and figure6. All of them can be used in slaughterhouse waste 
treatment.  

 
 

Figure 6.  TCC process to obtain bio-oil, chair and biogas (Cantrell, Ducey, Ro, & Hunt, 2008) 

 

Finally, waste incineration is the oxidation of the combustible materials contained in the waste. 
During incineration, flue-gases are created that will contain a great available fuel energy as heat. 
The organic substances in the waste will burn when they have reached the necessary ignition 
temperature and in contact with oxygen. The actual combustion process takes place in the gas 
phase in fractions of seconds and simultaneously releases energy. Where the calorific value of 
the waste and oxygen supply is enough, this can lead to a thermal chain reaction and self-
supporting combustion, no requiring more addition of other fuels. Incineration is used as a 
treatment for a very wide range of wastes. 
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Table 1. Description of anaerobic digestion technologies 

 Technology Description 

Cover lagoon digesters (CLD) 
 

Is like an aerobics lagoon but covered. These avoid greenhouse gas emission and 
allows taking advantage of the biogas production but as negatives need a high 
HRT (between 60 days and 1 year), large area requirement, and continuous cover 
maintenance and may present groundwater contamination problems by leaching 
(Funk, Mutlu, Zhang, & Ellis, 2004).  

Complete mixed 
 

This technology is often used in heated, aboveground or belowground tanks with 
a mechanical mixed improving the biogas production with a low HRT (between 
months to 20 or 10 days). If this technology is compared with the CLD technology, 
is possible to enhancement in 10-fold of the biogas obtained. As negative aspect, 
initial inversion and operations cost can be high (Baddoest, Bracmort, Burn, & 
Lazarus, 2007). 

Fixed film 
 

The fixed film uses a tank packed with an inert media and the anaerobic 
microorganism can attack and grown in film form and the biomass retention 
become independence from the HRT. This allow a high conversion efficiency and 
low HRT (Powers, Wilkie, Van Horn, & Nordstedt, 1997). As negatives feature 
cannot to treat waste with high total solids (Wilkie, Castro, Cubinski, Owens, & 
Yan, 2004) 

Pug Flow 
 

The Pug flow are digesters unmixed systems operating in semi-continuously 
process. The HRT is between 20-30 days. It can work with high total solids and 
high OLR. The biogas is produced from belowground and rectangular digester 
heated by hot water running through pipes inside the digester to maintain the 
mesophilic temperatures. The work’s conditions are incompatible with waste with 
sand and other wood based on bending materials (Baddoest, Bracmort, Burn, & 
Lazarus, 2007). 

 
Table 2. Description of biohydrogen production technologies 

Technology Description 
Algal photosynthetic H2 
production 
 

During photosynthesis, algae convert water molecules into hydrogen ions and 
oxygen. The hydrogen ion is converted into H2 by hydrogenase enzymatic, but 
oxygen inhibit to hydrogenase activity (Ghirardi, y otros, 2000). That reason 
involves an anaerobic condition to hydrogen production (Melis , Zhang , 
Forestier, Ghirardi, & Seibert, 2000). This technology has limitations but can 
continuous improving the process to become in a prosper H2 source (Levin, Pitt, 
& Love, 2004). 

Photo-fermentative H2 
production 
 

This process consists in some bacteria capable to convert organic acids into H2 
and CO2 under light and anaerobic conditions, but the processes is not so viable 
when require a solid/liquid separation process and the light must be ever present 
(Ghirardi, y otros, 2000; Levin, Pitt, & Love, 2004). 

Dark fermentation The H2 production in dark fermentation way consists in a similar process than an 
anaerobic digestion with difference that to methanogens are inhibited to avoid 
convert H2 into CH4 (Cantrell, Ducey, Ro, & Hunt, 2008). To enhancement this 
aims is possible proceed by different ways: 
-Heat treatment for selection hydrogen producing bacteria (Lay, Lee, & Noike, 
1999; Mu, Yu, & Wang, 2007). 
-Changing the pH out of optimal methanogenesis range (Chen, Lin, & Lin, 2002). 
-Force the aeration of the sludge (Ueno, Otsuka , & Morimoto, 1996). 
-Chemical addition such as 2-bromoethanesulfanate (Wang, y otros, 2003), 
acetylene (Sparling, Risbey, & Poggi-Varaldo, 1997) or chloroform (Liang, Cheng, 
& Wu, 2002). 
Before the process is necessary pre-treatment to reduce ammonia concentration 
because of inhibit microbial fermentative in the H2 production (Cantrell, Ducey, 
Ro, & Hunt, 2008). 
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Table 3. Description of biomethanol production technologies 

Technology Description 

Methanol production with 
CH4 

The methane is oxidized by the methane monooxygenase (MMO) as can see in 
the following reaction: 

𝐶𝐻4+ 𝑂2 + 2𝑒
− + 2𝐻+ → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 

 
Methanotrophs can use methane as sole source for carbon and energy. 
Nevertheless, the methanol obtained is unstable and quickly is oxidized by 
methanol dehydrogenase (MDH) to formate. Then, is necessary to inhibit the 
MDH (Dalton, 2005). 

Methanol production with 
CO2 

The conversion of CO2 to MeOH involves three steps:  
 

𝐶𝑂2
𝐹𝑎𝑡𝑒𝐷𝐻
→    𝐻𝐶𝑂𝑂𝐻

𝐹𝑎𝑙𝑑𝐷𝐻
→    𝐻𝐶𝐻𝑂

𝐴𝐷𝑁
→  𝐶𝐻3𝑂𝐻 

 
Where in every step was used nicotinamide adenine dinucleotide (NADH) to 
reduce each reaction. Formate dehydrogenase (FateDH ) used to reduce CO2 to 
HCOOH. Formaldehyde dehydrogenase (FaldDH) used to convert HCOOH into 
HCHO and finally alcohol dehydrogenase (ADN) used to convert HCHO into 
methanol. To a successfully result is important to maintenance stable enzymatic 
activity. In an Obert and Daver work is reached in the methanol yields as high as 
98,1% increasing the enzymatic activities using polyethylene glycol (PEG) to reach 
this result. After 53 days of storage, the yield decreased until 78.5 % (Wu, Huang, 
& Jiang, 2004). 

 

Table 4. Description of TCC processes 

 

  

Technology Description 
Pyrolysis  Pyrolysis uses heat and a non-oxygen atmosphere to convert the organic portion into 

a mixture of volatile gases and char containing both non-condensable vapours and 
condensable tars (Bridgwater & Peacocke, 2000). 

Dry and Wet Gasification Gasification can be dry or wet process. In dry gasification uses preheated oxidizer 
(800-1300 °C) at atmosphere pressure to convert the dry biomass to chars and at a 
low-Btu gas. In wet gasification,  the glucose and cellulose can be converted into H2, 
CO, CO2 and other gases without producing char (Modell, 1985) and, if metallic 
catalytic as Ruthenium are used, the gas composition product increases (CO2 and CH4 

production) and organic matter conversion can be improved (Elliot, Hart, & 
Neuenschwander, 2006; Ro , Cantrell, Elliott, & Hung, 2007). 

Direct Liquefaction (DL) Direct Liquefaction hydrolyses the lignocelluloses from the biomass and convert it 
into lighter organic oils in a pressured environment (5-20 MPa) and temperatures 
between 250°C and 350 °C. Metal salts present naturally in the waste catalyse the 
organic hydrolysis reactions (He, Zhang, Funk, Riskowski, & Yin, 2000). In studies with 
swine manure, 76 % in batch operations and 70% in continuous operations 
conversion of solid volatile into oil was reached (Ocfemia , Zhang, & Funk, 2006a; 
2006b). Nevertheless, the post-processed stream requires treatment to remove 
nitrogen, phosphate and potassium before discharging into a wastewater stream 
(Cantrell, Ducey, Ro, & Hunt, 2008). 



  
 
 

11 
 

2.3. Justification of the biogas as the alternative for this project 

The advantages and disadvantages of the different treatments is summarised in table 5.  

Table 5. Advantages and disadvantages between different ABP treatments 

 Advantages Disadvantages 

Biogas production 
Anaerobic digestion 
(Flotats, y otros, 2004) 

-Biogas production with a possible positive 
balance. 
-Partial organic matter stabilization and 
mineralization. 
-Homogenization and partial sanitation. 
-Bad smells control and reductions. 
-Greenhouse gases emissions reductions. 
-Improve the post-treatment efficient with 
other technologies separation as filtration, 
evaporation or stripping.  

-Requires high initial investment. 
-Require technical supervision continually 
to control the balance between the 
bacterial populations. 
-Low growth rate of microorganism, 
requiring high time retention in large 
anaerobic tanks.  
-Sensitive to many inhibitory compounds 
and is not nitrogen removed, the effluent 
requires post-treatment to this aim.  

Bio-hydrogen production  
Anaerobic digestion 
(Ghirardi, y otros, 2000; 
Levin, Pitt, & Love, 2004) 

-Produce H2 in a clean way without emission.  
-It is a very new in the science area, need 
improvement the process to achieve other 
current waste treatment technologies. 

Bio-methanol production 
Anaerobic digestion 
 (Baddoest, Bracmort, 
Burn, & Lazarus, 2007; 
Wilkie, Castro, Cubinski, 
Owens, & Yan, 2004) 

-The processes can carry on at ambient 
temperature and pressure. 
 

-The need MDH inhibitor. 
-Can be expensive. 

Compost 
Aerobic digestion 
(Flotats, y otros, 2004) 

-Obtaining an organic fertilizer. 
-Weight and volume reduction by organic 
matter decomposition and moisture 
evaporation. 
-Decrease bad odours. 
-Disinfection by high temperatures achieved.  

-A large physical waterproofed space and a 
leached collection and treatment system 
are required.  
-If C/N is very low, pre-treatment is 
required, otherwise the ammoniacal 
nitrogen would lose in the atmosphere. 
-If the waste content a high heavy metal 
concentration, the final product cannot 
used as fertilizer. 

Thermochemical 
treatment 
(Cantrell et al 2007; Ro et 
al 2007) 

-Small foot point. 
-Efficient nutrient recovery. 
-No fugitive gas emissions. 
-Short processing time, in the order of 
minutes. 
-Capability of handling a variety feedstocks 
and blends. 
-High temperature allow pathogens and 
pharmaceutically active compounds 
elimination. 
-After conversion, residual amount is reduced 
highly. 

-Require high temperature operations and 
control permanently. 
-There is little research about bio-oil 
production from livestock waste through 
pyrolysis process. 
-In DL, the stream treated require post-
treatment to remove nitrogen, phosphate 
and potassium. 
-The gasification operation improves with 
metal catalytic and this suppose the current 
high cost of this technology.  

Incineration 
(Erikkson, Finnveden, 
Ekvall, & Björklund, 2007) 

-Allow energy cogeneration. 
-The time retention is very low (seconds). 
-The volume and weight reduce almost 
totally. 
-The resulting ashes can be used on road 
filling or for other filling types. 

-Require a high initial inversion and 
operation cost.  
-Residue-fuel must be pre-dried. 
-The effluent gas requires additional 
treatment. 
-Lack of local acceptance. 

Liquide/solid separation 
(Flotats, y otros, 2004) 

-Allow an important volume reduces. 
-Allow the nutrients recovery. 

-The process requires a pre-treatment to 
remove the organic matter. 
-With some technologies, the initial 
inversion and operation cost can be very 
high. 
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Among the different treatment alternatives of ABP, the anaerobic digestion process is one of 
the most studied and its implementation at full-scale is increasing. Its take-off is due given by 
important economic and environmental advantages based on a renewable combustible (biogas) 
on the one hand, and on the other, the digestate that can be exploited in agriculture as fertilizer 
(after a process of solid/liquid separation, composting or direct application). This treatment is 
well-suited with the physicochemical characteristics of slaughterhouse wastes. In the case of 
alternative biological treatments, some previous steps are required (filtration, drying, nutrient 
removal) to avoid inhibition of the process. In the case of TCC process, a treatment of exhaust 
gases or sludge or leaching can have high costs (Cantrell, Ducey, Ro, & Hunt, 2008).  

Another point of view for the comparison between treatment processes is based on energy cost.  
The energy consumed by the Spanish meat industry (year 2015) had an average cost per 
installation of 249,832 € electricity consumption; 65,832 € gas; 72,001 € fuel oil; 32,427 € diesel; 
5,275 € other fossil fuels and 1,182 € biofuel. Therefore, those ABP valorisation process that 
produce energy would be welcome (Instituto Nacional de Estadística. CNAE, 2009). 

The average of the biofuels could be increased if fossil fuels are replaced by biogas. Taking into 
account the potential available of livestock in Spain, the potential biogas production is 1,130.3 
ktep/year (Pascual, Ruiz, Gómez, Flotats, & Fernández, 2011). This energy can be injected into 
the gas network and finally obtain applications for the slaughterhouse's own facilities to 
generate heat or electricity, even fuel for the working vehicles (Biogaspartner, 2009). 

The main drawbacks of the actual application of biogas plants are initial investment and 
maintenance costs, however, a thorough preliminary analysis for each facility can lead to 
positive energy balances that help a quick depreciation and an economic slack to provide 
maintenance and personnel costs. 

 

 

3. Aims and Contributions 

 

This study has the following objectives: 

- To assess the potential of biogas production from cattle and swine slaughterhouse 
wastes. 

- To compare the maximum biogas production potential obtained from the 
biodegradability assay between the individual fractions and mixtures. 

- To obtain, by means of mathematical models, the parameters that define the kinetics of 
the anaerobic biodegradation as the maximum methane production rate and methane 
yield.  

This study intends to contribute,   

- To improve the experimental information about biogas production from real ABP. 
- To select a mathematical model that can fit experimental data with the least possible 

error regarding experimental short-term biodegradability tests.  
- To predict the potential biogas production, and therefore the maximum potential 

renewable energy, considering the individual and/or waste blends generated in 
slaughterhouses.
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4. Methodology 

 

This work was performed in the three steps (Figure 7): 

1. Physic-chemical characterization of slaughterhouse wastes. 
2. Determination of the biodegradability determination and maximum methane yield of 

slaughterhouse wastes through batch assays. 
3. Characterization of digested slaughterhouse wastes, after biogas production in 

continuous digester. 

 

Figure 7. Steps of the developed experimental work 

 

4.1. Characterization  

Fresh samples from a pig and cow slaughterhouse, located in Barcelona, were used. Before their 
characterisation, the processes described in figure 8 were developed.  

 

Figure 8. Scheme of process' steps 

Firstly, in the crushing process, the particle size of individual ABP was reduced to 8-12 mm with 
a domestic shredder. Then each ABP was sterilized at 133°C and 2 bars, for 20 minutes, to 
accomplish EU sanitation rules (see section 4.1.1 for details). Finally, only for characterization 
purposes, a subsample of each sterilised ABP was submitted to lyophilisation. In this step, the 
free water is removed by sublimation, allowing a major preservation of the molecular structure 
and composition of materials (see section 4.1.2 for details).Then, lyophilised subsamples were 
characterised in terms of the following parameters: Total Solids (TS), Volatile Solids (VS), total 
Chemical Oxygen Demand (CODt o COD), Total Ammoniacal Nitrogen (TAN) and Total Kjeldahl 
Nitrogen (TKN). The methods for determining these parameters are summarised in Annex A. 

1. Characterisaton of slaughterhouse waste

2. Biodegradability assay and mathematical fitting

3. Determination of potential renewable energy prodcution

Crushing

Sterilization

Lyophilization 

Characterization
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4.1.1. Sterilization & Saponification 

High pressure and temperature reactor were used in both sterilization and saponification 
process and was constituted by the Autoclave Zipperclave Pressure Vessel model. The 
equipment is constituted by an electronic control unit, a reactor from the signature Autoclave 
Engineers and by the gas pump, in this case the gas used was nitrogen (N2). 

In the sterilization process, the wastes are heated a high temperature to remove all kinds of 
pathogen. This procedure is compulsory because the Commission Regulation (EU) N° 142/2011 
of 25 February 2011 imposes, in the annexe V, pasteurization and sterilization processes when 
the waste belong to a category 3 and 2, respectively.  In this project, the majority of ABP 
belonged to category 2, which requires at least a sterilisation (Table 4). 

Saponification at 133°C and 2 bars, for 20 minutes, is an alternative instead of conventional 
sterilisation. The saponification process consists on the reaction between an alkali and a lipid, 
producing long chain fatty acids (LCFA), salts and glycerol release (Affes, y otros, 2013). The alkali 
condition is achieved with sodium or potassium hydroxide. The hydroxide dose can be different 
depending on the grease content of the material. In the case of this project, the work’s 
conditions are the same to sterilization process (Table 5). The hydroxide was added as an 
aqueous solution with KOH 32% weight.  

 

Table 6. Sterilization and saponification conditions 

 

 

 

 

 

Gas pump
Reactor

Electronic 
control unit

 
Figure 9.  Sterilization and Saponification equipment. 

 

 

Parameter conditions 

Temperature (°C) 133 

Pressure (bar) 2,5 

Time (min) 30 

KOH dose 50 mL/kg-material* 

Note: * KOH was added as an aqueous solution (KOH 32% weight) 



  
 
 

15 
 

4.1.2. Lyophilisation 

In the lyophilisation process, free water is removed by means of sublimation under vacuum and 
low temperature. Under these conditions, the waste molecule structure and composition suffer 
fewer modifications. Moreover, the homogenisation of the material is easier and reliable. To 
short the lyophilisation duration, frozen samples are used.  A CRYODOS-50 lyophilizer model of 
the TELSTAR brand was used for this purpose.  

Since lyophilized samples were submitted to characterization, a simple calculation, based on dry 
matter content of fresh and lyophilised samples, was performed to determine the corresponding 
concentration of fresh samples. As example, the calculation procedure for COD is shown in the 
following equations:  

𝐹𝑟𝑒𝑠ℎ 𝑓𝑜𝑟𝑚 

𝐶𝑂𝐷𝑓𝑟𝑒𝑠ℎ = 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑓𝑟𝑒𝑠ℎ

100𝑔𝑤𝑎𝑠𝑡𝑒 𝑓𝑟𝑒𝑠ℎ

100𝑔𝑤𝑎𝑠𝑡𝑒 𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
= 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ

𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
   Eq.1 

𝑆𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑 𝑓𝑜𝑟𝑚 

𝐶𝑂𝐷𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑 = 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑

100𝑔𝑤𝑎𝑠𝑡𝑒 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑

100𝑔𝑤𝑎𝑠𝑡𝑒 𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
= 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
  Eq.2 

This calculation procedure was extended to other parameters as NAT, TKN, fat, TP or TK. Table 
6 is a summary of these calculations.  

Table 7.Parameters of waste characterization calculated from lyophilized samples 

Parameters Lyophilized Fresh  Sterilized  

CODT 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 
𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 𝐶𝑂𝐷𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

TAN 𝑁𝐻4
+
𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 
𝑁𝐻4

+
𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 𝑁𝐻4
+
𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

TKN TKN𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 
TKN𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 TKN𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

Total fat Fat𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 
Fat𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 Fat𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

TP 𝑇𝑃𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 
𝑇𝑃𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 𝑇𝑃𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

TK 𝑇𝐾𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 
TK𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

𝑇𝑆𝑓𝑟𝑒𝑠ℎ
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 𝑇𝐾𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑧𝑒𝑑
𝑇𝑆𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑

 

 

4.2. Biodegradability determination 

The method was based on the anaerobic fermentation of organic samples with a quantity of 
inoculum in excess and nutrient supplement. The biodegradability measurement was carried 
out as a discontinuous process: the anaerobic inoculum was placed in a hermetically closed 
glass-vials in contact with the waste, with a certain inoculum to substrate ratio, water and 
mineral medium. The inoculum for these assays was collected in a mesophilic anaerobic digester 
of an urban wastewater treatment plant (Barcelona). It is characterised by its VS content.  

The required equipment and reagents are: Microbalances, Automatic micropipettes, Magnetic 
stirrer, Orbital shaker, Incubator camera, Glass vials of 1200 L. of useful volume, Butyl septum, 
Plastic or aluminium screw cap, Gas chromatograph, Sodium bicarbonate (𝑁𝑎𝐻𝐶𝑂3), Nitrogen 
(𝑁2). 
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4.2.1. Assay preparation  

Glass-vials of 1.2 L of total volume and 0.5 L of medium were used to perform these tests. Vials 
were filled with inoculum, waste, mineral solution and deionized water. In addition, vials that 
were used as control only had inoculum, water and mineral medium. 

To determine the inoculum and substrate quantity per vial (equation 3 and 4), an inoculum to 
substrate ratio was fixed in 1 gVS-inoculum/gCOD-substrate, being the initial inoculum and 
substrate concentration of 5 gVS/L and 5 gCOD/L, respectively. In addition, 2.5 g of sodium 
bicarbonate were added in all vials, aiming to keep an optimum pH (8-8.5). Finally, deionised 
water was added to adjust the media volume to 0.5 L. All vials are bubbled with N2 to allow 
anaerobic conditions (no oxygen) and placed inside the incubator chamber at 37°C. Figure 9 
shows the inoculum and glass-vials during the preparations of the assay. 

𝑦 =
5𝑔 𝑉𝑆

𝐿𝑚𝑒𝑑𝑖𝑢𝑚
 𝑉𝑚𝑒𝑑𝑖𝑢𝑚

1 𝑘𝑔𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚

𝑥 𝑔 𝑉𝑆

1000 𝑔

1 𝑘𝑔
       Eq.3 

𝑀𝑠𝑢𝑏𝑠 =
5 𝑔 𝐶𝑂𝐷

𝐿𝑚𝑒𝑑𝑖𝑢𝑚
 𝑉𝑚𝑒𝑑𝑖𝑢𝑚

1 𝑘𝑔𝑤𝑎𝑠𝑡𝑒

𝑠 𝑔 𝐶𝑂𝐷

1000 𝑔

1 𝑘𝑔
       Eq. 4 

Where: 𝑦 : grams of inoculum that will be add in each vial; 𝑉𝑚𝑒𝑑𝑖𝑢𝑚 : volume in liters of the medium for each vial; 𝑥 : 
grams of volatile solids of the inoculum sample obtained previously in the laboratory; 𝑀𝑠𝑢𝑏𝑠: grams of substrate that 
will be add in each vial for each waste; 𝑠 : grams of COD obtained previously in the laboratory for each waste. 

 

   

  

Figure 10. Set-up of biodegradability assays. From left to right: fresh Inoculum; Substrate inside a vial; Bicarbonate 
addition; water addition; inoculum addition 

 

4.2.2. Calculations 

Assay monitoring and biogas produced 

All vials were stirred manually (once per day). The measurement of the content of methane and 
carbon dioxide was performed, along with analyses of the initial and final content of volatile 
fatty acids (VFA) in each flask. The gas phase composition was analysed by gaseous 
chromatography (GC) once or twice a week. With these results, the volume of methane, carbon 
dioxide and nitrogen gas at 37°C were calculated (equations 5 and 7) and then normalised at 
standard conditions (0°C and 1 atm) (equations 8 and 10). Finally, the net standardized biogas 
production was obtained subtracting the gas production in the control-vials to the total gas 
produced for every substrate (Eq. 11). 
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𝑉𝐶𝐻4 = 𝑉𝑇
𝑋°𝑁2  𝑋𝐶𝐻4

1−𝑋𝐶𝐻4−𝑋𝐶𝑂2
  Eq. 5 

𝑉𝐶𝑂2 = 𝑉𝑇
𝑋°𝑁2  𝑋𝐶𝑂2

1−𝑋𝐶𝐻4−𝑋𝐶𝑂2
  

Eq.6 

𝑉𝑁2 = 𝑉𝑇
𝑋°𝑁2  𝑋𝑁2

1−𝑋𝐶𝐻4−𝑋𝐶𝑂2
  

Eq. 7 

𝑁𝑉𝐶𝐻4 = 𝑉𝐶𝐻4
273 𝐾

(273𝐾+𝑇)𝑃
  Eq.8 

𝑁𝑉𝐶𝑂2 = 𝑉𝐶𝑂2
273 𝐾

(273𝐾+𝑇)𝑃
  Eq. 9 

𝑁𝑉𝑁2 = 𝑉𝑁2
273 𝐾

(273𝐾+𝑇)𝑃
  Eq.10 

𝑁 𝑉𝑏𝑖𝑜𝑔𝑎𝑠 = 𝑁𝑉𝐶𝐻4 + 𝑁𝑉𝐶𝑂2   Eq. 11 

Where: 𝑉𝐶𝐻4 : methane volume during the assay; 𝑉𝐶𝑂2: carbon dioxide volume during the assay; 𝑉𝑇: gas phase volume; 

𝑋°𝑁2: molar fraction of nitrogen in the assay initial; 𝑋𝐶𝐻4 : molar fraction of methane during the assay;  𝑋𝐶𝑂2: molar 

fraction of carbon dioxide during the assay;  

 

When the pressure inside the vials was bigger enough to push the septum (figure 11), a 

controlled withdrawn of gas was performed. The N2 mol number (figure 11 right) decreased 

after this controlled gas leak.  

  

  Figure 11. Septum elevation above the normal level from the vial B3 (Left) and the nitrogen new mole after 
emptying process (Right). 

Therefore, this gas was summed to the ordinary and the new composition of the gas was 
included in the calculations. The procedure is shown in the next steps and the equations (eq. 12-
20): 

- Once the extra-pressure is detected (figure 10), the extraction of excess gas was performed 
with a syringe passing through the septum. Once the septum had dropped to its normal 
levels, the syringe was removed. 

- Then, a new headspace gas sampling was done to measure the composition of the 
remaining gases after emptying (MAE); therefore, the new volume were obtained with 
equations 12, 13 and 14. 

- Finally, both composition and volume of withdrawn gas were introduced in the calculations, 
thus correcting equations 5, 6 and 7 to equations 15, 16, and 17. These new equations 
indicated the current volume of the vials, but not the accumulated volume. To find it, the 
extracted gas volume was considered in equations 18, 19 and 20. 

 

VMAECH4 = VT
X°′′N2  X

′′
CH4

1 − X′′CH4 − X
′′
CO2

 
Eq. 12 

0,0E+00
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VMAECO2 = VT
X°′′N2  X

′′
CO2

1 − X′′CH4 − X
′′
CO2

 
Eq. 13 

VMAEN2 = VT
X°′′N2  X

′′
N2

1 − X′′CH4 − X
′′
CO2

→ X°′′N2 =  X
′′
N2

 
Eq. 14 

VcurrentCH4 = VT
X°′′N2  X

current
CH4

1 − XcurrentCH4 − X
current

CO2

 
Eq. 15 

VcurrentCO2 = VT
X°′′N2  X

current
CO2

1 − XcurrentCH4 − X
current

CO2

 
Eq. 16 

VcurrentN2 = VT
X°′′N2  X

current
N2

1 − XcurrentCH4 − X
current

CO2

 
Eq. 17 

VaccumulatedCH4 = V
current

CH4
+ (VCH4 − V

MAE
CH4
) Eq. 18 

VaccumulatedCO2 = V
current

CO2
+ (VCO2 − V

MAE
CO2
) Eq. 19 

VaccumulatedN2 = V
current

N2
+ (VN2 − V

MAE
N2
) Eq. 20 

Where VMAE  and 𝑋′′  indicate the volume and molar fraction respectively just after gas emptying process, Vcurrent 
and Xcurrent are the volume and molar fraction respectively of commonly measurement after emptying process, 

Vaccumulated is the final volume after correction and considering the gas volume extracted. 

 

Methanogenesis, acidogenesis and biodegradability indexes 

The biodegradability index (BD) was calculated as percentage of the initial COD of each material 

converted into methane (CH4), volatile fatty acids (VFA) and new biomass (X) (figure 12). For that 

purpose, the net cumulative methane volume and the final content of total VFA, expressed both 

as COD equivalents, were introduced in equation 12 to 14. The maximum value of the 

biodegradability index must be 100% COD (BD ≤ 1), which means that the whole COD of the 

waste was completely available for be degraded by microorganisms. 

The maximum theoretical conversion factor of methane volume per COD consumed (FC in 

equation 16) is 350 ml CH4/g CODremov which can be obtained based on equations 17 and 18. This 

value is the maximum potential of methane production by COD eliminated. 

 

Figure 12. Biodegradability index scheme 
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Biodegradability Index (BD): 
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Eq. 15 
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+
=

 
Eq. 16 

Where: CODCH4 is the methane produced in equivalent units of COD(g) (equation 15), CODini is the initial total 
chemical demand in each VIAL (g), CODAGVini and CODAGVfinal are the initial and final AGV expressed in COD units, FC is 
the conversion factor of the methane volume in COD(g) under normal conditions (equation 16), YA and YM are the 
coefficients of substrate conversion in biomass acidogenic and methanogenic respectively whose yields are: YA= 
0.064 g DQOcel/gDQOremov and YM= 0.028 gDQOcel/g DQOremov. 

𝐶𝐻4 + 2𝐶𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂         Eq. 17 

1 𝑚𝑜𝑙 𝐶𝐻4

2 𝑚𝑜𝑙 𝑂2

1 𝑚𝑜𝑙 𝑂2

32 𝑔 𝑂2

22,4 𝐿 (𝑁.𝐶)

1 𝑚𝑜𝑙 𝐶𝐻4

1 𝑔 𝑂2

1 𝑔 𝐶𝑂𝐷
=
0,35𝐿𝐶𝐻4

𝑔𝐶𝑂𝐷
=
350 𝑚𝑙𝐶𝐻4

𝑔𝐶𝑂𝐷
     Eq.18  

 

4.3. Kinetic parameters determination 

The experimental net cumulative methane was used to calculate the experimental methane 
yield (Aexp; L CH4/kg COD) of each material. The evolution of Aexp as a function of time (days) 
was mathematically fitted to 4 models “modified Gompertz equation” (Lay, Li, & Noike, 
1998)(equation 19), “Strömberg equation” (Strömberg, Nistor, & Liu, 2015) (equation 20), “two 
combined Gompertz model” (Strömberg, Nistor, & Liu, 2015) (equation 21) and “Richard 
equation” (Ware & Power, 2016) (equation 22), to calculate the methane yield and production 
rate, the lag phase and the quickly biodegradable COD fraction of each material.  

𝐵𝑀𝑃𝑡 = 𝐴 · 𝑒𝑥𝑝(−𝑒𝑥𝑝 (
µ𝑚

𝐴
(𝜆 − 𝑡) + 1)  Eq.19 

𝐵𝑀𝑃𝑡 = 𝐴 ·  exp (
−𝜃1 exp(−𝑘1𝑡)

𝑘1
−
𝜃2exp (−𝑘2𝑡)

𝑘2
) 

Eq.20 

𝐵𝑀𝑃𝑡 = 𝐴 · exp [(−𝑥 · 𝑒𝑥𝑝 (
µ𝑚1

𝐴
(𝜆1 − 𝑡) + 1) − (1 − 𝑥) · 𝑒𝑥𝑝 (

µ𝑚2

𝐴
(𝜆2 − 𝑡) + 1) 

Eq. 21 

𝐵𝑀𝑃𝑡 = 𝐴 {1 + ʋ. exp(1 + ʋ). 𝑒𝑥𝑝 [
µ𝑚
𝐴
(1 + ʋ)

(1+
1
ʋ
)
. (𝜆 − 𝑡)]}

−1
ʋ⁄

 
Eq.22 

Where: A (L CH4/kg COD) is the maximum biogas production per COD consumed; µm, µm1 and 
µ𝑚2 (L CH4/kg COD. d) are the maximum production rate per COD consumed; 𝜆, 𝜃1 and 𝜃2, 𝝀𝟏 
and 𝝀2 (days) are the time that anaerobic microorganism needs to adapt to the new ambient 
(also called lag phase); 𝑘1 and 𝑘2 (1/day) are rates constants; 𝑥 is the initial COD fraction which 
is slowly biodegraded). Both in Strömberg and two-Gompertz combined models, subscripts 1 
and 2 denoted the rapid and slow biodegradability phase respectively. Finally, ʋ (dimensionless) 
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is a parameter that permits flexibility in the shape of the curve, especially when there is partial 
inhibition due to intermediate products. 

 

The Solver tool of Excel was used to fit models and experimental values with the minimum 

possible error, which is checked through the quadratic error R2 obtained from the difference 

between the estimated and experimental results. To achieve the parameter values, the 

following points were considered: 

• Verification of experimental data (Aexp; L CH4/kg COD). Although the assays lasted 40 days, 

data from the last day (day 40) was not considered for Aexp calculation: in day 40, Aexp was 

lower than Aexp of the day before because of an analytical error of the gas chromatography 
equipment or sampling (bad calibration in GC mainly or a defect of samples’ extractor 

syringe).  

Only for materials GF-S and GA-S, the Aexp values were higher than their maximum 
theoretical yields. In this case, once the gas chromatography equipment or sampling were 

discarded as error sources, an error in the COD determination as well as the preparation of 

the biodegradability assay for both samples was found. 

• Definition of restrictions and assumptions to parameters values during the adjustments. For 

each model, it was necessary to define a range of values with physic-chemical meaning: (i) A 
must be equal or lower than the maximum theoretical potential (350 ml CH4/g COD); (ii) In 

the two-combined Gompertz model, x must be equal or lower than 100% COD. 

The restrictions were sometimes not enough to find the best set of parameters values; so 
some assumptions were applied. Only for materials GF-S and GA-S, A was supposed to be 

350 mLCH4/gCOD. 

The value of lag phase cannot be negative; however, the values of lag phase was < 0 in many 
cases after the mathematical fitting. In these cases, two different paths were considered: (a) 

if |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| < 𝟎, 𝟏 then 𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆 = 𝟎; (b) if |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| ≥ 𝟎, 𝟏 then the quadratic 
error R2 was used to assess three supposed results (b1) unchanged, module and negative sign 

were  maintained; (b2) with changes, 𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆 > 𝟎    ˄  |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| =
|𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆|𝒃𝟏  ; (b3) with changes, module and sign equal to zero:  𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆 =
𝟎    ˄    |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| = 𝟎.  

Decision Criterion: 

- If 𝑹𝟐(𝒃𝟐) ≥ 𝑹𝟐 (𝒃𝟑) → 𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆 > 𝟎 ˄  |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| = |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆|𝒃𝟏 

- If 𝑹𝟐(𝒃𝟐) < 𝑹𝟐 (𝒃𝟑) → 𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆 = 𝟎 ˄  |𝒍𝒂𝒈 𝒑𝒉𝒂𝒔𝒆| = 𝟎 

- 𝑹𝟐(𝒃𝟏) is only introduced to observe the negative values initially obtained (but the lag 

phase cannot be negative) return less error. Only the results obtained in b2 or b3 were 
used to choose the final lag phase value.  
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Table 8.  Decision criteria during the mathematical fitting 

Sample/Model R2 Comparative Decision 

FP/Modified 
Gompertz 

(b1)=0,9960  
R2(b2) = R2(b3) 

𝑙𝑎𝑔 𝑝ℎ𝑎𝑠𝑒 > 0 

˄   
|𝑙𝑎𝑔 𝑝ℎ𝑎𝑠𝑒| = |𝑙𝑎𝑔 𝑝ℎ𝑎𝑠𝑒|𝑏1 

 

(b2)=0,9900 

(b3)=0,9900 

FP/Richards (b1)=0,9962  
R2(b2) < R2(b3) 

 

 
 

𝑙𝑎𝑔 𝑝ℎ𝑎𝑠𝑒 = 0  
˄ 

|𝑙𝑎𝑔 𝑝ℎ𝑎𝑠𝑒| = 0 

(b2)=0,9961 

(b3)=0,9962 

CE-E/Modified 
Gompertz 

(b1)=0,9965  
R2(b2) < R2(b3) (b2)=0,8891 

(b3)=0,9929 

SA-E/Two Gompertz 
combined 

(b1)=0,9996  
R2(b2) < R2(b3) (b2)=0,9719 

(b3)=0,9930 

DE-E/Modified 
Gompertz 

(b1)=0,9984  
R2(b2) < R2(b3) (b2)=0,9929 

(b3)=0,9970 

 

To obtain R2 value near the unit of the trend line from the experimental and adjustment 

values, with an acceptable minimum value of 0.9900, if at least this value was not obtained, 

it would be iterated again.
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5. Results and discussion  

 

5.1. Characterization 

Fresh samples of nine different ABP were collected in the pig and cow slaughterhouse. Table 9 
comprises images and the description of them. Aside from those individual form of the 
slaughterhouse waste, for the experiment were made three different mixtures composed of the 
waste of the previous mentioned (table 10) and the percentage of each individual fraction were 
obtained from the typical slaughterhouses waste generation. As were explained in the section 
4.1, almost all waste was sterilized or saponified, those wastes were identified with -E (sterilized) 
or -S (saponified) at end of every code (table 10). The mixtures  (B1, B2 and B3) were also 
sterilized completely but without indicating at code’s end with -E. 

As for the experimental results of the physicochemical analyses shown in table 11. From the 
biochemical demand of oxygen it can be said the highest concentration of COD obtained was of  
GF-S with 1,575,569 mgCOD/kg, it follows GA-S, B1, VI-E, B2, B3, MO-E and DE-E , the remainder 
have with different concentrations of COD lower, being CE-E the lower COD with 313,789 
mgCOD/kg. By analyzing the mixtures, B1 is the one with the highest COD of the three: {B1 > B2 
> B3}; The mixtures B1 and B2 have the same proportions of all the individual fractions with the 
difference that fats in B2 are saponified which can indicate that fats without saponification 
would present higher COD (not analyzed experimentally) that  COD of saponified  fats (tables 10 
and 11). 

As for total solids and moisture, all residues, the LL presents the highest moisture percentage 
(81.6%) and lower total solids; this is to be expected because it comes from sludge from the 
sewage treatment plants of slaughterhouses. It follows the technical blood, SA-E, with 80.7% of 
humidity, which is also expected. On the other hand, fractions with less humidity were fats, GA-
S and GF-S, with 33.1% and 42.4% respectively. About volatile solids, the fats GA-S and GF-S 
present a greater amount per unit of total weight of the corresponding residue but in terms of 
the proportion of VS with respect to the TS (VS/ST) in general all present high percentages, which 
is favorable, however they stand out VI-E, B1, B3, SA-E, MO-E and DE-E with a 98%, 97%, 97%, 
95%, 95% and 95% respectively and the lowest percentage with a 87% corresponding to LL which 
is still a high ratio. 

As for theoretical A, experimental A and biodegradability (BD), the theoretical potential of 
methane production is 350 ml of CH4/g of COD for whole samples. In experimental results, 
however, not all residues reached the maximum potential. This may be due to the absence of 
ammoniacal nitrogen, which in a given range propitiates microbial activity maintaining a 
biochemical balance between acidogénicos and metanógenicos microorganisms. However 
without, it can be due to other factors as can be seen in GA-S results (table 11), which given its 
poor ammonia content, the BD was completed and its maximum potential exceeds the 
theoretical, not being possible that result, it was corrected the experimental maximum to the 
maximum theoretical, the same happened with GF-S as can be seen in table 11 the initial values 
and corrected in figure 13. On the other hand, FE and CE-E samples had lower DB rates, 64, 6% 
and 55, 3% and a maximum potential (Aexp) of 234 and 200 mlCH4/gCOD respectively. In the 
case of a BD less than 100% of the samples could have occurred on the one hand, by an 
accumulation of AGV that promote an instability in the methanogenic process resulting in an 
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incomplete conversion or becouse of all COD was not biodegradable or that fraction block was 
very slow biodegradation.  

 

In summary: 

• About biochemical oxygen demand (COD), the highest concentration obtained was 
from the residue GF-S with 1,575,569 mgCOD/kg, it follows by GA-S, B1, VI-E, B2, B3, 
MO-E and DE-E, the remainder have different concentrations of COD lower, being 
CE-E with the less COD ( 313,789 mgCOD/kg). 

• As for humidity, LL presents the highest moisture percentage (81.6%) and lower 
total solids, and fractions with less moisture were fats, GA-S and GF-s, with 33.1% 
and 42.4% respectively. 

• About volatile solids (VS), GA-S and GF-S fats present a greater volatile solids per 
total weight of the residue. The VS in proportion with TS (VS/ST) in general all wastes 
had high percentages, which is favorable, highlighting VI-E, B1, B3, SA-E, MO-E and 
DE-E with 98%, 97%, 97%, 95%, 95% and 95% respectively and the lower percentage 
with a 87% corresponding to LL. 

• In terms of biodegradability, GA-S and GF-S fats reached a 100% of conversion, 
which indicates a complete biodegradability of COD. On the other hand, fractions of 
FE and CE-E obtained the lowest biodegradability rate with 64.6% and 55.3% 
respectively. 
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Table 8. List of ABP 

Material (acronym) Description1 Image 

Manure and Straw (FP) “Manure, non-mineralized guano and digestive tract content” and straw.  
 

Stomach content (CE) "Mixture of stomach contents obtained after  animal sacrifice and which are unfit for human consumption"  

Mud WWT (LL) “Animal by products collected during wastewater treatment” 

 

Technical Blood (SA) 
“Blood of animals that did not present any sign of disease transmissible through blood to humans or animals that have been 
slaughtered fit for human consumption following an ante-mortem inspection in accordance with community legislation” 

 

Mocada (MO) “Manure, non-mineralized guano and digestive tract content”. 

 

Viscardi (VI) 
“Products of animal origin or foodstuffs containing products of animal origin which are no longer intended for human 
consumption for commercial reasons, manufacturing problems, packaging defects or other defects which do not carry any risk 
to public health of animal health” 

 

Fat fillet filament (GF) 
“The adipose tissue of animals that did not present any sign of communicable disease through such material to humans or 
animals, who were slaughtered in a slaughterhouse and who were considered unfit to be slaughtered for human consumption 
after an ante-mortem inspection under national law”. 

 

Abdominal Fat (GA) 

 

Seizures (DE) 
“Products of animal origin which have been declared unfit for human consumption to like the presence in them of foreign 
bodies”. 

 
  

                                                             
1 All those definitions were extracted from the REGULATION (EC) No 1069/2009 OF THE EUROPEAN PARLIAMENT and OF THE COUNCIL of 21 October 2009 laying down the sanitary standards 
applicable to animal by-products and products azo derivatives not intended for human consumption 
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Table 9. Mixtures of ABP 

           

                                                                                                                                                          Figure 13. Experimental and theoretical maximum methane potential 

Table 10. Physicochemical characterization and biodegradability assay results of ABP and mixtures 

Waste 
COD 

(mg/kg) 
103 

TS (%) VS (%) 
VS 

(%TS) 

TKN (mg/L) 
 

103 

N-NH4
+ 

(mg/L) 
103 

theoretical A 
(mLCH4/gCOD) 

Aexp 
(mLCH4/gCOD) 

BD 
(%COD) 

FP 351,4 26,5 23,9 90 103,9 14,1 350 234  64,6    

CE-E 313,8 21,6 20,5 95 81,4 11,1 350 200  55,3    

LL 396,6 18,4 16,1 87 156,9 20,0 350 283  78,1    

SA-E 398,5 19,3 18,3 95 168,1 21,5 350 221  61,1    

MO-E 745,8 30,7 29,2 95 321,6 14,7 350 337  92,9    

VI-E 1.176,8 44,3 43,6 98 70,1 6,2 350 316  87,2    

GF-S 1.576,6 57,6 52,5 91 72,7 4,1 350 396a  109,4    

GA-S 1.527,0 66,9 62,2 93 30,4 0,75 350 467a  128,9    

DE-E 736,0 27,0 25,7 95 18,8 11,5 350 225  62,1    
B1 1.245,7 44,8 43,6 97 232,3 8,08 350 288  79,5    

B2 1.127,1 38,1 35,8 94 66,7 9,5 350 291  80,3    

B3 944,0 36,8 35,8 97 73,9 7,6 350 320  88,5    

(a) Experimental maximum potential corrected to the theoretical maximum potential (350 mg CH4/gCOD)  
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 Mix Everything 
Mix everything + 

saponified fat 
Mix everything 
except blood 

Mixture B1 B2 B3 

FP 3.2% 3.2% 4.0% 
CE 3.2% 3.2% 4.0% 
LL 21.3% 21.3% 27.2% 
SA 21.7% 21.7% - 
MO 22.2% 22.2% 28.3% 
VI 0.3% 0.3% 0.4% 
GF 6.9% - 8.9% 
GA 19.7% - 25.1% 
DE 1.6% 1.6% 2.0% 
GF-S - 6.9% - 
GA-S - 19.7% - 
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5.2. Biodegradability  

 

5.2.1. Experimental gas production 

In this study, the main objective of the biodegradability test is to know the maximum rate of 

biogas production from different slaughterhouse waste and if they are more efficient when 

mixed or individually fractions way. 

The duration of the biodegradability test was 40 days. It can be observed to the right of figure 

14 the accumulation of biogas was ascending until day 25, where one observes a small decay, 

then ascends again until day 40, where the decay was more important. On day 25, two scenarios 

could be supposed: on the one hand, a slight stage of slow degradation could have begun and 

on the other, there was a calibration failure. The second decay point was observed in 40 days 

and this case some like fat samples had already reached the maximum potential previously 

(table 12), the most credible hypothesis is there had a calibration error in the gas 

chromatograph. For this reason, this last point was ruled out in the education of the 

Mathematical models (section 5.2.3). 

 

 
Figure 14. Methane gross mole accumulation (Left) and CH4 net and standardized volume accumulation (Right) 

 

The cumulative rates of methane for different slaughterhouse wastes are presented in figures 
15a, 15b and 15c and the figures 15d, 15e and 15F the potential of methane production are 
shown where it can see a quick evolution of methane reaching 50% of the biogas production 
capacity performance in < 14 Days (Table 12) until day 20 of the assay, after which the evolution 
was more muffled and some residues as FP, LL, CE-E, SA-E OF-E, B1 and B2 did not reach 90% of 
total yield in 40 days , while MO-E, VI-E, GA-S, GF-S and B3 reached it in 14-19, 33, 8-12, 12-14 
and 25-26 days respectively and finally all of them achieve the maximum apparent potential in 
the day 33 in mesophilic conditions, except in the case of B3, whose maximum potential reached 
day 26 with a 92% of yield (table 12).  

For comparing the biogas production capacity of each type of waste, it is necessary to observe 

the maximum potential of methane production. On Individuals fraction case, the saponified fats, 

GF-S and GA-S, gave best potential results, assuming corrected to 350 mlCH4/gCOD, followed by 

MO-E with 337 mlCH4/gCOD and VI-E with 316 mlCH4/gCOD. About mixtures, the greatest 

potential reached it the mixture B3 with 320 mlCH4/gCOD, it follows by B2 with 291 mlCH4/gCOD 

and finally B1 with 288 mlCH4/gCOD. It is remarkable how individual fractions waste have greater 

potential than mixtures and how of mixes, B3 that did not contain technical blood, was the 

mixture with greatest potential. If B3 content is analyzed, it can be reasonable this result taking 

into account that not containing the technical blood SA but the total amount has been 

maintained increasing the proportion of the other residues and emphasizing specially the 
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content of GA, which has gone from 19.7% in B1 to 25% to B3, GF, which has gone from 6.9% in 

B1 to 8.9% in B3 and MO, which has gone from 22.2% in B1 and B2 to 28.7%  (table 10 and 11). 

Table 11. Experimental biogas production per tons of waste, CH4 maximum per tons of waste, percentage of 
methane and carbon dioxide and A maximum experimental per VS grams 

Parameters (Units) FP LL CE-E SA-E MO-E VI-E 

Biogas (m3/t) 108(45) 119(9) 128(2) 108(3) 274(12) 486(6) 
Methane (m3/t) 82(34) 79(6) 89(1) 88(3) 251(11) 391(5) 
CH4 (%) 75,9 66,4 69,5 81,5 91,6 80,5 
Amax (mlCH4/gVS) 344(143) 493(38) 432(7) 481(15) 860(17) 853(10) 
t50% (days) 11-14 12-14 8-12 8-12 8-12 8 
t90% (days) N. R. N. R. N. R. N. R. 14-19 33 
tAmax (days) 
 

t67%=33 t57%=33 t81%=33 t63%=33 t96%=33 t90%=33 

Parameters (Units) GA-S GF-S DE-E B1 B2 B3 

Biogas (m3/t) 700(74) 547(29) 274(12) 205(7) 432(39) 448(19) 
Methane (m3/t) 540(57) 439(23) 166(6) 472(72) 335(30) 340(19) 
CH4 (%) 77,1 80,2 60,6 75,8 77,5 75,9 
Amax (mlCH4/gVS) 1147(121) 1189(63) 644(23) 821(126) 915(82) 844(36) 
t50% (days) 4-8 8-12 8-12 8-12 4-8 8-12 
t90% (days) 33 8-12 12-14 N. R. N. R. 25-26 
tAmax (days) t133%=33 t113%=33 t64%=33 t82%=33 t83%=33 t92%=26 

  (n): standard deviation; N. R.: not reached; t50%: duration for 50% of biogas production; t90%: duration for 90% of 
biogas production; tAmax: Duration for to reach Amax. 

In order to assess the biogas potential from slaughterhouse waste carried out in this study, it is 
necessary to compare with other waste potentials in studies carried out by other authors; for 
this purpose, the maximum production potential in units of mlCH4 per ton of waste is used as 
shown in table 12.  Of  Vilamajó & Flotats (2011) , maximum potentials of methane proudction 
per ton of intestines and stomach contents, slurry, manure and blood of 53.04, 23.00, 124.38 
and 100 mlCH4/twaste respectively have been obtained, also fish waste, tallow and fat and animal 
tissues with 204.34, 562.00 and 300.00 mlCH4/twaste. taking into account the minimum potential 
achieved in this study was by LL (sludges from slaughterhouses) with 79 mlCH4/twaste  and the 
maximum achieved was on the part of GA-S (saponified abdominal fat) with 540 mlCH4/twaste  
that is below the maximum potential obtained by the tallow and fat of the author mentioned, 
but for very little and considering that both are fats, it is interesting to value them primarily in 
all cases. On the other hand, in Krishna Kafle & Chen, (2016) there was also a exhaustive study 
about  potentials of cow dung (DM), horse (HM), goat (GM), chicken (CM) and pork (SM) in which 
he obtained potential 204, 155, 159, 259 and 323 mlCH4/gVS, which compared with the lowest 
obtained in this study, corresponding to FP with 344 mlCH4/gVS and the maximum 
corresponding to GF-S with 1189 mlCH4/gVS, is reaffirmed the potentials of waste from 
slaughterhouses swine and cattle, in this case together, present interesting potentials of 
valorization and generation of potential biogas. 

In summary:  

• The retention time required to achieve maximum biogas production potentials under 

mesophilic temperature conditions is approximately the same for all waste, about 33 

days, for the biogas production yield at this point. Nevertheless, the maximum Aexp 

value differ from as Important among all waste. 

• The greatest methane potentials were obtained with the individual fractions GF-S, GA-

S and MO-E with 350 mlCH4/gCOD, 350 mlCH4/gCOD and 337 mlCH4/gCOD respectively. 



  
 

28 
 

• Of the mixtures, with B3 was obtained the greatest potential with 320 ml CH4/gCOD. 

Between individual fractions and mixes, the greatest potential was obtained with 

individual fractions: Amax (GF-S) = Amax (GA-S) > Amax (MO-E) > Amax (B3) 

• The range of methane production per ton of waste obtained in this study was between 

79 mLCH4/tWaste (for LL) and 540 mLCH4/tWaste (for GA-S) and compared with potential 

methane production from other waste kind, it has obtained a high range. 

 

5.2.2. Electric energy potential and tep equivalents 

Taking into account the lower calorific value of methane (PCI) is 810000 kJ/kmol in normal 

conditions (Panesso , Cadena, Mora, & Ordoñez, 2011), the molecular weight (Pm) of 16 g/mol 

and assuming the methane obtained as ideal gas, the perfect gas equation (PV=nRT) is applied..  

Taking account, the kmoles occupies 1m3 of an ideal gas in normal conditions (1atm and 273 k), 

is given the following result: 

𝑛 =
𝑃𝑉

𝑅𝑇
=

1 𝑎𝑡𝑚 ∗ 1000𝐿

0,082
𝑎𝑡𝑚𝐿
𝑚𝑜𝑙𝐾 ∗ 273𝐾

= 44,67 𝑚𝑜𝑙𝑠 = 0,04467 𝑘𝑚𝑜𝑙𝑠 

Then, the MJ/m3 of methane is: 

810000
𝑘𝐽

𝑘𝑚𝑜𝑙
∗ 0,04461

𝑘𝑚𝑜𝑙

1𝑚3
= 36,18 𝑀𝐽/𝑚3 

Finally, if all production is destined to the electricity generation which is burned in a 

cogeneration engine with an electrical performance of 38%, which indicates a generation of       

0,38KWH (e)/kWh (reference).The kJ/kgCOD removed is reached for every waste kind in the 

following way: 

𝐴𝑒𝑥𝑝
𝑚𝑙 𝐶𝐻4
𝑔𝐶𝑂𝐷

∗
1𝑚3

106𝑚𝑙

36,18 ∗ 103 𝑘𝐽

1𝑚3
1000 𝑔

1 𝑘𝑔
 

And considering that 1kJ = 1kWs → 1kWh = 1kWs/3600s = 2,78.10-4 kWh, the final expression 

to obtain the kWh(e)/ton (waste) is: 

𝐴𝑒𝑥𝑝
𝑚𝑙 𝐶𝐻4
𝑔𝐶𝑂𝐷

∗
1𝑚3

106𝑚𝑙

36,18 ∗ 103 𝑘𝐽

1𝑚3
106𝑔

1 𝑡𝑜𝑛

2,78. 10−4𝑘𝑊ℎ

1𝑘𝐽
∗ 0,38

𝑘𝑊ℎ(𝑒)

𝑘𝑊ℎ
 

(e) indicate the electricity form of the energy obtained. The results are showed in table 14 on 

can see that between individual fraction, GA-S and GF-S have more electricity generation 

capacity and follow them MO-S and VI-E. In the mixture form B3 has the mayor capacity to 

generate electricity and follow its B2 and then B1. The electricity generation per waste weight 

follow the next order: 

• For individuals’ fraction: 

[kWh(e)(GF-S) = kWh(e)(GA-S) > kWh(e)(MO-E) > kWh(e)(VI-E)]/ ton of corresponding waste 

• For mixes: 

  [kWh(B3) > kWh(B2) > kWh(B1)]/ton of  corresponding waste. 
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On the other hand, can be assessed if the intrinsic sum of the electricity production of each 

waste, considering the percentage of them in every mixture, is greater or less than the electric 

energy production from mixtures. In view of the results obtained, in all cases, the mixes electric 

energy are higher than the intrinsic sum of the electric energy obtained from the proportion 

corresponding of every individual fraction in each mix, as following shown: 

• Electrical energy form B1 and intrinsic sum of individual fraction: 

o B1: 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝐵1 = 1100 
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

o Intrinsic sum:  ∑𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

1067,7
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

 

• Electrical energy form B2 and intrinsic sum of individual fraction: 

o B2: 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝐵2 = 1111,4 
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

o Intrinsic sum:  ∑𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

1067,7
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

 

• Electrical energy form B3 and intrinsic sum of individual fraction: 

o B3: 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝐵3 = 1222,2 
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

o Intrinsic sum:  ∑𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

1171,0
𝑘𝑊ℎ(𝑒)

𝑡𝑜𝑛 𝑤𝑎𝑠𝑡𝑒
 

Finally, it important to assess the energy unit equivalent to tons of oil (tep). To do this, it is 

considered that 1 kWh is equivalent to 0,86.10-4 tep ((AIE), 2019). The kWh of methane 

(obtained in table 14) and the kWh of biogas obtained from the percentage of wealth in methane 

contained in each waste are shown  in table 13. Considering the results of the mixtures, the 

tep/ton waste of methane from B1, B2 and B3 are 0.249, 0.252 and 0.277 tep/ton waste 

respectively. If considering the tm of ABP generated annually  from cattle and pig and if taken 

advantage by anaerobic digestion producing biogas, the tep will be considerable.  

Taking account, the total weight slaughtered in 2018 of cattle and swine in Spain as well as the 

percentages of  ABP, will have the total ABP in tons generated in 2018. 

Total weight slaughtered in 2018 (cattle) = 55.532 Tm/months = 666.384 Tm/Annual 

%ABP (cattle) = 100% - ((52+58) /2) % = 45% 

ABP (cattle) ≈ 300.103 Tm/Annual 

 

Total weight slaughtered in 2018 (swine) = 378.852 Tm/months = 4.546.224 Tm/Annual 

%ABP (swine) = 100% - ((62+7 ) /2) % = 31,5% 

ABP (swine) ≈ 1432.103 Tm/Annual 

 

Total (ABP)(cattle and swine) ≈ 1732.103 Tm/Annual 

 

If considering the B1 mix tep/ton waste, is obtained a tep total for 2018 approximately of 

431.270 tep/annual or 431,3 ktep/annual.  
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Table 12. Methane and biogas equivalent to tep* 

waste 1KWh equivalent to 
tep 

Methane 
equivalent to 

tep 

% 
methane 
contained  

each 
waste 

Biogas 
equivalent 

to tep 

 tep tep/ton waste % tep/ton 
waste 

B1 8,60E-05 0,249 76% 0,328 

B2 8,60E-05 0,252 78% 0,325 

B3 8,60E-05 0,277 76% 0,364 

*tep: ton equivalent to petroleum 
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(a)                                                                                           (b)                                                                                             (c) 

   
    (d)                                                                                                (e)                                                                                              (f) 

Figure 15.   Net cumulative volume of methane a, b and c (Upper) and methane yield d, e and f (Lower). See table 9 for nomenclature 
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Table 13. Electrical assessment 

Waste Aexp kWh per 
waste 
weigh  

Cogeneration 
engine yield 

Electrical 
generation per 

total waste 
weight 

Waste 
percentage 

generation to 
MIX B1 

Waste 
percentage 

generation to 
MIX B2 

Waste 
percentage 

generation to 
MIX B3 

Electrical  
production by 

fraction of 
MIX B2 

Electrical  
production by 

fraction of 
MIX B2 

Electrical  
production by 

fraction of 
MIX B2 

 (ml 
CH4/gCOD) 

kWh/ton 
waste 

kWh(e)/kWh kWh(e)/ton 
waste 

% % % kWh(e)/ton 
waste 

kWh(e)/ton 
waste 

kWh(e)/ton 
waste 

FP 234 2351,916 0,38 893,7 3,20% 3,20% 4,00% 28,6 28,6 35,7 

LL 200 2010,185 0,38 763,9 21,3% 21,3% 27,20% 162,7 162,7 207,8 

CE-E 283 2844,412 0,38 1080,9 3,2% 3,2% 4% 34,6 34,6 43,2 

SA-E 221 2221,254 0,38 844,1 21,70% 21,70% - 183,2 183,2 - 

MO-E 337 3387,162 0,38 1287,1 22,20% 22,20% 28,30% 285,7 285,7 364,3 

VI-E 316 3176,092 0,38 1206,9 0,30% 0,30% 4% 3,6 3,6 48,3 

GF-S 350 3517,824 0,38 1336,8 6,90% 6,90% 8,90% 92,2 92,2 119,0 

GA-S 350 3517,824 0,38 1336,8 19,70% 19,70% 25,10% 263,3 263,3 335,5 

DE-E 225 2261,458 0,38 859,4 1,60% 1,60% 2,00% 13,7 13,7 17,2 

B1 288 2894,666 0,38 1100,0 - - - 1067,7 - - 

B2 291 2924,819 0,38 1111,4 - - - - 1067,7 - 

B3 320 3216,296 0,38 1222,2 - - - - - 1171,0 
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5.3. Kinetic parameters determination 

The time spent in this assay was 40 days, nevertheless the time could be less if applied some 

BMP theoretical model to know parameters that defines the maximum rate (Strömberg et al 

2015). Comparing the models applied, the modified Gompertz model (MG) does not give 

information about the slow and rapid biodegradability but give the phase lag, maximum biogas 

production and the maximum rate of biogas production. This last information is the main 

objective of this study. In the Strömberg model (SM) two phase lag is given as well as the 

maximum biogas production and constants rate. In another hand, apparently, the Two 

combined Gompertz (TCG) is the model that give a more complete information about the BMP 

giving slow and rapid biodegradability phase, lag phase and maximum rate of biogas production 

in both phase as well as the ultimate BMP, nevertheless, this model presents the most quadratic 

error as can appreciate graphic 15, where the major errors present the TCG, except in CE-E waste 

on GM has the major quadratic error.  

It’s interesting how can vary the value of coefficient quadratic error (R2) when the waste kind is 

changed. The parameters obtained from each model and necessary to define every 

slaughterhouse biodegradability are shown in the table 14.  In view of the results obtained after 

applying each one of the models, it can be compared between them considering on the one 

hand the quadratic coefficient R2 and on the other hand comparing between the maximum 

biogas potentials obtained in the four models (A) and the Experimental (Aexp.). 

Of the FP sample results, in the Richards model (RM)  was achieved an almost equal to the Aexp 

with a value of R2 of 0.9961 not being this the highest value. The R2 Higher was achieved with 

the model of TCG with 0.9974 in addition to giving more information of the kinetics with two 

well differentiated phases. In a first phase of rapid biodegradability, the maximum speed of 

methane production (µm1) is 73.2 mlCH4.gCOD-1Day-1 with a conversion of 75% and a second 

phase of slow biodegradability with a maximum methane production rate of 5.67 mlCH4.gCOD-

1Day-1. According to this model, the conversion to methane is complete given that A reaches the 

theoretical maximum value of 350 mlCH4.gCOD-1 unlike the experimental value (Aexp.) with a 

value of 234 mlCH4.gCOD-1 and with a lag phase of 1.5 days in the first stage and 0.3 days in the 

second. On the other hand, the MG and RM models give very low maximum methane production 

velocities compared to TCG, 36.4 and 14.7 mlCH4.gCOD-1 Day-1 respectively for FP, but good A 

approximation with SM. Therefore, for FP, is taken as the best model of TCG, to return the R2 

higher, by giving more information of the kinetics with a marked differentiation of the phases of 

fast and slow biodegradability. In the case of LL, the highest value of R2 with RM model was 

reached which only has one parameter more than the MG model and yet there is a big difference 

in the µm, which has a value of 52.8 mlCH4.gCOD-1Day-1 in the MG  model and of 17.6 

mlCH4.gCOD-1Day-1 in the RM model with a lag phase of 1 and 0.7 respectively. On the other 

hand, the TCG model has a 2 day lag phase as well as the SM (1/0.5 days) in a first phase of 

degradation with a µm very high (101.4 mlCH4.gCOD-1Day-1) and a conversion rate of 77% in TCG 

and in the second phase with a µm of 0.963 mlCH4.gCOD-1Day-1 reaching a complete conversion 

of the remaining (23%) since the A returned was 350 mlCH4.gCOD-1Day-1. In CE-E, the models of 

SM and TCG are those that return a greater R2 with a lag phase of 10 and 0 days, respectively, in 

a first phase and 0.43 and 0.11 days respectively in a second phase of biodegradation. The 
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information of TCG about µm in each phase were 28.6 and 173 mlCH4.gCOD-1Day-1 with a 

conversion of 35% in the rapid phase degradation and < 65% in the phase of slow degradation 

due to that the A of the model did not reach the 350 mlCH4.gCOD-1 theoreticians. On the other 

hand, in the models of MG and RM both lag phase with 0 days  but differ significantly in µm with 

45.5 and 16.7 mlCH4.gCOD-1Day-1 respectively.  In the case of the SA-E, the model with greater 

R2 is that of SM, with a value of 0.99966; comparing it with the model of TCG, both have a lag 

phase of 0 days in the first stage of biodegradation and in the second, 2 days has in Strömberg 

model and 0  Days in TCG. The information that returns the model of TCG is interesting compared 

to the other models, since in SA-E also differentiates the velocities of maximum production of 

methane, being in the first phase of 1.46 mlCH4.gCOD-1 Day-1 with a 20% conversion of COD and 

in the second phase of 103.1 mlCH4.gCOD-1Day-1 with a conversion of 80%, however, the 

difference maximum speed µm are very large, so it could be dispensed with the first phase 

applying other simpler models such as MG with a µm of 86.5 mlCH4. gCOD-1Day-1. In other waste, 

MO-E, VI, GF-S, GA-S, DE-E, B1, B2 and B3, can be dispensed with the most complicated models, 

such as TCG, since in all these residues presents practically a single phase of degradation or in 

one of the phases presents a very low µm and comparison to the other phase, as in the case of 

DE-E in which you have a µm of 106.4 mlCH4.gCOD-1Day-1 in the first phase of degradation and 

0.809 mlCH4.gCOD-1Day-1in the second phase. Therefore, the application of the model of TCG is 

not necessary for these wastes, likewise, the model of Strömberg is also discarded by the same 

situation of the presence of two phases but they can give relevant information of the order of 

the maximum speed of production of methane to compare between the models of MG  and RM, 

since the quadratic coefficients R2 obtained in the model of RM, in general lines are greater than 

those obtained in MG and the A of both models approach in a very Important to the Aexp, the 

order of magnitude of the maximum methane production velocities obtained in RM are very 

small compared to those obtained in MG as well as in TCG.  

En resumen: 

• The values of A closest to the experimental obtained with the models can be 

summarized as follows: With the model of Richard 5 residues reached better 

approximations (FP, CE-E, SA-E, DE-E, B2), with the model of Two Gompertz combined 

also 5 residues Reached good approximations (MO-E, VI-E, GA-S, GF, B2), with 

Strömberg 7 residues reached better approximations of A (LL, MO-E, VI-E, GF-S, DE-E, 

B1, B2) and finally the model that the highest amount of waste with the best 

approximations of A was reached with the Modified Gompertz model  with 9 residues 

(LL, CE-E, MO-E, VI-E, GF-S, DE-E, B1, B2, B3). 

• In waste LL, SA-E, MO-E, VI-E, GF-S, GA-S, DE-E, B1, B2 and B3, can be dispensed with 

the model of Two Combined Gompertz and Strömberg, because one of the phases of 

biodegradation prevails totally or almost completely in terms of the conversion of COD 

and/or speed s maximum methane production. 

• In waste LL, SA-E, MO-E, VI-E, GF-S, GA-S, DE-E, B1, B2 and B3 it is advisable to apply the 

Modified Gompertz model by the order of the maximum methane production velocities 

that are most similar to the model of Two Combined Gompertz front To Richards ' 

model, although the latter has greater R2 in most of these residues. 
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Table 14. Kinetics parameters after mathematical fitting of the experimental data 

parameter units FP LL CE-E SA-E MO-E VI-E GA-S GF-S DE-E B1 B2 B3 

 Modified Gompertz 

A ml CH4/g COD 230 194 276 210 333 313 345 349 220 284 284 321 

µm ml CH4/g COD. day 36,4 52,8 45,5 86,5 81,7 91,6 80,0 81,4 63,0 80,5 91,9 96,7 

λ day 0,5 1,0 0 0,3 2,1 2,1 2,0 3,0 0,00 2,2 1,6 2,6 

R2 - 0,9900 0,9972 0,9665 0,9916 0,9986 0,9979 0,9983 0,9995 0,9970 0,9967 0,9985 0,9956 

 Strömberg 

A ml CH4/g COD 230 194 290 248 333 313 346 349 220 284 284 321 

Θ1 1/day 0,4 0,5 0,1 0,0 0,0 0,7 0,9 0,6 0,0 0,5 0,9 0,9 

Θ2 1/day 33 0,5 2,3 0,5 1,1 0,7 0,4 0,6 0,7 0,9 0,6 0,8 

k1 1/day 0,158 0,272 0,098 0,014 0,246 0,292 0,224 0,233 0,324 0,283 0,323 0,302 

k2 1/day 4,329 0,272 0,597 0,293 0,245 0,292 0,479 0,233 0,285 0,283 0,323 0,302 

R2 - 0,9960 0,9972 0,9984 0,9996 0,9986 0,9979 0,9984 0,9995 0,9984 0,9967 0,9985 0,9956 

 Two Gompertz combined 

A ml CH4/g COD 350 350 290 350 333 313 350 349 350 350 284 350 

x - 0,75 0,77 0,35 0,20 0,00 0,00 0,00 1,00 0,82 0,08 0,00 0,05 

µm1 ml CH4/g COD. day 73,2 101,4 28,6 1,46 0,690 0,005 0,049 81,4 106,4 -1,46 0,01 -11,2 

µm2 ml CH4/g COD. day 5,67 0,963 173 103,1 81,7 91,6 81 0,00 0,809 96,6 91,9 98,8 

λ 1 day 1,2 2,0 0,0 0,00 0,0 0,0 0,2 3,0 0,5 43 0,0 38 

λ 2 day 0,30 0,11 1,32 0,00 2,1 2,08 2,0 2,8 0,93 2,5 1,6 2,7 

1-x - 0,25 0,23 <0,65 0,80 <1,00 <1,00 1,00 >0,00 0,18 0,92 <1,00 0,95 

R2 - 0,9974 0,9975 0,9984 0,9930 0,9986 0,9992 0,9983 0,9995 0,9985 0,9968 0,9985 0,9963 

 Richards  

A ml CH4/g COD 234 193 276 217 330 311 345 347 220 281 284 317 

ʋ - -0,44 0,88 0,00 0,00 0,72 1,26 0,05 0,45 0,50 1,37 0,08 1,97 

µm ml CH4/g COD. day 14,7 17,6 16,7 20,0 27,2 29,6 29,1 27,4 21,6 26,0 33,0 31,0 

λ day 0,0 0,7 0,0 0,0 0,5 1,0 0,0 0,3 0,7 1,1 0,0 1,6 

R2 - 0,9962 0,9977 0,9965 0,9992 0,9991 0,9992 0,9983 0,9997 0,9985 0,9984 0,9985 0,9991 

A exp. ml CH4/g COD 234 283 200 221 337 316 350 350 225 288 291 320 
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 Modified Gompertz Strömberg Two Gompertz modified Richards 
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Figure 16. Illustration of model adjustment of FP, LL, CE-E and SA-E 
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 Modified Gompertz Strömberg Two Gompertz modified Richards 
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Figure 17. Illustration of model adjustment of MO-E, VI-E, GA-S and GF-S 
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 Modified Gompertz Strömberg Two Gompertz modified Richards 
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Figure 18. Illustration of model adjustment of DE-E, B1, B2 and B3
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6. Conclusions  

 

As a final conclusion, the results obtained according to the physicochemical characterization of 

the waste, the experimental results of biogas production, the energy potential and the 

parameters obtained in the models, the following point is presented:  

• About the  biochemical oxygen demand, the highest concentration of COD obtained was 

from the GF-S waste with 1,575,569 mgCOD/kg and CE-E the less COD with 313,789 

mgCOD/kg. As for humidity, LL presents the highest moisture percentage (81.6%) and 

lower total solids, in the other hand, the fractions with less moisture were  fats, GA-S 

and GF-S, with 33.1% and 42.4% respectively. Regarding volatile solids, GA-S and GF-S 

fats present a greater amount of volatile solids per unit of total weight. As for the 

proportion of VS by TS (VS/ST) in general,  all have high percentages, which is favorable, 

highlighting VI-E, B1 and B3 with a 98%, 97% and 97% respectively and the lowest 

percentage with  87% corresponding to  CE-E. In all wastes, the total ammoniacal 

nitrogen is less than 200 mg/L and consequently the free ammoniacal nitrogen has a 

very low concentration in the vial. In terms of biodegradability, GA-S and GF-S fats 

reached a conversion of 100%, which indicates a complete biodegradability of COD. On 

the other hand, fractions of FE and CE-E were obtained the lowest biodegradability rate 

with 64.6% and 55.3% respectively. 

 

• The retention time required to achieve maximum biogas production potentials under 

mesophilic temperature conditions were practically the same for all waste, about 33 

days, except B3, which reaches in 26 days. The greatest potentials of methane 

production were obtained with the individual fractions GF-S, GA-S and MO-E with 350 

ml CH4/gCOD, 350 ml CH4/gCOD  and 337 mlCH4/gCOD respectively . About mixtures, 

with B3 was obtained the greatest potential with 320 ml CH4/g COD. Between individual 

fractions and mixtures, greater potential was obtained with individual fractions: Amax 

(GF-S) = Amax (GA-S) > Amax (MO-E) > Amax (B3). The range of methane production 

potential from slaughterhouse waste and the object of this study is between 79 

mlCH4/twaste (for LL) and 540 mlCH4/twaste (for GA-S) and comparing with methane 

production potentials from  other residues, they are in a high range. 

 

• In energy potential concerning, the higher electric energy produced (KWh(e)) per ton of 

residue  was reached with GF-S and GA-S comparing between individual fractions. In 

mixture concerning  with B3 was  obtained higher KWh(e) per ton compared with 

mixtures B2 and B1. Therefore, the electric energy production  per ton  of  corresponding 

waste,  follows the next order: [kWh(e) (GF-S)= kWh(e)  (GA-S) > kWh(e)  (MO-E) > 

kWh(e) (VI-E)  and regarding mixtures: [kWh(e)  (B3) > kWh(e)  (B2) > kWh(e)  (B1)]/tons 

corresponding waste. Regarding the comparison between electric energy generated by 

mixtures and intrinsic sum of individuals fraction proportion, the results showed the 

major electric energy generation from mixtures. About the ton equivalent of petroleum 

(tep) for the mixes B1, B2 and B3 were obtained 0,249, 0,252 and 0,277 tep/ton waste 

respectively and an equivalence of 431,3 ktep/annual if considering the slaughterhouse 
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waste from cattle and swine generated in 2018 at the state of  Spain with a typical mix 

as B1.  

 

• The values of a closest to the experimental obtained with the models can be 

summarized as follows: with the Richards model, 5 residues reached better 

approximations of A (FP, CE-E, SA-E, DE-E, B2), with the model of Two Combined 

Gompertz also 5 residues reached good approximations (MO-E, VI-E, GA-S, GF, B2), with 

Strömberg model 7 residues reached better approximations of A (LL, MO-E, VI-E, GF-S, 

DE-E, B1, B2) and finally the model that higher quantity of residues with better 

approximations of A achieved was with the Modified Gompertz model with 9 residues 

(LL, CE-E, MO-E, VI-E, GF-S, de-E, B1, B2, B3). In waste LL, SA-E, MO-E, VI-E, GF-S,GA-S, 

DE-E, B1, B2 y B3, it is possible to dispense with the model of Two Combined Gompertz 

and Strömberg, because one of the phases of biodegradation prevails totally or almost 

completely in terms of the COD conversion and/or the maximum speeds of methane 

production  values differ a lot between the phases.  In waste LL, SA-E, MO-E, VI-E, GF-S, 

GA-S, DE-E, B1, B2 and B3 it is advisable to apply the Modified Gompertz model by the 

order of the maximum methane production velocities that are most similar of Two 

Combined  Gompertz model front of Richards model, although the latter has greater R2 

in most waste.  

 

 

7. Recommendations 

 

In the test of biodegradation assay  to know the BMP of slaughterhouse waste, it found with 

certain drawbacks in the way, which, if they had foreseen, could have saved time and costs by 

repetition of certain tests. Some tips is given to improve  the procedure in future trials.  

• Correctly codify the samples: in this assay, pretreatments were made to the residues as 

sterilization and saponification and then lyophilization. After sterilization, it was 

continued to freeze directly, using the same vials with the sterilization-saponification 

codes, and later the codes were changed, however, it is important do it before 

introducing the vials into lyophilizer to avoid subsequent confusions for chemical 

analyses.  

• Sample coverage to obtain TS and VS: to obtain total solids and volatile solids it is 

advisable to cover the samples with suitable paper of furnace and muffle that withstand 

the high temperatures without damaging to the samples, given the initial ignorance 

about the waste behavior, the waste at high temperatures  uncovered, can risks losing 

samples and contaminating other samples which obliges the complete recurrence of the 

analysis. 

• Make all the annotations of all the weighing: it is important to register all the weightings 

made, both samples and of chemical compounds used during any chemical analysis. 

• Proper calibration of the gas chromatograph: an adequate calibration before passing to 

the measurement of the samples avoids or considerably reduces errors in obtaining the 

accumulated moles of gases. 
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8. Abbreviations 
 

A  Acidogenic Index 

ABP Animal by-products 

AD  Anaerobic digestion 

ADN Alcohol dehydrogenase  

BD  Biodegradability Index 

CLD Cover lagoon digester 

COD Chemical oxygen demand 

CODt Total Chemical oxygen demand 

DL  Direct liquefaction 

FaldDH Formaldehyde dehydrogenase 

FateDH Formate dehydrogenase 

FC  Correction factor 

GC  Gaseous chromatography 

HRT Hydraulic retention time 

ktep kilo ton of equivalent petroleum 

LCFA Long chain fatty acids 

M  Methanogenic Index 

MAE Measured after emptying  

MDH Methanol dehydrogenase 

MG  Modified Gompertz  

MMO Methane monooxygenase 

NADH Nicotinamide adenine dinucleotide 

OLR Organic loading rate 

PEG Polyethylene glycol 

RM  Richards model 

SM  Strömberg model 

TAN Total ammoniacal nitrogen 

TCC  Thermochemical conversion 
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TCG Two combined Gompertz 

Tep  ton of equivalent petroleum  

TKN Total kjeldahl nitrogen 

TS  Total solids 

VFA Volatile fatty acids 

VS  Volatile solids 

 

 

 

9. Bibliographic references  

 

Affes, R., Paltsi, J., Flotats, X., Carrère, H., Steyer, J., & Battimelli, A. (2013). Saponification 

pretreatment and solids recirculation as a new anaerobic process for the treatment of 

slaughterhouse waste. Bioresource Technology, 460-467. 

Baddoest, J., Bracmort, K., Burn, R., & Lazarus, W. (2007). An analysis of energy production costs 

from anaerobic digestion systems on US livestock production facilities. Technical Note 

No. 1. USDA, Natural Resources Conservation Service. 

Biogaspartner. (2009). Biogas Grid Injection in Germany and Europe- Marke, Techology and 

Players. Obtenido de Biogaspartners-chaft [consult: 2019]: 

http//www.biogaspartener.de 

Bridgwater, A., & Peacocke, G. (2000). Fast pyrolysis processes for biomass. Renew. Sust. Energ. 

Rev 4, 1-73. 

Cantrell, K. B., Ducey, T., Ro, K. S., & Hunt, P. G. (2008). Livestock waste-to-bioenergy generation 

opportunities. Bioresource Technology, 1-13. 

Chen, C., Lin, C., & Lin, M. (2002). Acid-base enrichment enhances anaerobic hydrogen 

production process. Appl. Microbial. Biot. 58, 224-228. 

Commission Regulation Nº 142/2011 of 25 february, a. V. (2011). ABP hygienization process. 

Dalton, H. (2005). The Leeuwenhoek Lecture 2000 the natural and unnatural history of methane-

oxydizing bacteria. Philos T Roy Soc B 360, 1207-1222. 

Elliot, D., Hart, T., & Neuenschwander, G. (2006). Chemical processing in high-pressure aqueous 

environments. 8. Improved catalysts for hydrothermal gasification. Ind. Eng. Chem. Res 

45, 3776-3781. 

EU, D. (2011). ABP, Sandach. mapam. Obtenido de 

https://servicio.mapama.gob.es/sandach/Publico/default.aspx 



  
 

43 
 

Flotats, X., Magrí, A., Solé , F., Illa , J., Palatsi, J., & Campos , E. (2004). Guia dels tractaments de 

les dejecciones ramaderes. Lleida: Agència de Residues de Catalunya. Departament 

d'Agricultura, Ramadería i Pesca. Centre UDL-IRTA. Obtenido de htt//www.arc-cat.net 

Funk, T., Mutlu, A., Zhang, Y., & Ellis, M. (2004). Syntetic cover for emissions control from 

earthen embanked swine lagoon Part II: Negative pressure lagoon cover. Appl. Eng. Agr. 

20, 239-242. 

Ghirardi, M., Zhang, L., Lee, J., Flynn , T., Seibert, N., Greenbaum, E., & Melis, A. (2000). 

Microalgae: a green source of renewable H2. . Trends Biotechnol. 18, 506-511. 

He, B., Zhang, Y., Funk, T., Riskowski, G., & Yin, Y. (2000). Thermochemical conversion of swine 

manure: An alternative process for waste treatment and rewable energy production. 

Trans. ASAE. 43, 1827-1833. 

Lay, J., Lee, Y., & Noike, T. (1999). Feasibility of biological hydrogen production from organic 

fraction of municipal solid waste. Water Res. 33, 2579-2586. 

Lay, J., Li, Y., & Noike, T. (1998). Interaction between homoacetogens and methanogens in lake 

sediments. J. Fer. Bioeng 86, 467-471. 

Levin, D., Pitt, L., & Love, M. (2004). Biohydrogen production: Prospect and limitations to 

practical application. Int. J. Hydrogen Energ. 29, 173-185. 

Liang, T., Cheng, S., & Wu, K. (2002). Behavioral study on hydrogen fermentation reactor 

installed with silicone rubber membrane. Int. J. Hydrogen Energ. 27, 1157-1165. 

Liu, T., & Sung, S. (2002). Ammonia inhibition on thermophilic acetoclastic methanogens. 

Whater Science and Technology 45, 113-120. 

McCarty, P. (1964). Anaerobic waste treatment fundamentals III. Public Works 95, 21. 

Melis , A., Zhang , L., Forestier, M., Ghirardi, M., & Seibert, M. (2000). Sustained photobiological 

hydrogen gas production upon reversible inactivation of oxygen evolution in the green 

alga Chlamydomonas reinhardtii. Plant Pysiol. 122, 127-136. 

MEMO/04/107. (s.f.). Obtenido de http://europea.eu/food/biosafety/bse/mo4104 en pdf 

Ministerio de Agricultura, P. y. (2018-2019). Estadísticas agrarias-ganaderas. Obtenido de 

https://www.mapa.gob.es/es/estadistica/temas/estadisticas-

agraria/ganaderia/encuestas-sacrificio-ganado/ 

Modell, M. (1985). Gasification and liquefaction of forest products in supercritical water. 

Fundamental of thermochemical biomass conversion. Elsevier. 

Mu, Y., Yu, H., & Wang, G. (2007). Evaluation of three methods for enriching H2-producing 

cultures from anaerobic sludge. Enzyme Microb. Tech. 40, 947-953. 

Ocfemia , K., Zhang, Y., & Funk , T. (2006b). Hythermal processing of swine manure to oil using 

a continous reactor system: Effect of operating parameters on oil yield and quality. 

Trans. ASABE 49, 1897-1904. 

Ocfemia , K., Zhang, Y., & Funk, T. (2006a). Hydrothermal processing of swine manure into oil 

using a continous reactor system: Development and testing. Trans. ASABE 49, 533-541. 



  
 

44 
 

Olah, G., Geoppert, A., & Suryah Prackash, G. (2006). Production of Methanol from Syn-Gas to 

Carbon Dioxide Beyond Oils and Gas: The Methanol Economy. Wiley-VCH, Weinheim, 

209-245. 

Pascual, A., Ruiz, B., Gómez, P., Flotats, X., & Fernández, B. (2011). Situación potencial de 

generación de biogás. Estudio Técnico per 2011-2020. Madrid: Instituto para la 

diversificación y ahorro de la energía. 

Powers, W., Wilkie, A., Van Horn, H., & Nordstedt, R. (1997). Effect of hydraulic retention time 

on performance and effluent odor of conventional and fixed-film anaerobic digesters 

fed dairy manure wastewaters. Trans. ASAE 40, 1449-1455. 

Ro , K., Cantrell, K., Elliott, D., & Hung, P. (2007). Catalytic waste gasification of municipal and 

animal wastes. Ind. Eng. Chem. Res 46, 8839-8845. 

Sparling, R., Risbey, D., & Poggi-Varaldo, H. (1997). Hydrogen production from inhibited 

anaerobic composters. Int. J. Hydrogen Energ. 22, 563-566. 

Strömberg, S., Nistor, M., & Liu, J. (2015). Early prediction of biochemical methane potenctial 

through statistical and kinetic modelling of initial gas production. Bioresour. Technol 

176, 233-241. 

Ueno, Y., Otsuka , S., & Morimoto, M. (1996). Hydrogen production from industrial wastewater 

by anaerobic microflora in chemostat culture. J. Ferment. Bioeng. 82, 194-197. 

Wang, C., Chang, C., Chu, C., Lee, D., Chang , V., Liao, C., & Tay, J. (2003). Using filtrate of waste 

biosolids to effectively produce bio-hydrogen by anaerobic fermentation. Water Res. 37, 

2789-2793. 

Ware, A., & Power, N. (2016). What is the effect of mandatory pasteurization on the biogas 

transformation of solid slaughterhouse wastes? Waste Management 48, 503-512. 

Wilkie, A., Castro, H., Cubinski, K., Owens, J., & Yan, S. (2004). Fixed-Film Anaerobic Digestion of 

Flushed Dairy Manure after Primary Treatment: Wastewater Production and 

Characterisation. Biosyst 89, 457-471. 

Wu, H., Huang, S., & Jiang, Z. (2004). Effects of modification of silica gel and ADH on enzyme 

activity for enzymatic conversion of CO2 to methanol. Catal. Today 98, 545-552. 

Xavier, F. (2014). Dinámica del proceso de digestión anaerobia. Capítulo 2 : Solera, R. (ED). De 

Residuo a Recurso, el Camino hacia la sostenibilidad, Volumen II.2: Procesos de 

biotransformación de la materia orgánica. Aspectos biológicos de la digestión 

anaerobia. Madrid: Mundi-Prensa. 

 

 

 

 

 



  
 

45 
 

 

10.  Annex A – analytical methods 
 

10.1. Chemical oxygen demand 

The chemical oxygen demand (COD) is an estimate of oxidizable organic matter from the amount 
of oxygen required to oxidize organic matter in a sample under specific conditions of oxidizing 
agents, time and temperature. It is not directly comparable to the total organic matter that 
would be determined by total organic carbon (COT) (it is necessary to know this correlation for 
each substrate) but it is a very common determination in biological processes of water 
treatment and organic waste. After digestion, the remaining K2Cr2O7 without reducing is 
determined spectrophotometrically at a wavelength of 605 nm. Oxidizable organic matter is 
calculated in terms of equivalent oxygen. 
 
The equipment and materials used were: (i) HACH LANGE DR 2800 spectrophotometer; (ii) HACH 
LANGE digester; (iii) selected stove; (iv) automatic dispenser BRAND DISPENSETTE III EASY 
CALIBRATION digital, 0.5-5 ml; (v) automatic dispenser BRAND DISPENSETTE III EASY 
CALIBRATION digital, 1-10 ml; (vi) magnetic stirrer; (vii) analytical balance Sartorius BP 221S (d = 
0.0001g) or similar; (viii) HERAEUS Biofuge peak centrifuge (max 13000 rpm); (ix) EPPENDORF 
micropipettes of 1000, 200 and 20μl; (x) single-use pipette tips; (xi) 10ml PYREX glass tubes with 
screw cap; (xii) magnetic nuclei; (xiii) vessels of precipitates; (ixv) pasteur plastic pipettes; (xv) 
metal gradette; (xvi) microtubes Eppendorf 1.5 ml; (xvii) provides 100 mL of plastic; (xviii) 50 ml 
plastic tube. 
 
And the reagents used were: (i) potassium dichromate 0,5 N (K2Cr2O7); (ii) silver phosphate 1% 
solution in sulfuric acid (Ag2SO4); (iii) hydrogen  phthalate potassium as pattern of 65000 ppm; 
(iv) Anhydrous, extra pure, Magnesium Sulphate. 
 
The analytical followed the next procedure: (i) weighed 0.2 g of sample in a tube of 10 ml thread; 
(ii) added 3.6 ml of K2Cr2O7 0.5 N and 3.6 ml Ag2SO4; (ii) covered the tube, mix everything and 
place it on a rack, (iii) prepared a target and known concentration control; (iv) next, it put the 
samples, the target and the controls in the digester at 150 °C for 2 hours; (v) after this time, were 
removed the tubes form the digester, stir and allow to cool to ambient temperature; (vi) then, 
it measured the absorbance of all them. 
Once obtained the absorbance, the results of the COD of the different samples were calculated 
interpolating in the calibrated straight line obtained with the phthalate patterns, applying the 
following equation: y = a + bx; were y is the value of absorbance measured in the 
spectrophotometer, a is the ordered one at the origin (the interception), b is the slope of the 
straight line and x is the variable, in this case the concentration of COD is given in mgO2/Kg 
present in the tube. 
 

10.2. Total and volatile solids 

A well-homogenized sample is weighed in a tarat capsule. It leans to a constant weight to a stove 
at 105°C, thus obtaining the Total Solids (TS)). Next, the sample is calcined at 550°C in the muffle 
and weighs. The weight difference between the ST and the centers is the weight due to the 
Volatile Solids (SV). 
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The equipment and materials used were: (i) SCALTEC SBC 41 analytical balance or similar (with 

precision of 0.0001); (ii) stove that allows to work at 105°C ( 2°C); (iii) muffle that allows to 
work at 550°C; (iv) magnetic stirrer; (v) porcelain capsules; (vi) plastic pipettes (for liquid 
samples); (vii) spatula (for solid or pasty samples) and (viii) dessecador. 
 
Procedure:  
 
In first step, was necessary prepare the capsules. For this, must be clean (with deionized water 
of analytical quality), identified in the base in pencil, dry for 1h on the stove at 105°C (if had to 
make the VS, must put the muffle at 550°C for 1h) and finally cool the capsules in a desiccator.  
 
To determine the total solids: (i) homogenize the sample to take a representative sample; (ii) 
catch the capsule properly identified and place it on the scales (this must be the same for all the 
weights of the analysis), tare and write the weight (A); (iii) insert the sample into the capsule, 
weigh and record the weight of the sample and the capsule together (B) (the amount depends 
on the type of sample or liquid samples with very few expected solids, grab about 20 grams; for 
the rest about 10 grams; for solid samples take between 5-10 grams. Also, the weight of the 
capsule must be taken into account, which, for the aforementioned weights, may not be very 
high (<30 g)); (iv) place the capsule with the sample on the stove at 105°C for 24h; (v) after this 
time, cool the capsule to the desiccator for 30 minutes, weigh and write the weight (C) in the 
registry. 
 
To determine the volatile solids: (i) place the capsule in the muffle at room temperature and 
then heat up to 550°C to heat it for 3 hours and a half (the first half hour is to reach the desired 
temperature); (ii) when the sample has already been calcined, place the capsules inside the 
desiccator for 1 hour; (iii) weight and write down weight (D). 
 

Calculations:  

Total solids Volatile solids 

𝑺𝑻 (% 𝒘𝒆𝒊𝒈𝒉) =
𝑻𝑺 (𝒈)

𝟏𝟎𝟎 𝒈 𝒔𝒂𝒎𝒑𝒍𝒆
=
𝑪 −𝑨

𝑩 −𝑨
. 𝟏𝟎𝟎 𝑆𝑇 (% 𝑤𝑒𝑖𝑔ℎ) =

𝑉𝑆 (𝑔)

100 𝑔 𝑠𝑎𝑚𝑝𝑙𝑒
=
𝐶 −𝐷

𝐵 −𝐴
. 100 

A: Capsule Weight (g) B: Weight capsule + sample (g) C: Capsule weight + dry residue at 105 ° C (g) D: Weight 

capsule + residue at 550 ° C (g) 

 

 
10.3. Total Kjeldahl nitrogen 

The Kjeldhal method allows the determination of organic nitrogen (Norg) and ammonia nitrogen 
(N-NH4 +) in a sample. Thus, by difference between the nitrogen Kjeldhal (NK) and the ammonia 
nitrogen determined separately the content in Norg of a sample can be estimated. The Kjeldhal 
method consists of three successive steps: (i) Digestion of the sample, with this process, organic 
nitrogen in ammoniacal nitrogen is transformed and this change is achieved by digesting the 
sample with concentrated sulfuric acid, a catalyst and heat. (ii) Distillation, the ammonium ion 
(NH4+) present in the digested sample is displaced to ammonia (NH3) by adding an excess of 
strong base (NaOH),  NH3 is distilled and collected again as an NH4 + in a volume, known and in 
excess, well-known boric acid concentration, forming boron ammonium. (iii) Evaluation, the 
boron ion is evaluated using a strong acid of known normality in order to quantify the Kjeldahl 
nitrogen present in the sample. 
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The equipment and materials used were: (i) automatic pipette or plastic pasteur pipette; (ii) 
precision scales "Scaltec SBC 41" (0.001g) or equivalent; (iii) precision scales "Sartorius BP 310S" 
(0.0001g) or equivalent; (iv) diger "Büchi K-437" or equivalent with a gas evacuation system; (v) 
distiller "Büchi B-324" or equivalent; (vi) automatic titrator "Metrohm 702 SM Titrino”; (vii) 
magnetic stirrer; (viii) mili-Q water equipment, "Millipore Simplicity 185"; (ix) Kjeldahl digestion 
tubes; (x) support of Kjeldahl digestion tubes; (xi) paper of filter without ashes and without 
nitrogen; (xii) proveta. 
 
Reagents used: (i) deionized water and water mili-Q;(ii) sulfuric acid 95-97%; (iii) catalyst Kjeldahl 
Si o Cu; (iv) sodium hydroxide solution 40% w/v; (v) boric acid solution 4% w/v; (vi) hydrochloric 
acid, sun. 0.1 mol / L; (vii) ammonium chloride; (viii) L-Glutamic acid 98.5-100.5%, very pure; 
pattern solution of 4,000 ppm N (dissolve 3.45g of L-glutamic acid and 2,542g of ammonium 
chloride in 250 ml of deionized water. This solution is unstable and degrades even stored in the 
refrigerator at 4°C. For this reason, the mother solution is stored in the freezer in tubes of 10 ml, 
so it is kept well); (ix) ethylenediamine tetraacetic acid (EDTA) 99% anhydrous, Sigma-Aldrich. 
Procedure for solid samples: 
 
Digestion: (i) Weigh 0.25-0.50 g of sample (with a balance of 4 decimals). The amount of sample 
to be analyzed will vary depending on the expected nitrogen wealth. To weigh the sample some 
rice paper will be used which will later be bent to form a ballot and prevent the sample from 
being scattered across the walls. The package is introduced into a Kjeldahl digestion tube. (ii) 10 
ml of concentrated sulfuric acid are added slowly to the digestion tube. This operation is done 
by scrubbing the tube (for each 0.5 g of sample corresponds 10 ml of sulfuric acid). (iii) A catalyst 
pill is added to each tube. 
 
White and Control: (iv) White: A bowl of rice paper is introduced, 1 catalytic tablet and with 
caution 10 ml of concentrated sulfuric acid. (v) Control: Weigh approximately 0.05g of EDTA. To 
weigh the EDTA some rice paper will be used that will later be folded by making a ballot box 
avoiding it scattering through the walls of the tube. The ballot is inserted into the digestion tube 
Kjeldahl. To add a catalyst tablet and with caution 10 ml of sulfuric acid. (vi) Introduce the 
samples in the digestion block, connect the gas collector, open the water tap and digest the 
samples with the following program. (vii) After the digestion is complete, the tubes in the 
digestor block will cool off and once the temperature drops to 180°C, close the reflux room. The 
tubes of the digester will not be removed until they are at room temperature and stop smoking. 
Distillation and Valuation: (viii) Once the tubes have reached the ambient temperature, it begins 
to distill, the white is distilled first, the controls and then the samples. The distillate is collected 
on the fixing solution (boric acid) and is evaluated with ac. Hydrochloric 0.1 N with the automatic 
titrator. For every 10 ml ac. The sulfuric acid used corresponds 40 ml 40% NaOH. 
 
Calculations: The following are the conversion factors to apply to express the result in mg KN/kg: 
 

𝑁𝑘(𝑚𝑔𝑘𝑔
−1) = 14000

[(𝑉𝐻𝐶𝐿)𝑠𝑎𝑚𝑝𝑙𝑒 − (𝑉𝐻𝐶𝐿)𝑤ℎ𝑖𝑡𝑒]

𝑃𝑠𝑎𝑚𝑝𝑙𝑒(𝑔)
𝑁𝐻𝐶𝐿 

 
Where VHCl (ml): volume of hydrochloric acid consumed in the evaluation, both sample and 
white; NHCl (N): normality of the hydrochloric acid used in the evaluation; Psample (g): weight 
of digested sample. If the digested sample is liquid and the volume has been measured instead 
of weighing it, it is advisable to express the result in mg N L-1 and use the volume of the sample 
instead of the weight for the calculations. 
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10.4. Total ammoniacal nitrogen 

The method that is described corresponds to the determination of ammonia nitrogen (N-NH4+) 
by distillation (steam trawl) and subsequent evaluation. The analysis is based on the 
transformation of ammonium (N-NH4+) into ammonia (NH3) in the presence of a base such as 
sodium hydroxide (NaOH). The NH3 is distilled, picking up again as N-NH4+ in a volume, known 
and in excess, boric acid of known concentration, forming boron ammonium. The evaluation of 
boron ion by means of a known normality acid will allow to quantify the N-NH4+ present initially 
in the sample. 

Equipment and materials: (i) Precision scales "Scaltec SBC 41" 0.001g or equivalent. (ii) Distiller 
"Büchi B-324" or equivalent. (iii) Automatic titrator "Metrohm 702 SM Titrino". (iv) Magnetic 
stirrer. (v) Kjeldahl digestion tubes. (vi) Support of Kjeldahl digestion tubes. (vii) Pasteur plastic 
pipette. (viii) Mosques 

Reagents: (i) Decoctive water. (ii) Hydrochloric acid, sun. 0.1 mol/L. (iii) Boric acid solution 4% 

w/v. (iv) Sodium hydroxide solution 40% w/v. (v)Standard solution 1000 mg / L N-N-NH4+ ( = 
999 ± 2 mg / L). (vi) Ammonium chloride, for analysis, 99.8%. 

Procedure: (i) Before beginning the distillation of the samples to be characterized, it is necessary 
to clean the distillator circuit to make sure it is clean. To do this you have to go to the computer 
display and press the "LAVADO" button. And then calibrate the automatic titrator. (ii) Once clean 
and heated the distillator must be white until it is maintained (only distillate deionized water). 
To do this you need to load the "WHITE" method. (iii) At the beginning and end of the analysis, 
the test is verified that the equipment works correctly, distilling a commercial pattern that 
contains 778 ppm N-N-NH4+or any other pattern of the preparations. (iv) Finally, begin to distil 
the samples. To distil the samples, the necessary sample grams are taken and taken to a 
digestion tube Kjeldahl. The distillate is collected on the fixing solution (boric acid) and is 
evaluated with 0.1 N hydrochloric acid with the automatic titrator. The volumes and conditions 
used during distillation are as follows: 5 ml of deionized water 5 ml NaOH 40% 15 ml ac. boric 
2% 

Calculations: The following are the conversion factors to apply to express the result in mg N-
NH4+ L-1:  

𝑁 −𝑁𝐻4
+(𝑚𝑔𝐿−1) = 14000

[(𝑉𝐻𝐶𝐿)𝑠𝑎𝑚𝑝𝑙𝑒 − (𝑉𝐻𝐶𝐿)𝑤ℎ𝑖𝑡𝑒]

𝑉𝑠𝑎𝑚𝑝𝑙𝑒(𝑔)
𝑁𝐻𝐶𝐿 

 

Where: VHCl (mL): volume of hydrochloric acid consumed in the sample or target valuation NHCl 

(N): normality of the hydrochloric acid used in the evaluation Vsample (mL): distilled sample 
volume.  

10.5. Total fat 

A representative portion of the wet residue (as it is received) is acidified with concentrated HCl 
and dried with magnesium or sodium sulfate. The monohydrate magnesium sulfate is used to 
dry the acidified sludge, since it is combined with 75% of its weight in water to form 
Mg2SO4.7H2O. The anhydrous sodium sulfate is used with samples of soles and dry sediments. 
After drying, the sample is extracted with n-Hexa using a Soxhlet. The extraction is carried out 
in four steps: 
1st stage: Boiling. The sample is immersed in the solvent when it is boiling, in this way the soluble 
part of the sample is dissolved in the solvent. 
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Stage 2: Washing. The sample rises above the solvent and allows a very efficient washing of the 
sample with condensation of the solvent. 
Stage 3: Recovery. After extraction, the distilled solvent is collected in a drum for its use. 
Stage 4: Drying. The solvent remaining in the glass evaporates and the sample is dried. 
Finally, the dry sample is weighed in an analytical balance. 
 

Equipment and material: (i) Analytical balance Sartorius BP 221S (d = 0.0001g) or similar. (ii) 
SoxtecTM 2050 Automatic System. (iii) Stove or incubator. (iv) pH-meter CRISON. (v) Porcelain 
Cresols. (vi) Cellulose extraction cartridges 33 x 80 mm. (vii) Glasses for extraction of glass or 
aluminum (viii) Micropipette 200 μl. (ix) Cotton or glass wool. 
Reagents: (i) Hydrochloric acid 37%. (ii) Anhydrous Magnesium Sulphate. (iii) Silica earth purified 
and calcined. (iv) N-Hexa, 96% by analysis. (v) Solid sample with a fat content of 100%. 
 
Calculations: Below is the formula for calculating the amount of fat 

(𝐹𝑎𝑡)𝑚𝑔 𝑘𝑔−1 = 106
∆𝑝𝑒𝑠

𝑃𝑒𝑠𝑠𝑎𝑚𝑝𝑙𝑒
 

(𝐹𝑎𝑡)% =
∆𝑝𝑒𝑠

𝑃𝑒𝑠𝑠𝑎𝑚𝑝𝑙𝑒
100 

Where Apes is the difference between the weight of the glass after the extraction and the tare 
of the glass in grams. 

 
10.6. Volatile fatty acids 

The determination of volatile organic acids in purine waste is used as a parameter for the control 
of anaerobic digestion in reactors. The acids determined are acetic acid, propionic acid, iso and 
n-butyric acid, iso and n-valeric acid, iso and n-caproic acid and hepatic acid. These compounds 
are important intermediaries of the anaerobic process. 
 
Equipment and materials: (i) VARIAN CP-300 gas chromatograph, with FID detector. (ii) VARIAN 
CP-8400 Autosampler. (iii) Centrifuge HERAEUS Labofugue 200 or similar. (iv) Heraeus Biofuge 
Peak Centrifuge (max 13,000 rpm). (v) Water equipment Mili Q Millipore Simplicity 185 or 
similar. (vi) Heidolph REAX top tube fighter. (vii) Plastic tubes of 10 ml. (viii) Eppendorf 1.5 ml 

microtubes. (ix) Eppendorf automatic micropipettes of 100-1000 l and 2-20 l. (x) Tips for 
automatic pipette. (xi) Crimpable vials 12*32, 2 ml. (xii) Crimpable aluminum capsules. (xiii) 
Crimp. (ixv) Chromatographic syringe Hamilton 701 N, 10μl. (xv) Green Septa "Center Guide" 9 
mm, Teknokroma. (xvi) Gooseneck Solitless Liner, 4mm x 6.5 x 78.5. (xvii) Chromatographic 

capillary column of the type: TRB-FFAP (Free fatty acids phase) of 30m x 0.32mm x 0.25 m. The 
stationary phase is 100% polyethylene glycol (PEG) esterified with nitrotherapeutic acid, 
intertwined and chemically bound phase. 
 

Reagents: (i) Water Mili Q. (ii) Hydrochloric acid 37%, Scharlab. (iii) Tert-Butyl Methyl Ether, HPLC 
grade, Scharlab. (iv) Dielectric Aether Multisolvent®, Scharlab. (v) Hexa Multisolvent®, Scharlab. 
(vi) Methanol Multisolvent®, Scharlab. (vii) Cyclopropane carboxylic acid, 98% ACROS 
ORGANICS. (viii) Volatile Acid Standard Solution 10 mM each in water: MeOH 98: 2, AccuStandrd. 
(ix) Premier Heli (carrier gas and make-up). (x) BIP hydrogen (FID) - Zero Synthetic Air (FID). (xi) 
Aether: Hexa (1:1). 
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Procedure: The method described is for a dilution of 50%. If necessary, a greater dilution should 
be made: (i) Centrifuge the sample at 3,500 rpm in a tube of 10 ml for 5 min. (ii) Take 750 μl of 
the supernatant (with an automatic pipette) and place it in an Eppendorf tube. (iii) Add 750 μl 
of Mili Q water to the Eppendorf tube (dilution of 50% in this case). (iv) Mix Eppendorf and 
centrifuge at 13,000 rpm for 30 min. (v) Take 700 μl of diluted sample and place it in the 

chromatography vial. (vi) Add 10 l internal chromatography vial with an automatic pipette. (vii) 

Add 700 l of Tert-Butyl Methyl Ether. (viii) Acidify with 2 drops of concentrated hydrochloric 
acid using a pasteur's pipette. (ix) Cover the road with the aluminum capsule and crimp it. (x) 
Stirring energetically with a tube stirrer. (xi) Expect to separate the two phases and eliminate, 
by giving small shots, the air bubbles that have been formed. (xii) Place the vials in the cart of 
the sampler and program the automatic injection of the samples. We must identify the roads 
correctly. (xiii) Patterns and white (water Mili Q) are prepared in the same way as the samples. 
 

Calculations: The results of the different analytes of the different samples are calculated 
interpolating in the calibrated straight line obtained with the patterns, applying the following 
equation: y = a + bx , where y is the value of the chromatographic peak area divided by the PI 
area, a is the ordered one at the origin (the interception), b is the slope of the straight line, x is 
the variable, in this case the concentration of analyte divided between the concentration of the 

PI (which is 1), in g/ml. 
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11. Annex B- Biodegradability diagrams 
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Figure 19. Illustrations of methane potential evolution from mathematical modelling of FP, LL, CE-E and SA-E 
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 Modified Gompertz Strömberg Two Gompertz modified Richards 
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Figure 20. Illustrations of methane potential evolution from mathematical modelling of MO-E, VI-E, GA-S and GF-S 
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 Modified Gompertz Strömberg Two Gompertz modified Richards 
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Figure 21. Illustrations of methane potential evolution from mathematical modelling of DE-E, B1, B2 and B3 


