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ABSTRACT 
 

 

The potential for biogas production with residues of a slaughter house in the climatic conditions of La 

Paz has been determined during the master’s thesis. The project was carried out at a pilot plant 

consisting of three tubular biodigesters made of polyethylene. 

The study showed that there is strong potential for biogas and biofertilizer production from residues of 

slaughter houses at high altitude and cold climate in Bolivia, even by using blood which is the major 

component responsible of the water contamination. This production led to avoid water contamination, 

to limit the greenhouse effect by limiting the methane release into the atmosphere due to uncontrolled 

waste management, and to improve the agriculture yields through the use of organic fertilizer. After a 

first period of investigation, new parameters of operation of the pilot plant were defined in order to 

optimize the biogas and biofertilizer production. But the tubular biodigesters made of polyethylene 

could difficultly be further developed at industrial scale. 

Thus the final part of the project consisted in the design of a new type of low-cost pilot plant which 

could solve the environmental burden caused by slaughter houses residues in all Bolivia, while 

generating more economical benefits from the biogas and biofertilizer production. This pilot plant was 

intended to be further scaled-up and developed in all Bolivia if the new investigation carried out after 

the master’s thesis would give satisfactory results. The estimations of industrial plants based on the 

results of the pilot plant of Achachicala showed that the slaughter houses could work only by using 

biogas resulting from the anaerobic digestion of their residues, while generating important amounts of 

biofertilizer which would be a source of important economical benefits. 
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SUMMARY 
 

 

Residues from slaughter houses are currently playing an important role in the heavy contamination of 

the Titicaca Lake and other rivers and lakes because they are released directly into the water systems 

of western Bolivia. If the contamination continues, important environmental values will be lost. 

However these organic residues could be used for biogas production with biofertilizer as a by-product. 

Information around the resource is scarce, since no extensive inventory has been carried out. It is 

estimated that officially registered slaughter houses in the four major cities of Bolivia alone produce 

over 75 tons of organic residues per day. This flow of residues has increased since the world market 

for animal fodder based on blood dropped significantly. In addition, there is little experience of biogas 

production in cold environments at that altitude, almost 4000 meters over sea level. 

The master’s thesis has been carried out at the Bolivian institute CPTS in La Paz, which promotes 

sustainable technologies all over Bolivia. The purpose was to determine the potential for biogas and 

biofertilizer production from residues of slaughter house residues in the Bolivian Altiplano, where the 

temperature variations are important due to the high altitude. The purpose was especially to 

investigate if blood could be co-digested with other residues for biogas production because it is the 

major component responsible of the water contamination. The possible technological issues have 

been investigated for a satisfactory biogas and biofertilizer production, by taking in count the financial 

limitation due to the context of the country. Indeed the pilot plant developed there had to be as low-

cost as possible to be cost-effective and generate benefits in a country where the cost of living and 

fossil energy is low. 

The investigation of potential for biogas and biofertilizer production was carried out during four months 

at a pilot plant in the main slaughter house of La Paz. From September to December, production of 

biogas and biofertilizer in three tubular plastic biodigesters with different raw material compositions 

has been investigated after a two-month inoculation period which occurred during July and August. It 

has been revealed that there is strong potential for biogas and biofertilizer production from residues of 

slaughter houses and that it is not limited by the climatic conditions of the Bolivian Altiplano. Moreover 

the co-digestion of rumen content and blood was successful. This production led to add values to 

slaughter house residues while avoiding water contamination, limiting the greenhouse effect by limiting 

the methane release into the atmosphere due to uncontrolled waste management, and improving the 

agriculture yields through the use of organic fertilizer. But the tubular biodigesters of polyethylene 

showed to be suitable only for small slaughter houses or for familial use. Indeed the pilot plant could 

be fed only with 2,7% of the total residues generated by the slaughter house for a production of 2,8% 

of its energy needs. And this kind of biodigesters could difficulty be scaled up, which does not make it 

suitable for an application in the Bolivian industry. 
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It was thus necessary to design a new kind of system suitable for the industrial scale to solve really the 

environmental burden caused by slaughter houses residues and get more benefits from the biogas 

and biofertilizer production. Then the end of the project consisted in the contribution to the design of a 

new type of low-cost pilot plant which could be further scaled-up and developed in all Bolivia if the new 

investigation carried out after this master’s thesis project would give satisfactory results. The 

estimations of industrial plants potentials based on the results of the Achachicala’s pilot plant showed 

that the slaughter houses could be energetically independent, by working only with biogas resulting 

from the anaerobic digestion of all the residues. Indeed the slaughter house of Achachicala could 

generate at least 136% of its energy needs by processing its residues. At the same time, important 

benefits could be made with a minimum estimated to 20 595€ per year, especially because of the 

important amounts of biofertilizer which would be produced. The design of the new pilot plant is really 

the beginning of a new phase of the biogas project at the CPTS. Based on the investigation of biogas 

production at the Achachicala’s pilot plant and on the literature, there is a good reason to believe that 

the new type of plant designed will give satisfactory results. 

It is interesting to see that slaughter houses of Bolivia could be energetically independent and could 

work only with renewable energy by producing more energy that what they need just by processing 

their residues. Moreover this production would be a source of very important economical benefits, 

adding to all the environmental and social benefits, especially because of the large amounts of 

biofertilizer produced. So the strong potential for biogas production with slaughter houses residues 

assures a good future to biogas in this developing country for its sustainable development.  
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GLOSSARY 
 

 

G0        Gibbs free energy 

P         Difference of pressure 

         Density 

AD         Anaerobic Digestion 

ALC        Annual Loading Capacity 

ALCresidues    Annual Loading Capacity of solid residues 

B          Biodigester 

BOD-5      5-day carbonaceous Biological Oxygen Demand 

COD       Chemical Oxygen Demand 

C:N:P       Carbon / Nitrogen / Phosphorus 

CPTS Centro de Promoción de Tecnologías Sostenibles (“Institute for Sustainable 

Technologies Promotion”)  

CoA        Coenzyme A 

CoM        Coenzyme M 

Dh         Dehydrogenase 

Enz        Enzyme 

EPA        Environmental Protection Agency 

Fig         Figure 

g          Gravitational constant 

GM        Gas Meter 

GTZ deutsche Gesellschaft für Technische Zusammenarbeit (“German society for technical 

collaboration”) 

h          Height 

hL         Height of the liquid volume 

hm         Height difference between water levels in a U-tube manometer 

HDPP       High Density Polypropylene 

HRT        Hydraulic Retention Time 
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Ka         Acid ionization constant 

KTH        Kungliga Tekniska Högskolan (”the Royal Institute of Technology”) 

L          Length 

LDPE       Low Density Polyethylene 

H         Humidity sensor 

HDPE        High Density Polyethylene 

HDPP       High Density Polypropylene 

LHDPE      Linear High Density Polyethylene 

NGO       Non-Governmental Organization 

OLR        Organic Loading Rate 

OLRdry      Organic Loading Rate which does not take in count the water 

P          Pressure 

Per        Perimeter 

ppm        Parts per millions 

SM        Standard Methods 

TG         Gas phase Temperature sensor 

TL         Liquid phase Temperature sensor 

T          Temperature 

USAID      United States Agency for International Development 

UV         Ultra-Violet 

V          Volume 

Vbiofertilizer     Volume of biofertilizer 

Vgas        Volume of gas 

VG tot        Volume total of the gas phase 

VL tot        Volume total of the liquid phase 

Vtot         Volume total 

Vweekly loaded    Volume of organic material loaded in the biodigester per day 

VS         Volatile Solids 

VFA        Volatile Fatty Acids 

VOL        Velocity of Organic Load 

w         Width 
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1.1.2. CPTS and the cleaner production 

As mentioned above, the Bolivian Institute CPTS has a long experience in cleaner production. Since 

its creation in 1995, the Institute promotes cleaner production all over Bolivia for the sustainable 

development of the country. The project of biogas development in the quarter of Achachicala was one 

of the most important projects at the Institute during my stay there. 

The institute is mainly financed by the American agency USAID and the Embassy of Denmark. 

1.2.  Objectives 

The objective of the master’s thesis was to determine the potential for biogas and biofertilizer 

production from residues of slaughter house residues in the Bolivian Altiplano, where the temperature 

variations are important due to the high altitude. The purpose was especially to investigate if blood 

could be co-digested with the other residues for a satisfactory biogas production. 

The possible technological issues have been investigated for a satisfactory biogas and biofertilizer 

production, by taking in count the financial limitation due to the context of the country. Indeed the pilot 

plant developed there had to be as low-cost as possible to be cost-effective and generate benefits in a 

country where the cost of living and fossil energy is low. 

Then environmental and climatic gains which could be generated with this production were also an 

important part of the investigation, as well as which social benefits it could generate. 

Finally the purpose was to evaluate how the biogas and biofertilizer production segment could be 

further developed in Bolivia and the potential for biogas production which could be expected if bigger 

plants would be developed. 

1.3.  Methodology 

The master’s thesis started with intensive bibliographic researches about biogas production during 

August and September. The purpose was to understand well the biomethanization process and the 

different kind of biodigesters already existing.  

Then the investigation of biogas production was carried out at a pilot plant already built at the 

beginning of the master’s thesis project. The pilot plant was located in the main slaughter house of La 

Paz, in the quarter of Achachicala, and consisted in three tubular biodigesters made of polyethylene. 

The experimental study of biogas and biofertilizer production by co-digesting rumen content, blood 

and manure issued from the activity of the slaughter house occurred from late August to December. 

The potential for waste processing capacity, biogas and biofertilizer production of the pilot plant has 

been determined, as well as the economical gains it could generate.   

The project has then been reoriented in mid-December when the CPTS started to collaborate with the 

NGO GTZ, which has actually an interesting experience with tubular biodigesters in Bolivia since few 

years, but only at familial scale. The GTZ offered me the possibility to assist to a workshop about 

installation and use of tubular biodigesters during one week in Cochabamba. The aim of this workshop 
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was to teach to Quechua families of the Bolivian Altiplano how to build and use tubular biodigesters 

made of polyethylene for producing biogas (further used for cooking) and biofertilizer in order to 

develop the technology in this region. The aim was also to share the knowledge of each institution 

(CPTS and GTZ) about the tubular biodigester technology to improve the technology and plan an 

industrial development of the biogas technology in the Bolivian industry, and especially in the 

slaughter house sector. 

At the issue of the workshop, the operation parameters of the Achachicala’s pilot plant were redefined 

in order to optimize the biogas and biofertilizer productivity, according to the results obtained 

previously during the first part of the investigation and also to the satisfactory experiences of the GTZ. 

The potential for biogas and biofertilizer production were estimated again but with the new conditions 

of operation of the pilot plant. 

The final phase of the project consisted in the design of a new type of biodigester during January, with 

the collaboration of the GTZ. The new type of biodigester should be easily scaled up and would 

present good biogas productivity to solve the management of the large amounts of residues generated 

by the main Bolivian slaughter houses. The results of the first phase of investigation at the 

Achachicala’s pilot plant were extrapolated to draw the industrial potential of processing slaughter 

houses residues for biogas and biofertilizer production. The economical, social and environmental 

gains it would generate were also estimated. 
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2. BACKGROUND  

2.1. Biogas 

Biogas is a gas resulting from the anaerobic digestion (biological breakdown) of organic material, such 

as manure and and fresh semisolids residues from slaughter houses. Its production consists in the 

transformation of biomass in a gas, called biogas, whichs is a mixture of methane and carbone 

dioxyde with small amounts of other gases such as nitrogen and hydrogen sulfide. Methane, which is 

a gas combustible, incolore, inodore, is the gas responsible of the combustion of the biogas. A typical 

biogas composition is shown in the table 2.1 [31].  

 

Table 2.1 - Typical composition of biogas 

Biogas components Content 

Methane, CH4 60 – 80 % 

Carbon dioxide, CO2 15 – 35 % 

Water vapor, H2O Saturation 

Nitrogen, N2 2 – 3 % 

Hydrogen Sulfide, H2S 1 – 2 % 

Oxygen, O2 0 – 2 % 

Hydrogen, H2 0 – 2 % 

Ammoniac, NH3 0 – 1 % 

Organic compounds Traces 
  

We can note that carbon dioxide is a metabolite which inhibits seriously the bacterial activities when 

present in too high concentrations. 

The biotransformation is carried out by different microorganisms (from the Bacteria and Archea 

kingdoms [11]) in anaerobic conditions, i.e. in the absence of oxygen. With proper planning and design, 

the anaerobic digestion process, which has been at work in nature for millions of years [8], can be 

managed to process organic wastes for the production of a biofuel as a substitute to fossile fuels. The 

energetic value of the biogas depends on its methane content, and can be estimated with the following 

formula [31]. 

Biogas calorific potential = Biogas methane content * Natural gas calorific potential     (1) 

The biogas is used directly as a combustible in a range of situations from cooking, heating, lighting to 

electricity generation and vehicle fuel. 

 Environmental aspects 

Anaerobic digestion is widely used as a renewable energy source because the process leads to 

produce a methane and carbon dioxyde rich biogas suitable for energy production helping replace 

fossil fuels. We can also note that anaerobic digestion limits the emission of landfill gas into the 

atmosphere. Indeed the control of the anaerobic digestion process leads to burn all the methane 

issued from the digestion into carbon dioxyde. This has positive impacts on the environment because 
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methane, which would be released into the atmosphere during uncontrolled anaerobic digestion in the 

nature, is more than 20 times potent as a green house gas than carbon dioxyde [9]. Thus the biogas 

production allows us to limit the global warming by limiting the green house gas potential in the 

atmosphere. Moreover the nutrient-rich digestate issued from the fermentation can be used as an 

organic fertilizer. 

2.2. Effluent 

Biogas production also go with production of an effluent slurry, called digestate. It is a stable mud rich 

in nutrients, with higher concentrations in nitrogen and phosphorus than traditionnal compost [6]. 

Therefore this by-product find utlization as a good organic fertilizer. It is important to notice that the 

utlization of the mud as a fertilizer can be harmful and conduct to contamination of the ground and 

waters if it has not been well digested, by containing remaining pathogenic microorganisms. A way to 

limit this kind of contamination is to filtrate the liquid from the remaining solids in order to utilize only 

the liquid as a fertilizer [12]. It has been observed that most of the pathogens do not survive to 

anaerobic digestion process if the retention time is long enough. 

2.3. Microbiological process of anaerobic digestion 

Anaerobic digestion, or methane fermentation, is a complex process in which organic material is 

decomposed in the absence of oxygen. It can be divided up into four biological and chemical phases 

of degradation, named hydrolysis, acidogenesis, acetogenesis, and methanation. Each phase of the 

fermentation is carried out by different group of microorganisms, which have complex interactions [22]. 

Figure 2.1 summarizes the metabolic process and the syntrophic interrelation between the different 

microorganisms. 

 

 

 

 

 

 

 

  

 

                                      
 

               

 
 

Figure 2.1 - Schematic of the anaerobic digestion process 

 

In an anaerobic system the majority of the chemical energy contained within the starting material, e.g. 

in rich energy compounds such as fats or carbohydrates, is released as methane [12]. 
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2.3.1. Inoculation 

Biogas production always implies first an inoculation of the biodigesters. It consists in the introduction 

of an initial cell material called inoculum, which initiates the microbial culture.   

This phase of inoculation leads to initiate the culture of the bacteria responsible for the anaerobic 

digestion of the material further loaded into the biodigester. During this period of one to few weeks 

depending on the temperature of the system, bacteria adapt themselves to their medium of culture and 

grow rather slowly. The facultative aerobic bacteria consume all the oxygen present in the biodigester 

in order to create the anaerobic conditions required. At the end of this phase, microorganisms are able 

to grow at a normal rate and should be present in a sufficient amount to be able to digest rapidly the 

mixture loaded in the biodigester.  

The inoculation thus consists only in loading a certain amount of organic material containing anaerobic 

bacteria responsible for the further anaerobic digestion. Rumen is a very good material for the 

inoculation phase because it contains bacteria responsible for biogas production, a process which 

occurs in the rumen of cows. Once the anaerobic conditions are reached and that biogas production 

starts, we can begin to feed the biodigesters. In the case of tubular biodigesters, it is important to load 

enough material to close the system and allow the bacteria to create the anaerobic conditions. 

2.3.2. Hydrolysis 

During the first phase of the process, a first set of bacteria hydrolyzes the organic material into smaller 

molecules in order to make the nutrients readily available for the bacteria of the next phase. 

Undissolved compounds, like cellulose and fats are broken down into water-soluble monomers by 

extra cellular enzymes of facultative or obligatory anaerobic bacteria (figure 2.2). Proteins are also 

broken down into smaller units by hydrolysis of the amide bond (figure 2.3). 

 

 

Figure 2.2 - Hydrolysis of C-C bonds in fats 

 

 

Figure 2.3 - Hydrolysis of amide bonds in proteins 

 

The facultative anaerobic organisms consume the oxygen dissolved in the water and cause the low 

redox potential required for obligatory anaerobic microorganisms (optimum between -300 and -330mV 
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reactions such as respiration or fermentation. Thus a proper redox potential is required for a good 

microorganism growth. The redox potential is measured in volts. 

2.3.3. Acidogenesis 

The monomers formed in the hydrolytic phase are then digested during the second phase, called 

acidogenesis, by other facultative and obligatory anaerobic bacteria. These bacteria transform the 

previously formed monomers (amino acids, sugars and fatty acids) into short-chain organic acids, C1-

C5 molecules (e.g. butyric acid, propionic acid, acetate and acetic acetate), alcohols, hydrogen and 

carbon dioxide. These short-chained organic acids are also called volatile fatty acids (VFAs). 

2.3.4. Acetogenesis 

The products issued from the acidogenesis phase are then further used as substrate by the bacteria 

responsible of the acetogenesis phase, called acetogens. During this third phase, homoacetogenic 

microorganisms reduce H2 and CO2 to acetic acid. 

2 CO2 + 4 H2     CH3COOH + 2H2O 

Another type of bacteria digests the organic acids (further break down) through dehydrogenization to 

produce largely acetic acid, carbon dioxide and hydrogen (Table 2.2 [10]). 

 

Table 2.2 - Acetogenic degradation reactions   

Substrate Reaction 

Propionic acid CH3(CH2)COOH + 2H2O  CH3COOH + CO2 + 3H2 

Butyric acid CH3(CH2)2COO- + 2H2O  2CH3COO- + H+ + 2H2 

Valeric acid CH3(CH2)3COOH + 2H2O  CH3COO- + CH3CH2COOH + H+ + 2H2 

Isovaleric acid (CH3)2CHCH2COO- + HCO3
- + H2O  3CH3COO- + H2 + H+ 

Capronic acid CH3(CH2)4COOH + 4H2O  3CH3COO- + H+ + 5H2 

Glycerin C3H8O3 + H2O  CH3COOH + 3H2 + CO2 

Lactic acid CH3CHOHCOO- + 2H2O  CH3COO- + HCO3
- + H+ + 2H2 

Ethanol CH3(CH2)OH + H2O  CH3COOH + 2H2 
 

2.3.5. Methanogenesis 

In the final stage, the methane formation takes place under strictly anaerobic conditions. Strictly 

anaerobic bacteria called methanogens transform the hydrogen and the acetic acid into methane 

(responsible of the combustion) and carbon dioxide, which make up the majority of the biogas. 

All methane-forming reactions have different energy yields. Indeed the oxidation of acetic acid is only 

a little exergonic in comparison to the reduction of CO2 + H2, which means that it is more favorable 

energetically [10] (the higher the negative value is, the more energy the reaction releases): 

CH3COOH    CH4 + CO2 at a G0 = -31 kJ/kmol 

CO2 + 4BADH/H+      CH4 + 2H2O + 4NAD+ at a G0 = -136 kJ/kmol  
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2.4. Effect of different parameters 

Considering that the anaerobic bacteria are the essential ingredients of the anaerobic digestion 

process, it is important to understand which physical and chemical factors are relevant to optimize the 

formation of methane. The main factors and their influence are thus described in this part. 

2.4.1. Temperature 

The temperature affects directly the velocity of the biological reactions, by influencing the metabolic 

activity of the microorganisms involved in the process. The efficiency of anaerobic processes is thus 

highly dependent of the reactor temperature. 

The optimal range of temperature for the anaerobic digestion is in the mesophilic range (25<T<40°C). 

The temperature also affects the level of degradation of the biomass, called final biodegradability. The 

anaerobic digestion in the thermophilic range (40<T<60°C) shows more instability and thus does not 

increase the velocity of the process [16]. Methanogenesis is also possible in psycrophilic conditions 

(0<T<25°C) but with a lower velocity [2]. The reactions velocity doubles every 10°C between 10 and 

35°C, with an optimum at 35°C [13]. Indeed the solubility of the gases NH3, H2S and H2 increases with 

the temperature, favoring the liquid-gas transfer. Salts are also more soluble at higher temperature 

because the organic material is more accessible for the anaerobic microorganisms, resulting in an 

increase of the process velocity. Thus longer retention times are required in psycrophilic conditions but 

less problems of stability are encountered [28]. 

We can also note that bacteria need an adaptation period of few weeks to reach a pseudo-steady-

state when there are important temperature variations. It is interesting to note that the biomethanation 

process responds immediately to sudden increases of temperature, which means that the 

methanogenic bacteria metabolism is well preserved during the low temperature period (i.e. the night). 

 Temperature conditions in La Paz 

The average temperature in La Paz is 9,3°C over the year with high variations between the night and 

the day due to the high altitude. We can also divide the year into two seasons: the dry season from 

April to October during which the temperature are lower (between 2 and 15°C), and the raining season 

from November to March during which the temperatures are higher (between 6 and 25°C). 

It has been observed during lab-scale experiments of biogas production in La Paz that about 94-97% 

of the biogas is produced during the day when there are important temperature variations as in the 

conditions of the Altiplano [2]. 

2.4.2. Pressure 

Lab-scale experiments performed at La Paz have shown that differences in atmospheric pressure do 

not significantly affect the biogas production when using animal manure as substrate, in comparison to 

results obtained in Eastern Sweden where biogas is successfully produced. It is thus possible to 

produce biogas in the Bolivian Altiplano, regarding the conditions of pressure [1]. 
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 Atmospheric pressure in La Paz 

The pressure is relatively low in the Bolivian Altiplano where La Paz lies because of the altitude 

(3800m above the sea level). The atmospheric pressure is 495 mmHg there whereas it is about 760 

mmHg at the sea level, like in Eastern Sweden.  

2.4.3. Hydraulic retention time (HRT) and Organic Load Rate (OLR) 

The HRT, expressed in days, is the time that spends the biomass in the biodigester, from its charge 

into the biodigester until its discharge. There is no way to calculate theoretically the optimal HRT since 

its value depends on the ambient temperature and of the organic material loaded in the biodigester. 

The higher is the degradability of the organic material, the shorter is the retention time, with an optimal 

value. Indeed, if the HRT is too short, bacteria do not have time enough to degrade the organic 

material while if it is too long, the bacteria will starve and the production of methane decreases once 

the optimum is exceeded. This explains also why the temperature is very important because it 

influences the velocity of degradability of the organic material. 

For continuous and semi-continuous systems, we define HRT as the following: 

HRT  day    
V        

V            
      (1) 

Table 2.4 [34] shows common retention times observed in different parts of South America depending 

on the climate: 

 

Table 2.4 - Examples of HRT in function of the temperature   

    Region Working Temperature [°C] HRT [day] 

Tropical 30 20-25 

Valley 20 30-37 

Altiplano 10 60-75 
 

It is thus very important to have a HRT adapted to the temperature of the system because of a certain 

amount of residues leads to the production of the same amount of biogas in different temperature 

conditions if the HRT is suitable. 

The HRT determines thus indirectly the OLR, which is the rate of feeding the biodigester in unit of 

volume per time. In other words, we control the HRT by having an adapted OLR. The higher the OLR, 

the lower the HRT for a same biodigester. In the formula of the HRT definition, the OLR corresponds 

to the volume of organic material daily loaded, which gives the following formula: 

OLR    
V                

HRT 
      (2) 

So the HRT and the OLR, determined by the type of substrate and the temperature of the system, are 

the principal parameters for the design of a digester, and especially its volume.  
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2.4.4. Percentage of solids 

This parameter leads to calculate the efficiency of the bacterial activity in the transformation of organic 

material into biogas. The velocity of degradability of the organic material depends on the 

characteristics of the raw material. For example, manure produces more rapidly biogas than any 

cellulosic material. 

The content of organic material of any waste can be expressed in different units, since all organic 

materials are composed of water and a fraction of solids. The fraction of solids is called ‘total solids’ 

and corresponds to the total solid content of a mixture. It is an important factor to consider with the 

kind of mixture used in order to ensure a satisfactory process. The optimal percentage of solids is 

between 4 and 9%. It can also be expressed in ‘volatile solids in humid base’, which represents a 

much approximated organic fraction of the total solids. In this case the solids are the one volatilized 

when subjected to a dry ignition at 500-600°C. 

2.4.5. pH 

Each group of microorganisms involved in the anaerobic fermentation has its own optimal pH for 

growing. The optimum of pH for acetogens is for example around 6,6 while it is around 6,8-7,2 for the 

methanogens. Acidogens have an optimal pH around 5-6 and hydrolytic bacteria around 7,2-7,4. In a 

process of biomethanation in one step, it is better to maintain the pH neutral because methanogenesis 

often is the limiting step due to their sensibility to pH and acetogens can also work at neutral pH [27]. 

This parameter affects considerably the enzymatic activity of microorganisms. 

The pH of the system also influences other parameters such as the toxicity of certain compounds (i.e. 

ammonia). Thus it is important to control the pH of the system between 6.5 and 8 if we want that the 

methanogenesis occurs. And because of the facility and the rapidity to measure the pH, it is a 

parameter by excellence to monitor and control the anaerobic reactions [10]. However, it is more the 

results of a biochemical balance in the system than the cause of the balance (i.e. indicator of what 

happened).  

2.4.6. Agitation 

Agitation is important for anaerobic bacteria for different reasons. It improves the contact between the 

substrates and the bacteria and eliminates the metabolites produced by the bacteria. It also helps the 

gas (mainly methane and carbon dioxide) to get out of the liquid and gives a uniform density to the 

bacteria populations. Moreover, agitation leads to prevent sedimentation, the formation of dead zones 

which reduce the effective volume of the system and finally it also leads to maintain a uniform 

temperature. 

Agitation can be of different types: mechanical, hydraulic or pneumatic but agitation with gas 

presented the best advantages and results in big scale reactors. 
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2.5. Nutrients requirements 

Nutrients are required to satisfy the growth of the microorganisms, like in every biological process. 

Indeed it is necessary that nutrients such as organic carbon, nitrogen, phosphorus, and trace elements 

are available in sufficient quantities. The most important inorganic nutrients are nitrogen and 

phosphorus and it is suggested that a ratio C:N:P should be maintained around a minimum of 250:5:1 

for a satisfactory growth of the anaerobic bacteria [10].  Materials with different C:N:P ratio show high 

differences for producing biogas. 

Traces of metals, such as iron or cobalt, are important to activate the different enzymes involved in 

anaerobic systems. The lack of sufficient metal traces could be responsible of the failure of the 

process. Microorganisms require also the presence of a good equilibrium of common cations (sodium, 

potassium, calcium, magnesium) in their medium [4]. Many studies show that the implementation of 

micronutrients can stimulate the anaerobic process. 

Studies of anaerobic digestions in the Bolivian Altiplano showed that slaughter houses residues are a 

suitable feedstock for biogas production [6], according to their nutrients contents. It is important to use 

“fresh residues” for biogas production because residues already degraded in the ambient air cannot 

lead to biogas production, or almost not.  

2.6.  Toxics and Inhibitors 

Generally many nutrients stimulate the growth of microorganisms at low concentration, have no effect 

at intermediate concentration, but inhibit it when present in high concentration. The synergism and 

antagonism concepts are important to consider when dealing with toxicity and inhibition. Antagonism is 

the decrease in toxicity of a substrate in presence of other ones while synergism is the increase in 

toxicity of a substrate in presence of other ones.   

All microorganisms have the ability to adapt themselves to inhibitors but the time of adaptation varies 

depending on the microorganism. We can note that methanogens are considerably more sensible to 

toxicity and inhibition than the other microorganisms involved in the anaerobic digestion [6]. Indeed the 

growing rates are lower, which means that the risk of inhibition is higher. 

2.6.1. Salts 

Low concentrations of salts are required for the metabolism of the bacteria but high concentrations can 

be responsible of inhibition in anaerobic systems. The inhibition is more related to the concentration of 

the salt than the anion. Table 2.5 [12] resumes the effect of various cations concentrations. 

An important phenomenon with the salts toxicity is the antagonistic effect. If a cation like sodium for 

example is present in a concentration which produces inhibition, this inhibition can be compensated by 

the presence of other cation in much lower concentrations. 
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Table 2.5 - Common cations with their intervals of stimulating inhibitory concentrations [mg/L]   

Cation Stimulation [mg/L] Moderated inhibition [mg/L] Strong inhibition [mg/L]

Sodium (Na+) 100-200 3500-4500 8000 

Potassium (K+) 200-500 2500-4500 12000 

Calcium (Ca2+) 100-200 2500-4500 8000 

Magnesium (Mg2+) 75-150 1000-1500 3000 
 

2.6.2. Ammonia 

Ammonia is produced under anaerobic conditions during the degradation of protein residues. It is a 

base which can combine with carbon dioxide and water to form ammonium bicarbonate, a natural pH 

regulator. If the concentration of proteins is too high, as in the treatment of slaughter house residues, 

the resulting ammonia concentration can be too high and cause toxicity. 

It is important to note that it is ammonia (NH3) which mainly causes inhibition of anaerobic processes, 

and not the ammonium ion (NH4
+), from a concentration of 100mg/L [10]. Ammonium is responsible of 

inhibition from a concentration of 3000 mg/L. The toxicity of ammonia is very dependent of the pH 

system because of the following equilibrium: 

NH4
+ = NH3 + H+  (Ka = 5,56.10-10 at 35°C) 

The toxicity of ammonia is thus less severe at neutral pH. 

2.6.3. Sulfur 

The non ionized hydrogen sulfide (H2S) is the compound which produces the higher inhibition among 

the sulfur compounds [21]. It is a gas relatively insoluble and is eliminated partially from the solution 

with the other gases produced. At neutral pH in anaerobic conditions, almost all the sulfur compounds 

present are H2S or SH-. There is also generally presence of S2- which forms precipitates with many 

metals. 

Apart of being toxic for anaerobic microorganisms, H2S is a toxic and corrosive gas with a strong odor, 

responsible of health problems for people breathing it. Moreover, when oxidized during combustion, 

this gas forms sulfur dioxide, an air contaminant. Indeed sulfur dioxide contained in the air forms 

sulfuric acid when it is raining and results in what we call “acid rains”. It is thus important to filter out 

hydrogen sulfide before the storage and the combustion of the biogas. 

But the production of sulfur is not that bad because it serves as nutrient for bacteria growth in a certain 

range of concentration. Sulfur compounds also help to maintain a low redox potential, required for a 

satisfactory anaerobic process and limit the toxicity of heavy metals by forming complex which 

precipitates.  

2.6.4. Cations and Heavy metals 

In the anaerobic digestion process, all the cations can show toxicity from a certain concentration and 

the importance of this phenomenon increases with the molecular weight of the cations [22]. Heavy 
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metals are compounds which produce toxicity with lower concentrations. Copper, zinc, nickel, 

cadmium or mercury produces inhibition to the anaerobic micro flora at concentrations lower than 1 

mg/L [10]. 

Iron, usually present at higher concentrations, is generally not toxic and can be very utile when it forms 

complexes with sulfur and heavy metals because it reduces toxicity. Indeed, the complexes formed 

are very insoluble and not toxic.  

2.6.5. Organic compounds 

Organic compounds are often a source of toxicity in anaerobic systems. Lots which are toxic in high 

concentrations can be consumed by microorganisms in low concentrations. This is more a common 

problem in the case of residual water treatment from chemical industries for example. 

2.7. Biodigester 

The biodigester, also called anaerobic reactor, is a container in which the anaerobic digestion of 

organic material occurs. Constructions of biodigesters are numerous. They can be very simple (plastic 

bag with specific properties) to much more advanced systems (sealed steel tanks with automation of 

flows through the system and computing control of the different parameters). Most of the plants in the 

developing countries are simple, cheap and rather easy to build. The fundamental principle is that the 

biodigester is airtight (to avoid gas leak and maintain anaerobic conditions) and watertight (to avoid 

any liquid leak). It also requires to be built with an opaque material because the methane formation 

should take place in absolute darkness since light severely inhibits the methanation process. Systems 

to load residues, to collect biogas and biofertilizer are the minimum required. 

In the case of tubular systems made of polyethylene, which are the common low-cost biodigesters in 

Latin America, it was observed that a ratio of 7,5:1 between the length and the diameter of the system 

was the optimum [34]. 

The biodigesters used during the project are described in the materials and method part. 

 

 Two-phase systems 

The simplest systems consist in one-phase systems. However the two-phase anaerobic digestion has 

several advantages over conventional one-phase processes. Indeed it leads to select and enrich 

different bacteria in each phase, increase the stability of the process, and get higher Organic Loading 

Rates (OLR) and shorter Hydraulic Retention Times (HRT) [30]. In this kind of system, hydrolysis and 

acetogenesis occur during the first phase while acetogenesis and methanogenesis occur during the 

second phase. The process of the second phase is generally 4 times slower than the first one. 

It is important to notice that the two-phase configuration is very significant for an efficient anaerobic 

digestion. A good two-phase configuration showed to produce 50 to 70% higher biogas production 

relatively to one-phase configuration [32]. Moreover the phased could tolerate an elevated OLR of 
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12.6 g VS/L day, which was not achievable with a conventional one-phase configuration [32]. But it is 

more difficult to monitor and control two-phase systems. 
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As indicated in the diagram, filters for sulfur were placed to avoid air contamination further on, as well 

as bad smells. These filters consisted in a dense network of filings (Fe) with which the hydrogen 

sulfide reacts to form iron (II) sulfide and hydrogen (Fe + H2S  FeS + H2). U-tube water manometers 

were placed along the biogas conducting pipe to measure the pressure in each biodigester. Pipes 

serving to biogas composition measurements were submerged in water flasks the rest of the time to 

close the system and also to allow the gas to escape in case of high pressure when the valve to the 

gas tank was closed. This water flask worked actually as an overpressure valve, indispensable to 

avoid the plastic bags to break in case of overpressure. 

Each biodigester was dug in a fosse slightly inclined to facilitate the circulation of the biomass. The 

fosses were made of different material (biodigester 1: mixture of ferrous cement and cyclopean 

concrete, biodigester 2: cyclopean concrete and biodigester 3: reinforced concrete) recovered by a 

1,5cm layer of HDPP for the isolation. 

Figure 3.2 shows the system to collect the biogas installed during October. The biodigesters were 

connected in parallel to a gas tank to be able to measure independently the production of biogas in 

each biodigester, with the help of different gas meters.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 - Schematic diagram of the biogas collect system at the pilot plant (GM = gas meter). Details 

previously shown in the figure 3.1 (like sulfur filters) haven’t been redrawn to simplify the diagram. 

 

A 2 m vertical pipe was connected to the 50 m pipe conducing biogas to the tank, which was positively 

inclined. The purpose was to evacuate the condensate of water formed along this long pipe and avoid 

its accumulation in the tank, as well as to avoid the pipe to be plugged by water which would prevent 

the biogas to be accumulated in the gas tank.  
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Finally all the system was under low pressure until the use of the gas. The non-explosive properties of 

the biogas and the fact that the all system was under low pressure made the system safe. Pictures of 

the pilot plant are shown in Appendix B p.71.  

3.1.2. Procedure 

As mentioned previously, the biogas production was investigated at the pilot plant from the beginning 

of the master’s thesis project at the CPTS in late August to early December. Here is a description of 

the work conducted at the pilot plant during this period. 

 Inoculation 

The investigation of biogas and biofertilizer production at the pilot plant started after a two-month 

inoculation period which occurred during July and August. The inoculation of the three biodigesters 

just finished when I arrived in Bolivia. The same inoculation had been done in each biodigester. It 

consisted in the load of a certain composition of raw material during 12 days and then left during about 

2 months. The inoculum composition, which was the same for the three biodigesters, is described in 

details in the Table 3.1. There was enough material in each biodigester to fill the tubes on each side of 

the biodigesters and thus to close the system and allow the bacteria to start the anaerobic digestion. 

Then the initial mixture, with a pH of 7,1-7,4, was left until the end of august where we started to feed 

weekly the biodigesters to start the semi-continuous biogas production.   

 

Table 3.1 - Composition of the inoculums in the biodigesters 

Date Manure [kg] Rumen [kg] Blood [kg] Water [kg] 

2009-06-05 222 300 60 1400 

2009-06-09 35 100 20 450 

2009-06-14 180 350 98 1800 

2009-06-17 0 125 0 500 

Total 
437 875 178 4150 

8% 16% 3% 74% 
 

 

 Feeding of the biodigesters 

From late August, we fed each biodigester once a week. We used different composition of ingoing raw 

materials to see which one presented the best yields. Table 3.2 shows the different ingoing raw 

materials compositions for each biodigester. 

Since blood was the residue mostly responsible of the Choqueyapu river contamination, it was part of 

each ingoing raw material because the purpose was to digest anaerobically all the blood. Rumen was 

also present in each initial mixture because of its anaerobic bacteria content. However manure was a 

limiting component because the cows did not stay more than 1 or 2 days at the slaughter house and 

where not fed there before being slaughtered, so we tried to avoid its utilization in the biodigester 2. 
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Table 3.2 - Composition of the raw material mixture loaded in each biodigester every 

week in the biodigesters  

 
Biodigester 1 Biodigester 2 Biodigester 3 

m [kg] %mass total m [kg] %mass total m [kg] %mass total 

Blood 125 16 120 15 80 10 

Rumen content 250 31 200 24 120 15 

Manure 120 15 0 0 125 16 

Water 300 38 500 61 450 59 

Total 795 100 820 100 775 100 

 

 Analysis and measurements 

 

- Temperature 

Some sensors for continuous measurement of temperature were installed in the liquid and gas phase 

of each biodigester, as well as in the ambient air inside and outside the green house. But because of a 

failure of the sensors in each biodigester during September, new sensors have been reinstalled at the 

beginning of October in order to have a proper continuous measurement of these values. 

 

- Influents and Effluents 

The influent and effluent compositions have been analyzed as well at the end of October, once the 

process was in a semi-continuous state. Even if some experiments conducted by Professor René 

Alvarez at the Engineering School of Chemistry and Environmental Technology of La Paz showed that 

residues from slaughter houses in the Altiplano were suitable for biogas production, the Laboratory of 

Environmental Quality of La Paz was contracted to analyze the contents of the different mixtures 

loaded in each biodigester. The purpose was mainly to see if the use of blood led to a satisfactory 

biogas production and could allow limiting the contamination of the Choqueyapu River. Moreover 

these analyses served to observe how the process was going on by comparison between the analysis 

of the different influents and effluents. We could thus observe how well was the organic material 

degraded and if the outgoing material could be used as biofertilizer. 

 

- Volumes of biodigesters, liquid phases and gas phases 

In order to estimate the hydraulic retention times in each biodigester, volumes of each biodigester 

have been calculated once they were well inflated, as well as their liquid and gas phase volumes. 

Figure 3.3 shows how the different volumes have been estimated. 
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g   9,78 m. s  is the gravitational constant at La Paz in Bolivia 

ρ 1000 kg.m  and ρ 1,112 kg.m  at 298K 

 ρ  ρ     ρ  ρ   1000 kg.m  

For 1 cm of water level difference, we have: 

∆P  0,01 1000 9,78 100 Pa 1 mbar of pressure difference 

So each centimeter of water level difference in the U-tube manometer corresponds to 1 mbar of 

pressure difference.  

 

- Pilot plant potential 

After having demonstrated that biogas production was possible with residues of the Achachicala’s 

slaughter house by using the plastic tubular technology, an estimation of the pilot plant potential can 

be drawn. The proportion of residues which it is possible to load in the pilot plant in comparison with 

the amount of residues produced at the pilot plant will be calculated, as well as the maximum amount 

of biogas which could be produced at the pilot plant in comparison with the energy requirements of the 

slaughter house. 

3.2.  Workshop of polyethylene tubular biodigesters in Tiquipaya 

From the 7th to the 11th of December the German’s NGO GTZ organized a workshop about tubular 

biodigesters made of polyethylene. The GTZ has actually an interesting experience with such 

biodigesters in Bolivia since few years, but only at familial scale. In a perspective of collaboration with 

the CPTS for the design of industrial plants for production of biogas with residues of slaughter houses 

in Bolivia, they invited me to this workshop about fabrication and installation of biodigesters in order to 

share our knowledge and experiences about the biogas technology. The biodigesters built were 

destined to Quechua families of Tiquipaya, in the Cochabamba region of Bolivia, located at 380 km in 

the South-east of La Paz. It is also in the Bolivian Altiplano but lower in altitude, at 2570 m over the 

sea level. 

The purpose of the workshop was to teach to families of Tiquipaya how to build and use tubular 

biodigesters of polyethylene for producing biogas (further used for cooking) and biofertilizer in order to 

develop the technology in this region. 

 Procedure 

After a first day of presentation of the tubular biodigester technology to the communities of Tiquipaya 

(design, price, conditions of utilization…), the technical workshop started with the delivery by the GTZ 

of all the material required for the building of the biodigesters. The GTZ explained that they designed 

the biodigesters differently depending on in which region of Bolivia they were working (Altiplano, valley 

or tropical). All their biodigesters were designed for loading 20 kg of manure and 60 L of water daily. 

Thus the only variable to adapt was the HRT, which could be influenced only by the length (or more 
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generally the volume) of the biodigesters since the OLR was constant in each case. So the 

biodigesters of the Altiplano had volumes three times bigger than the biodigesters from the tropical 

region because the HRT needed to be three times longer. Another important difference in the design 

was the building of isolation and heating system for the biodigesters of the Altiplano, consisting in a 

green house made of walls in land and sand of about one meter high supporting a film of plastic with 

filters UV to allow solar radiation to heat up the biodigesters.  

Then the second day consisted in building and installing a first biodigester in the house of a family of 

Tiquipaya in order to teach to everybody how to make it by himself. The next day consisted in building 

and installing other biodigesters in small groups in order to apply the knowledge learned the day 

before. 

It is important to note that the GTZ designed their biodigesters to work only with manure and water. 

3.3.  Redefinition of the operation parameters at the Achachicala’s pilot plant 

At the issue of the workshop about tubular biodigesters with the GTZ in Tiquipaya, the conditions and 

parameters of operations at the pilot plant in Achachicala were redefined to improve its productivity, 

according to the results obtained previously during the first part of the investigation and also to the 

satisfactory experiences of the GTZ. Even if the CPTS planned to design a new kind of biogas 

production system more suitable for the industrial scale, in collaboration with the GTZ, the pilot plant 

already built at Achachicala will still be used to provide biogas as a combustible for cooking for the 

employees of the slaughter house living there. Moreover, the biofertilizer produced at this pilot plant 

could be sold to the farmers of the Altiplano in order to increase the economical benefits of the 

slaughter house. 

3.3.1. Materials 

The pilot plant for which the parameters of operations have been redefined in order to increase its 

productivity is the one describes in the part 3.1.1 p.19. 

But before getting into the calculations and definition of the new parameters of the pilot plant, it is 

important to precise that the recommendations done in the conclusion 3.1.4 have to be taken in count 

before restarting the biogas production. This means that the three biodigesters have to be leveled to 

avoid the liquid phase to flow excessively fast and avoid the organic material into the biodigester to dry 

over the time. A rope, with eventually small plastic of bottles closed and containing half or 2/3 of water 

and attached every meter along it, should be placed into each biodigesters in order to be able to 

agitate manually sometimes the organic material contained by the biodigesters. The building of walls 

to increase the temperature during the night is optional but would lead to stabilize the microbiological 

process and would thus contribute to better biogas productivity. If these modifications are done at the 

pilot plant, then the biogas production could be run continuously during a long period with the new 

parameters of use that will be defined from the experience with the GTZ. 
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3.3.2. Methods 

The three parameters which are modifiable with these tubular biodigesters are the hydraulic retention 

times (HRT), the organic loading rates (OLR) and the influent compositions. 

 

 Hydraulic Retention Time (HRT) and Organic Loading Rate (OLR)  

After the investigation previously carried out at the pilot plant, the conclusion drawn was that the HRT 

were too short. It was thus necessary to increase it in order to make sur the process goes smoothly. 

The literature suggests HRT of at least 60-75 days in cold regions. In order to be sure to have an 

organic material well degraded at the end of the process with almost no fecal coliforms, the new 

parameters were defined for a HRT of 90 days. 

There are two variables for influencing the HRT: the volume of the biodigesters, and the OLR. Since 

the pilot plant was already built, the only way to control the HRT was by modifying the OLR. 

 Influents compositions  

Since this phase of investigation is probably not going to be the last one, in the sense that the 

parameters could be adjusted later on, the proposition is to use only blood and rumen content in the 

proportions available per cow for each biodigester but with different dilution rates. Thus we could know 

the proper dilution rate for an optimal anaerobic digestion of these residues. The experiences of the 

GTZ by using pure rumen content as raw organic material showed that a ratio 4:1 between water and 

rumen content gave the best results. Since the influence of blood on the microbiological process is 

unknown, dilution rates of 3:1, 4:1 and 5:1 could be investigated, considering blood as a solid residue. 

The following formula can be used for the calculation of the amount of rumen content required to load 

per week (expressed in kg because it is easily applicable): 

Amount of rumen content  Volumetric ratio  % OLR  ρ          (14) 

The following formula can be used for the calculation of the amount of blood and water required to 

load per week for blood and water (expressed in L because it is easily applicable): 

Amount of water or blood 
L

Volumetric ratio  % OLR   
L
         (15) 

 

 Estimation of the pilot plant potential  

After having redefined the new parameters of operation of the pilot plant, an estimation of its potential 

can be drawn. The estimation was based on the results obtained during the first phase of 

investigation, while taking in count the new parameters redefined in this part. A potential of the 

residues load capacity, the biogas and biofertilizer production and the economical savings which could 

be expected were calculated. 
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3.4.  Design of an industrial scale system 

In December the CPTS started to collaborate with the GTZ for the design and investigation of a new 

kind of low-cost biodigester which could be further developed at industrial scale in all Bolivia. So a new 

pilot plant will first be designed and built to see what technological issues will have to be solved to 

improve the system further on. 

3.4.1. Plans of the new pilot plant 

The new type of pilot plant will be designed according to the information found in the litterature and the 

previous experiments of the pilot plant of Achachicala and of the GTZ in Bolivia. 

It is important that the new type of biodigester should be easily scaled up. Indeed the purpose would 

be to develop this kind of system in the other main slaughter houses of Bolivia and adapt it easily to 

the specific amount of residues generated by each slaughter house. 

Low cost materials are required and use of heat exchangers or motorized agitation are not 

recommendable to make a system cost-effective which coud to solve the problem of contamination 

due to slaughter houses residues. 

3.4.2. Potential of the new pilot plant 

According to the plans of the new pilot plant, an estimation of its potential based on the results of the 

Achachicala’s pilot plant will be drawn. 

First will be estimated the waste processing capacity. Then the biogas and biofertilizer production 

which can be expected will be calculated before estimating the economical savings it could generate. 

3.4.3. Extrapolation to the potential of an industrial plant 

If the new pilot plant shows satisfactory results, the purpose will be to build a bigger plant which could 

process all the residues issued from the activity of the slaughter house (and even build plants in the 

other main slaughter houses of Bolivia but we will stay focus on the Achachicala’s slaughter house). 

Results from the tubular biodigester investigation were extrapolated to estimate the potential for 

biogas production in bigger plants if all the blood and rumen content issued from the slaughter house 

would be digested anaerobically, after having defined first the size required for such a plant. Indeed 

results of the tubular biodigesters are the only ones we can use since it is the only investigation that 

has been carried out in the Altiplano conditions with Bolivian slaughter houses residues 
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4. RESULTS 

4.1.  Determination of the Achachicala’s pilot plant potential 

4.1.1. Temperature 

Graph 4.1 shows the temperature variations registered at the pilot plant over two weeks from the 7th to 

the 21st of July (winter season in Bolivia). This is one of the only periods where all the temperature 

sensors worked properly. Anyway the purpose is to observe how temperatures vary outside the pilot 

plant and into the different biodigesters. These variations where quite similar over the time: mesophilic 

temperatures into the biodigesters during the day (and especially higher during sunny days) and 

psycrophilic temperatures during the night. 

During the summer period (from October), the atmospheric temperatures were slightly higher than 

during the winter period (about 5 to 10°C higher all over the day and the night, in comparison with the 

winter period) but the temperatures in the biodigesters were still varying from the psycrophilic range 

during the night to the mesophilic range during the day since the weather is more cloudy and thus 

there is not a big change in temperatures into the biodigesters over the year. 

 

Graph 4.1 – Temperature variations at the pilot plant from the 7th to the 21st of July 2009 (North-West is the 

temperature on the shadow outside the green house on the north-west side. South-East is the temperature in 

the shadow outside the green house in the south-east side). 
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It is notable that the greenhouse leads to reach temperature up to 20°C higher during the day while 

keeping the temperature up to 5°C higher during the night than the ambient air temperatures outside 

the green house. So the green house has a positive effect on the microbiological process by leading to 

increase the metabolism activity of the bacteria responsible of the anaerobic digestion. 

The fact that temperatures vary from the mesophilic range during the day to the psycrophilic range 

during the night makes difficult to favor the growth of certain species of bacteria to improve the 

process. But the most important is that it does not inhibit the process (see the biogas production 

results), it just slows down the biogas production during the nights. 

We could also note that temperatures in the biodigester 2 are slightly higher than in the other ones. It 

is certainly due to its longer exposition to the sun over the day, and it could also be due to the plastic 

of the biodigester which presents better thermal properties. During the nights, all the biodigesters 

present about the same temperature so we can say that the different materials used for the dig 

insulations do not present big thermal properties differences.  

4.1.2. Influents 

Table 4.1 summarizes the results of the analyses. 

 

Table 4.1 - Analyses results of each biodigester influent (SM = Standard Methods, For the examination of 
waste and wastewater, Ed. 19th 1995. EPA = Environmental Protection Agency, Sampling and analysis 
methods, 2da. Ed. 1996. B1 = Biodigester 1. B2 = Biodigester 2. B3 = Biodigester 3. BOD-5 = 5-day 
carbonaceous Biological Oxygen Demand. COD = Chemical Oxygen Demand) 

Parameter Method Unit 
Detection

limit 
Result 
for B1 

Result 
for B2 

Result 
for B3 

pH EPA 150.1  1-14 7,0 7,0 6,9 

Total solids EPA 160.3 mg/L 10 685 1385 7379 

BOD-5 EPA 405.1 mg/L 0,20 4592 4494 4580 

COD SM 5220-C mg/L 5,0 17798 11866 15821 

Total phosphorus content EPA 365.2 mg/L 0,070 156 129 193 

Total nitrogen content EPA 351.1 mg/L 0,30 29 30 22 

Sodium content EPA 273.1 mg/L 0,019 1033 1216 931 

Potassium content EPA 258.1 mg/L 0,21 396 344 473 

Calcium content EPA 215.1 mg/L 0,32 256 137 164 

Magnesium content EPA 242.1 mg/L 0,18 78 33 38 

Fecal coliforms SM 5221-E NMP/100mL 2,000 4,6.1011 2,4.109 2,4.108

 

First it is interesting to note that the pH of the three initial mixtures is neutral and so are suitable for 

biogas production in each case. 

Then the total solids, nitrogen and phosphorus concentrations are values difficult to interpret because 

no values have been found in the literature for an eventual comparison. However we will compare 

these values with the results of the analyses done by the same lab for the three effluents to see how 

well or bad the digestion occurred. This comparison is done in the “Effluents” part of the results.  
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About the salt concentrations, we can resume by saying that they are all very satisfactory in the three 

different initial mixtures. Potassium and calcium concentrations are in the stimulation range 

(respectively of 200-500 mg/L and 100-200 mg/L), except for the calcium concentration of the 

biodigester 1 which is a little bit in excess (but which is far to be a factor of inhibition). Sodium 

concentrations are actually all in excess while there is a lack of magnesium in each case except for 

the biodigester 1 for which the magnesium concentration belongs to the stimulation range (of 100-200 

mg/L for sodium and 75-150 mg/L for magnesium). Due to the antagonist effect of the different salt 

concentrations, the excess of sodium is actually compensated by the lack of magnesium. This 

explains why I generalize to the fact that the salt concentrations are very satisfactory on a general 

point of view.  

BOD is a measure of the oxygen consumed by microorganisms to decompose wastes contained in 

water. If the water supply contains a large quantity of organic waste, there will be a lot of bacteria 

present working to decompose this waste. In this case, the BOD will be high due to the important 

population of bacteria which requires an important oxygen amount. As the waste is consumed or 

dispersed through the water, BOD levels will begin to decline. Non-polluted water have BOD values of 

about 1mg/L, while moderated polluted waters show BOD of 2 to 8 mg/L. So the high BOD values of 

the three initial mixtures show that they are very rich in organic material, which is positive for biogas 

production. 

COD is a measure of the capacity of water to consume oxygen through the decompositions of organic 

matter and the oxidation of inorganic chemicals such as ammonia and nitrite. It is commonly used to 

indirectly measure the amount of organic compounds in water, generally to make a measure of the 

contamination of the water. Non-polluted waters have COD values of about 200 to 1000 mg/L. BOD 

and COD do not necessarily measure the same types of oxygen consumption. Indeed, COD does not 

measure the oxygen-consuming potential associated with certain dissolved organic compounds such 

as acetate, while acetate could be detected in an assay of BOD since it can be metabolized by 

microorganisms. However, the oxygen-consuming potential of cellulose is not measured during a 

short-term BOD assay, but it is measured during a COD test. The analysis showed very high COD 

values which confirm that the three mixtures are rich in organic compounds which can be further 

degraded by bacteria for biogas production. 

The fecal coliforms content are very high in each influent, which is normal for residues of slaughter 

houses since fecal coliforms always appear in high amounts in animal dejections and rumen contents. 

They are often used as an indicator of pathogen contamination. Thus we want it to be very low in the 

effluent but it is normal to have high values for the influent compositions. 

On a more general point of view, we can conclude that the initial mixtures of slaughter houses 

residues prepared for each biodigester are suitable for biogas production because they are rich in 

organic material (which is necessary for an efficient biogas production) and they have satisfactory 

micronutrients (or salts) contents as well as appropriate pH. However, we could say that more analysis 

would be necessary, such as heavy metals or ammonia contents, to detect any eventual source of 

inhibition of say which mixture is the most suitable for biogas production. This is why we ran biogas 
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production with three different initial mixtures in each biodigester in order to observe on a practical 

point of view how the process is going on in each case. 

4.1.3. Volumes of biodigesters, liquid phases and gas phases 

Table 4.2 resumes the calculations of the different volumes in each biodigester, according to the 

equations (3), (4), (5), (6), (7) and (8) p.22 and 23. 

 

Table 4.2 - Raw data of the dimension measurements and 

calculations of the different volumes for each inflated biodigester 

 Biodigester 1 Biodigester 2 Biodigester 3 

Per [m] 2,92 3,80 3,04 

h [m] 0,90 1,03 1,05 

L [m] 8,00 8,30 8,40 

w [m] 1,05 1,03 1,10 

hL [m] 0,80 0,80 0,80 

V1 [m
3] 2,7 4,8 3,1 

V2 [m
3] 7,6 8,8 9,7 

Vtot [m
3] 10,3 13,6 12,8 

VL [m3] 6,7 6,8 7,4 

VG [m3] 3,6 6,7 5,4 

 

The type of material used is very important because it determines its final volume capacity once 

inflated. Indeed each polymer presented a different elasticity and it was revealed that the LHDPE 

(polymer of the biodigester 2) was the most suitable, regarding to the final size of the biodigester, 

because the bigger the volume, the higher the capacity of the biodigester and thus the higher the 

potential for biogas production. 

4.1.4. Hydraulic retention time (HRT) and Organic loading rate (OLR) 

Table 4.3 reports the calculations of OLR from which are deduced the HRT in each biodigester in the 

table 4.4. OLR and HRT were calculated with the equation (9) and (10) p.23 

 

Table 4.3 - Table of calculation of weekly and daily OLR in each biodigester 

 
 Biodigester 1 Biodigester 2 Biodigester 3 

 
[kg/m3] 

m 
[kg/week] 

V 
[m3/week] 

m 
[kg/week] 

V 
[m3/week] 

m 
[kg/week] 

V 
[m3/week] 

Blood 1050 125 0,119 120 0,114 80 0,076 

Rumen content 800 250 0,313 200 0,250 120 0,150 

Manure 750 120 0,160 0 0,000 125 0,167 

Water 1000 300 0,300 500 0,500 450 0,450 

OLR [m3/week] - - 0,892 - 0,864 - 0,843 

OLR [m3/day] - - 0,127 - 0,123 - 0,120 
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Table 4.4 - Mean retention time of the organic material in each biodigester 

 Biodigester 1 Biodigester 2 Biodigester 3 

VL [m
3] 6,7 6,8 7,4 

OLR [m3/day] 0,127 0,123 0,120 

HRT [days] 53 55 62 

 

Obviously the HRT were different in each biodigester since the OLR was approximately the same with 

different volumes of liquid phase in each biodigester. All the retention times were about 60 days as 

would suggest the literature p.13. 

It is thus possible to divide the biogas production cycle into two cycles: the first one during which the 

organic material is loaded while no effluent is going out because the digesters are not totally filled, and 

the second cycle during which effluent goes out every time we feed the biodigesters. So the first cycle 

correspond to a fed-batch process, while the second cycle corresponds to a semi-continuous process. 

The semi-continuous cycle starts thus after a period of time corresponding to the HRT of the 

biodigester. 

Knowing that the feed of the digesters started in late August and that the HRT of each biodigester was 

about 60 days, adding to the fact that there was already about 6 m3 of material in the digesters from 

the inoculation period, the volumes of biogas measured from mid-October correspond to biogas 

production during the semi-continuous process period. 

4.1.5. Effluents 

Table 4.5 summarizes the results of the analyses. 
 

Table 4.5 - Analyses results of  each biodigester effluent (SM=Standard Methods, For the examination of 
waste and wastewater, Ed. 19th 1995. EPA=Environmental Protection Agency, Sampling and analysis 
methods, 2da. Ed. 1996. B1=Biodigester 1. B2=Biodigester 2. B3=Biodigester 3. BOD-5=5-day carbonaceous 
Biological Oxygen Demand. COD=Chemical Oxygen Demand) 

Parameter Method Unit 
Detection

limit 
Result 
for B1 

Result 
for B2 

Result 
for B3 

pH EPA 150.1  1-14 6,8 7,0 7,0 

Total solids EPA 160.3 mg/L 10 1731 1872 1820 

BOD-5 EPA 405.1 mg/L 0,20 4806 4871 1820 

COD SM 5220-C mg/L 5,0 25709 33619 19776 

Total nitrogen content EPA 351.1 mg/L 0,30 173 167 161 

Total phosphorus content EPA 365.2 mg/L 0,010 48 57 46 

Sodium content EPA 273.1 mg/L 0,019 914 1156 1019 

Potassium content EPA 258.1 mg/L 0,21 618 483 762 

Calcium content EPA 215.1 mg/L 0,32 221 145 180 

Magnesium content EPA 242.1 mg/L 0,18 46 26 27 

Fecal coliforms SM 5221-E NMP/100mL 2,0 2,1.105 1,5.107 1,1.108

 

The pH of the three effluents is good if considered for a biofertilizer use, but if they are a little bit high 

for a liquid resulting from a methanogenic process. Indeed we would have expected pH of about 6. 
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BOD and COD values of the effluents are higher than in the influents, which is theoretically impossible. 

The explanation is that water evaporated from the system because it is not perfectly watertight where 

we load the influents and where goes out the effluents, added to the fact that the dilution of the organic 

matter in the influents was too low. So the concentrations actually increased because of this 

evaporation and it is thus difficult to interpret the results. It is then impossible to calculate 

representative degradation levels of the organic material over the process. But still the values are very 

high and show that the organic material has not been digested properly, probably due to too short 

HRT (caused by too important OLR). 

The same problems are encountered with the rest of the concentrations values (for nitrogen, 

phosphorus and the different salts) which we cannot interpret. 

About the fecal coliforms, even if the concentrations are difficultly interpretable, it is possible to 

observe that they are still present in very important amounts. This confirms that the anaerobic process 

did not occur properly because of too short HRT, since anaerobic processes should kill almost all the 

coliforms. So the current effluents are not usable as biofertilizers because of the high contamination 

risk due to the presence of these pathogens. 

Despite of the water evaporation problem, the HRT was too short in each biodigester and it is thus 

necessary to increase it by decreasing the OLR for having a good methanation process and having an 

effluent safely usable as biofertilizer. This phenomenon also justifies the low biogas volumes produced 

observed previously. 

4.1.6. Biogas production 

Graphs 4.2, 4.3 and 4.4 on the next page show the biogas composition in methane, carbon dioxide 

and oxygen measured during this period of investigation in the different biodigesters. Raw data of the 

graphs are reported in Appendix D p.75. 

Biogas was produced in each biodigester with different methane/carbon dioxide ratios. First of all it is 

important to note that biogas production is possible with residues from slaughter houses at high 

altitude in Bolivia. Moreover some biogas has been burned few times to observe its successful 

flammability, despite of the rather high carbon dioxide content. Then the mean methane content of the 

biogas produced in the different digesters was about 35%. This methane content looked sufficient to 

be able to burn the gas. Finally there were important variations in the biogas composition, which were 

certainly due to the important temperature variations. 

Table 4.6 summarizes the biogas volumes read on the different gas meters from mid-October to early 

December. The daily production of biogas has been calculated in this table with the equation (11) 

p.24. 
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Graph 4.2 - Biogas composition in the biodigester 1 from late August to November 

 

 

Graph 4.3 - Biogas composition in the biodigester 2 from late August to October 

 

 
 

Graph 4.4 - Biogas composition in the biodigester 3 from late August to October 
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Table 4.6 - Volume of biogas produced in each biodigester over the time measured with 

the gas meters (V gas=Volume of gas, B=Biodigester) 

Date Time V gas B1 [m3] V gas B2 [m3] V gas B3 [m3] 

Valves opened 
2009-10-15 11h20 0,338 0,420 0,267 

2009-10-15 12h20 0,762 1,049 0,284 

Valves closed 
2009-10-29 16h00 0,837 13,851 0,319 

2009-11-06 11h00 0,837 21,371 0,319 

Valves opened 

2009-11-06 11h50 0,837 21,491 0,319 

2009-11-06 13h33 0,920 22,158 0,346 

2009-11-06 14h00 0,937 22,213 0,346 

Valves closed 
2009-11-18 16h00 0,938 32,276 0,346 

2009-12-02 10h05 0,938 41,622 0,346 

Valves opened 
2009-12-02 11h00 0,938 41,622 0,346 

2009-12-03 09h20 1,090 41,623 1,319 

Total 49 days - 0,752 41,203 1,052 

Daily production 
[m3/day] 

- - 0,015 0,841 0,021 

 

There was still biogas escaping from the digesters through the overpressure valve when the valves 

were closed. This proofs the safety of the system regarding eventual overpressure in the biodigesters 

because they cannot explode. 

The biodigester 2 produced much more biogas than the other biodigesters. Some factors have actually 

favored an inhibition of the microbiological process in the biodigesters 1 and 3, like a lack of water. 

Indeed we realized in late November that the organic material in the biodigester 1 and 3 had dried out. 

This can be explained by mainly two factors: the evaporation of water since the systems are not 

perfectly watertight where we load the biomass and where the effluent escapes; and the inclination of 

the biodigesters which favored the liquid phase to escape from the biodigester more rapidly than the 

solids. Anyway we can conclude that manure, which is a limiting component not used for anaerobic 

digestion in the biodigester 2 is not necessary for a satisfactory biogas production. 

Table 4.7 reports the calculations of biogas production per amount of residues, calculated according to 

the equation (12) p. 24. 
 

Table 4.7 - Calculations of biogas production per amount of residues 

 Biodigester 1 Biodigester 2 Biodigester 3

OLR [m3/day] 0,127 0,123 0,120 

Daily biogas production [m3/day] 0,015 0,841 0,021 

Biogas production [m3biogas/m3residues] 0,12 6,84 0,18 

 

In order to get the biogas production in L/kg residues (see table 4.9) by using the equation (13) p.24, it 

is necessary to calculate the different OLR in kg/day (see table 4.8) as well as the volumetric biogas 

production in L/day (see table 4.9). 
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Table 4.8 - Calculation of the OLR (in kg of residue per day) in each biodigester  

 
Biodigester 1 Biodigester 2 Biodigester 3 

m [kg/week] m [kg/week] m [kg/week] 

Blood 125 120 80 

Rumen content 250 200 120 

Manure 120 0 125 

OLR [kg residue/week] 495 320 325 

OLR [kg residue/day] 71 46 46 

 
Table 4.9 - Calculation of the biogas production (in L per kg of residue) in each biodigester  

 Biodigester 1 Biodigester 2 Biodigester 3

OLR [kg residue/day] 71 46 46 

Volumetric biogas production [m3/day] 0,12 6,84 0,18 

Volumetric biogas production [L/day] 120 6840 180 

Biogas production [L/kg residue] 2 149 4 

 

Only the biodigester 2 shows a satisfactory biogas production with about 149L of biogas produced per 

kg of residue. The low biogas production in the biodigesters 1 and 3 can be partly explained by the 

fact that the organic material dried over the time in the digesters which almost stopped the anaerobic 

process. There are three reasons for this: first the digesters are not perfectly watertight and water 

evaporated due to high temperatures reached with the green house; secondly the slight inclination of 

the digs where are the digesters favored the liquid to go through the digester much faster than the 

solid phase; and finally the dilution of the organic matter in the influent was probably too low. 

4.1.7. Pressure 

The pressure measurements showed generally about 6 to 10 mbar of pressure difference in each 

biodigester which means that the biodigesters worked at very low pressure. This is positive on a safety 

point of view but it makes the storage of important biogas amounts in the gas tanks rather difficult 

since the system requires a pressure higher in the biodigesters than in the tanks to load the gas into 

the biogas tank. 

4.1.8. Potential of the pilot plant 

 Potential for waste processing capacity  

The annual loading capacity (ALC), which is the amount we could load in total in the three 

biodigesters, can be evaluated. For this calculation, it is considered that the three biodigesters would 

be run in the same conditions as the biodigester 2 which showed the best results. 

ALC 
m
year

OLR 3 365  
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OLRdry is the OLR value which does not take in count the amount of water loaded. 

In the table 3.5 p.27, we can see that water represents 58% of the influent for the biodigester 2 

So for the biodigester 2: 

OLR OLR 1 0,58 0,123 0,42 0,052 
m
day

 

 ALC 0,0,052 3 365  57   

Considering that the three biodigesters would work as the biodigester 2 did during the investigation 

period, it would be possible to load 57 m3 of residues from the slaughter house annually at the pilot 

plant.  

Table 4.10 resumes the estimation of the amount of residues produced at the slaughter house of 

Achachicala, based on the fact that about 18 300 cows are slaughtered per year. The manure has not 

been taken in count in the calculation since it was not used as raw material in the biodigester 2. 

 

Table 4.10 - Calculation of the total annual amount of blood and rumen content available at the slaughter house 

of Achachicala 

Type of 
Residue 

Volumetric 
density 
(kg/m3) 

Amount per 
Bovine 

(kg/bovine) 

Volume per 
bovine 

(L/bovine) 

Annual amount 
(m3/year) 

Blood 1050 12,6 12 219,6 

Rumen content 800 19 23,8 435,5 

Total --- 31,6 35,8 655,1 

 

Considering that we would like to process all the residues from the slaughter house for producing 

biogas, the number of biodigesters required would be: 

,
  35   if all the biodigesters would work as the biodigester 2 

This result shows the limit of use of such tubular systems for producing biogas. Indeed low-cost 

tubular systems are suitable for familiar uses but their utilization is not really suitable at industrial 

scale. It is impossible to build and handle 35 tubular biodigesters at the slaughter house to manage all 

the residues available. 

Moreover longer HRT are required for a better productivity of the biodigester which means that even 

more biodigesters would be required. It is thus necessary to develop systems with higher capacity for 

the industrial scale. 
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 Potential for biogas production  

The potential for biogas production at the pilot plant can be estimated, considering that the three 

biodigesters would be run as the biodigester 2, which means that manure is not taken in count the 

calculations. 

The mean biogas production in the biodigester 2 was 149 L (= 0,149 m3) of biogas per kilo of residue. 

Knowing that the ALC of the pilot plant is about 57 m3 per year (which corresponds to about 56 000 

kilos of residues for the influent composition in the biodigester 2), the potential for biogas production of 

the pilot plant is: 

56 000   0,149   8 344 
 

  

The initial purpose was to replace the natural gas consumed at the slaughter house for the calefaction 

system by the biogas issued from the pilot plant. The slaughter house informed us that they have an 

annual natural gas consumption of about 22 500 m3 year. From the equation (1) p.7, we can deduce 

the calorific potential of 1 m3 of biogas with a methane content of 35% corresponds to 0,35 m3 of 

natural gas. 

The pilot plant could produce the equivalent in energy of: 

8 344 0,35   2 920    of natural gas equivalent 

This represents: 

 

 
 13 % of the slaughter house energy need 

The potential of the pilot plant is thus not sufficient to replace the need in natural gas of the slaughter 

house. Moreover we have not been able to measure the sulfur content because of the equipment 

failure and we are not able to know if we could use it in a calefaction system because of high corrosion 

risks.   

 Potential for biofertilizer production  

Since we observed that the process needed longer HRT for an efficient degradation of the organic 

material and obtain a good fertilizer, we cannot estimate the potential for biofertilizer production. 

 Economical savings  

In order to calculate the economical savings which could bring this pilot plant to the slaughter house, 

we would need to know the amount of biofertilizer which could be produced. So the economical 

savings which this pilot plant could bring are calculated p.44 after having redefined the proper 

parameters of use of the system.  
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4.1.9. Conclusion 

From this investigation period of biogas production at the pilot plant of Achachicala, the first thing to 

say is that biogas production from residues of slaughter houses is not limited by the climatic conditions 

of the Altiplano because we produced biogas successfully in La Paz at a pilot plant scale. Moreover 

we can also say that the use of large amounts of blood as substrate for the anaerobic digestion is 

feasible. So value can be added to the residues from the slaughter house through biogas and 

biofertilizer production, while limiting the air and river contamination. 

However, we encountered different problems which made the pilot plant not very productive. This is 

why we will continue the investigation after having redefined the new conditions of use in a second 

period, like proper retention times. In order to redefine as well as possible the conditions of the new 

experiments at the pilot plant, I will assist to a practical course about tubular biodigesters in the 

Altiplano with the German NGO GTZ (deutsche Gesellschaft für Technische Zusammenarbeit) which 

has a good experience in biogas production. The GTZ is at the origin of the successful highest 

biodigester in the world (at 4230m over the sea level in Bolivia) using manure and water as influent.  

It was very interesting to work at pilot plant scale because the problems faced are different from the 

lab scale (difficulty for feeding the biodigesters, necessity to condensate water in the long pipes, lack 

of agitation…) and this leads to understand better how an industrial process should be. This is an 

important step to be able to design and build properly future plants. 

This period of investigation led us to see the limit of tubular systems for use at industrial scale. Indeed 

tubular biodigesters look very well adapted for a familiar use but their productivity is too low for an 

industrial scale. This is why the investigation of biogas production will continue but with the purpose to 

produce biogas for cooking for the employees of the slaughter house living there. The second phase 

of the investigation will start after that the TECALTEMA Company will have emptied the biodigesters 

because their content of too important dry organic material which makes them not usable.  

It would have been interesting to measure the sulfur contents of the different biogas in order to 

observe the efficiency of the sulfur filters but the measurement equipment of the TECALTEMA 

Company did not work. 

Finally, adding to the numerous environmental gains that this biogas production brings, it would have 

been interesting to have an idea of the economical savings which can generate this pilot plant. But 

since the process did not occur properly, this was not possible to calculate it. However, the economical 

savings which we could expect are calculated in the part 3.3.3 after having redefined the proper 

parameters of use of the pilot plant for an optimal biogas and biofertilizer production. 

 

 Recommendations  

Here are some recommendations I want to do for an improvement of the PE tubular biodigesters 

productivity in the Altiplano, when using residues from slaughter houses: 

 For a better insulation of the biodigesters, it would be better to have some walls and a roof made 

of greenhouse plastic instead of a simple green house only made of plastic. Indeed the plastic 
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would lead to increase the temperature as it does in a regular green house, but the walls would 

lead to keep more efficiently the heat during the night. The height of the green house could by the 

way be decreased for an even more efficient solar heat because the volume to warm up would be 

lower. 

 An agitation system would lead to avoid the clogging of the biodigesters. For example, a solid 

rope (eventually reinforced with gummy) with some plastic bottles attached along could permit a 

manual agitation of the material inside the biodigester. This rope could be placed into the 

biodigester while it is going to be emptied. 

 The entire pipe system should be put in place in order to avoid a maximum the water condensate 

to accumulate into the pipe (incline the entire pipe system). For instance some T-valves (like the 

plastic three-way ball valves) could be placed along the biogas pipes in order to be able to pour 

out the water condensate where we cannot avoid its accumulation.    

 The organic material should be more diluted in order to have a material more fluid, and to avoid 

any clogging phenomenon, and improve the microbiological process. More generally, the influent 

compositions have to be redefined according to the experience of the GTZ with use of slaughter 

houses residues for biogas production, on a dilution point of view and on a volume loaded point of 

view in order to have suitable HRT. IT is also important to level the digs for avoiding accumulation 

of solid residues because it was certainly the main cause for the clogging of the biodigesters. 

 It is important to change the filings of the sulfur filters regularly to maintain the efficiency of the 

filters over the time. Moreover the period of change has to be defined. In order to facilitate this 

maintenance of the filters, a valve should be placed before the sulfur filter (adding to the one 

placed after). Thus we could close the system around the filter when we would need to change 

the filings, which would lead to avoid the biogas to escape from the biodigester and from the gas 

tank. This would also have a positive impact on the worker which would do this maintenance by 

preventing him to breathe the biogas which would escape. 
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4.2.  Workshop of polyethylene tubular biodigesters in Tiquipaya 

4.2.1. Biogas and biofertilizer production with the GTZ biodigesters 

Pictures of the workshop are reported in Appendix E p.77. 

At the issue of this workshop, five biodigesters were installed and ready to use in different families of 

the Tiquipaya community. Load of large organic material was required to initiate the inoculation phase 

first, before starting the continuous feeding one to two months later. So it was not possible to assist to 

the working phase of these biodigesters. However it was possible to observe a similar biodigester of a 

family of Tiquipaya in working conditions. This biodigester was working continuously since one year 

and kept producing the same amount of biogas and biofertilizer daily. The biodigester was designed 

for a capacity of load of 20 kg of fresh cow manure and 60L of water daily, as the ones built during the 

workshop. The biodigester produced about 750 L of biogas allowing cooking for about 4-5h every day, 

which was enough for the needs of this family of 5 persons to prepare breakfast, lunch and dinner. 

Adding to the biogas, 80L of concentrated biofertilizer was produced daily, which was more than what 

the family needed for their agricultural activity. Pictures of this biodigester are reported in Appendix E 

p.78. 

It has been revealed that this biofertilizer was odorless and of high quality because the family told us 

that its use considerably increased their agricultural production, while preserving the values of their 

ground by avoiding the use of chemical fertilizers. The family revealed us that they were actually more 

interested by the biofertilizer production than by the biogas since natural gas is very cheap in Bolivia. 

Table 4.11 summarizes the results obtained with the biodigesters of the GTZ in the different regions of 

Bolivia. 

 

Table 4.11 - Characteristics and results of the biodigesters built by the GTZ in the different regions of Bolivia 

 
Biodigesters of the 

Altiplano region 
Biodigesters of 

the valley region 
Biodigesters of the 

tropical region 

Daily load 
20 kg of manure 

60 L of water  
20 kg of manure 

60 L of water 
20 kg of manure 

60 L of water 

Daily production of biogas (L) 700-750 700-750 700-750 

Daily production of biofertilizer (L) 80 80 80 

HRT (day) 75 37,5 25 

Inoculation time 2 months 1 month 3 weeks 

Working temperature (°C) 10 20 30 

Ambient temperature (°C) -12 to 10 15 to 20 13 to 38 

Diameter of the biodigester (m) 1,75 1,5 1,25 

Length of the biodigester (m) 8,1 5,6 5,3 

Volume of the liquid phase (m3) 6 3 2 

Volume of the gas phase (m3) 2 1 0,6 

Volume total (m3) 8 4 2,6 
 



Potential for biogas production from residues of a slaughter house at high altitude in Bolivia 

 

43 
 

Before concluding about this workshop in Tiquipaya, here is a calculation of the biogas production in 

liter per kilo of manure with the results of the GTZ. Knowing that the mean biogas production is 725 L 

of biogas for 20 kg of manure, this means that digestion of manure results in the production of: 

 
V      

A      
  36 

L 

   
 

It has been observed at the pilot plant of Achachicala that the optimal biogas production was 149 L of 

biogas per kg of residue (rumen content and blood). This shows that the potential for biogas 

production is higher with the slaughter houses residues and this justifies even more the interest to pay 

to develop biogas production with slaughter houses residues. 

It is also notable that the biodigesters of the GTZ in the Altiplano are just a bit smaller than the one of 

the pilot plant of Achachicala, and are suitable for the energy needs for cooking of a family of 5 

persons. This confirms that the tubular biodigesters are suitable for family’s needs but cannot lead to 

replace the important natural gas needs of a big slaughter house like the one in Achachicala.  

4.2.2. Conclusion 

The participation to this workshop with the GTZ was really giving. Indeed it was an opportunity to 

assist and contribute to the installation of similar tubular biodigesters used at the pilot plant of 

Achachicala and thus to see the first period (technical part) corresponding to the first phase of the 

biogas project with the CPTS in La Paz. The fact to participate to the building and installation of the 

biodigesters leads to better understand the technical problems encountered at the pilot plant of 

Achachicala, and especially to better understand how to solve technically the different problems 

encountered (like the problems of water condensate in the pipe conducing biogas which should be 

avoided by a proper inclination of the entire pipe system). 

On a more general point of view, it was interesting to share knowledge and experiences about this 

technology with the GTZ, and  this workshop can be looked at as the starting point of the collaboration 

between the CPTS and the GTZ for the future biogas projects and investigations in Bolivia. 
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4.3.  Redefinition of the operation parameters at the Achachicala’s pilot plant 

Since the biodigesters were plugged at the end of the first period of investigation at the pilot plant, they 

have been emptied from their organic material in order to start properly the second phase of 

investigation. Consequently a new inoculation period was required which has to last about two months 

(from late December), which means that I will not be able to observe the results of this second phase 

of investigation. 

However the production of biofertilizer that is going to be produced can be estimated, by considering 

that the organic material would be properly digested and will not contain pathogens with the new 

operation parameters. 

4.3.1. Hydraulic retention time (HRT) and Organic loading rate (OLR) 

In table 4.2 p.32 the volumes of the liquid phases in each biodigester were calculated. Thus the OLR 

for each biodigester can be defined (table 4.12) for HRT of 90 days. OLR values take in count the 

amount of water in the influent.  

 

Table 4.12 - Calculations of the OLR in each biodigesters for HRT of 90 

days 

 Biodigester 1 Biodigester 2 Biodigester 3 

VL [m
3] 6,7 6,8 7,4 

HRT [day] 90 90 90 

OLR [m3/day] 0,074 0,075 0,082 

OLR [m3/week] 0,518 0,525 0,574 

 

It is now necessary to define the composition of each influent for each biodigester. 

4.3.2. Influents compositions 

In a perspective of making a process rather easy to handle, the influents compositions were redefined 

according to the proportions of residues available per animal. Thus the residues could be directly 

loaded in the biodigesters without making precise measurements, except of the total volume loaded. 

Calculations of the proportions of residues available per cow are reported in the table 4.13. 

 

Table 4.13 - Volumetric proportion of residues available at the slaughter house per cow 

Type of 
Residue 

Amount per 
bovine 

(kg/bovine) 

Volumetric 
density 
(kg/m3) 

Volume per 
bovine 

(L/bovine) 

Proportion 
(%volumetric) 

Rumen content 19 800 15,2 56 

Blood 12,6 1050 12 44 
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The proportion and the amount of each component are calculated in table 4.14 with the equations (14) 

and (15) of the previous page, and according to the dilution rates previously defined. 

 

Table 4.14 – Volumetric ratio and amount of each component in the influent of each biodigester 

  
Biodigester 1 

(3:1) 
OLR = 0,518 m3/week 

Biodigester 2 
(4:1) 

OLR = 0,525 m3/week 

Biodigester 3 
(5:1) 

OLR = 0,574 m3/week 

Component 
 

(kg/m3)
Volumetric 

Ratio 
Amount 

per week 
Volumetric 

Ratio 
Amount 

per week 
Volumetric 

Ratio 
Amount 

per week 

Rumen content  800 14 % 75 kg 11,2 % 59 kg 9,5 % 55 kg 

Blood 1050 11 % 57 L 8,8 % 46 L 7,5 % 43 L 

Water 1000 75 % 389 L 80 % 420 L 83 % 477 L 

 

4.3.3. Estimation of the pilot plant potential 

 Potential for waste processing capacity  

Even if the influent can be slightly different in some biodigesters when the optimal water/residues ratio 

will be defined, the amount of residues (rumen content and blood) loaded per week will be about 100 

kg per week in each biodigester. This would give a possibility of loading: 

ALC  3 100 300 
 

  in total in the three biodigesters 

 ALC  300   15 642 
 

   in total in the three biodigesters 

From the volumetric proportion and volumetric density of each component in the influent composition, 

it is possible to calculate the corresponding volume of residues which could be loaded in total in the 

three biodigesters: 

Amount of residues 
% 

 
   

% 
 Volumeof residues 

 
     (16) 

 15 642
,
   

,
17,5 

 
 in total in the three biodigesters 

Results of table 3.11 p.34 showed that the annual amount of blood and rumen produced at the 

slaughter house of Achachicala was about 655 m3, which means that the actual pilot plant can 

manage: 

,
2,7 %  of the residues generated by the slaughter house 

This shows the importance of developing a new kind of system which could be scaled-up to manage 

all the residues generated by the activity of the slaughter house, since the polyethylene tubular 

biodigesters cannot be scaled up a lot and it would be impossible to build and especially handle 

enough tubular biodigesters to manage all the residues. 
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 Potential for biogas production  

The previous calculations showed that about 15 642 kg of residues could be loaded in the pilot plant 

per year. Considering that the system could produce 149 L of biogas per kg of residue (like the optimal 

productivity observed in the biodigester 2 during the first period of investigation), we could expect the 

pilot plant to produce: 

15 642 149 2 330 658 
L 

2 330 
 

   

Considering that the average methane content in the biogas would be of about 35%, this amount of 

biogas would correspond to: 

Volume of biogas Methane content   2 330 0,35 816    of natural gas equivalent 

This represents: 

 
 2,8 %  of the energy need of the slaughter house 

It is thus obvious that this pilot plant cannot afford the amount of biogas required to replace the needs 

in natural gas of the slaughter house. However, the pilot plant could supply 6,4 m3/day (2330 m3 of 

biogas per year, divided by 365 days = 6,4 m3/day) of low-pressure biogas which could be use by the 

employees living in the slaughter house for cooking for instance. These 6,4 m3 represents 

approximately the energy needs for preparing breakfast, lunch and dinner for about 12 persons, which 

corresponds approximately to the number of employees living in the slaughter house.  

These calculations show a real need to develop a new type of biodigester which could manage higher 

wastes amounts and thus produce higher amounts of biogas.  

 Potential for biofertilizer production  

Table 3.12 p.41 reports the OLR of each biodigester for HRT of 90 days. By adding the three different 

OLR of each biodigester, the volume total loaded per week in the pilot plant can be obtained: 

OLR  
m
week

 OLR  
m
week

 OLR  
m
week

 OLR  
m
week

 

OLR 0,518 0,525 0,574 1,62m
3 influent
week

  

Since the majority of the residues should be degraded into biogas and that water represents about ¾ 

of the influent compositions, we can estimate that about ¾ of the influent volume will go out of the 

system as biofertilizer, which gives the following equation: 

V OLR          (17) 

  V   OLR 1,62   1,22    of biofertilizer 

  V 1,22    63,61  63 610 
L

  of biofertilizer 
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From this estimation, we expect the pilot plant to produce about 63 610 L per year.  

 Economical savings  

The economical savings can be divided into two parts: the benefits from the biogas production and the 

benefits from the biofertilizer production. 

Since the amount of biogas is too low to replace totally or at least partly the natural gas needs of the 

slaughter house, we cannot really draw economical benefits from the biogas production with this pilot 

plant, even if it can definitely decrease the energy expenses of the employees for the natural gas they 

buy to cook. Indeed the installation of a system to connect the biogas tank to the caldron, and 

especially the maintenance required to handle the use of biogas for the caldron of the slaughter house 

would be too expensive to make it interesting in this case. 

However this pilot plant can produce rather high amounts of biofertilizer of good quality. Throughout 

their work with biodigesters in the country side of Bolivia, the GTZ observed that biofertilizer issued 

from biodigesters can be sold 0,1 € per liter in the Bolivian Altiplano (information from Jaime Martí 

Herrero, GTZ La Paz, Bolivia). The estimation showed that the pilot plant could produce at least 

63 610 L of biofertilizer annually, which would represent 6 300€ of benefits per year. We can thus see 

that biofertilizer is actually of high importance in the process and should not be considered just as a 

simple by-product. 

Knowing that the material and installation of the pilot plant had a cost of about 800 €, the system will 

become cost-effective very rapidly. 

4.3.4. Conclusion 

This part described how to use properly the pilot plant for an optimal production while investigating 

different dilution rates to know the optimum after few more months of investigation. 

The potential estimated for this pilot plant showed once again its limit for the management of the 

slaughter houses wastes and the biogas amount that it could produce. This confirms the need to 

develop a new type of biodigester to really solve the contamination problem due to the important 

slaughter house activity, while generating much more important environmental and economical 

benefits. Indeed this pilot plant cannot be scaled up a lot and the gains it generates are too low to be 

interesting for the Bolivian industry, even if it showed to be cost-effective very rapidly. However it could 

improve the living conditions of the slaughter house employees by limiting their expenses in natural 

gas for cooking and other domestic uses. 
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One of the new concepts of this biodigester was the presence of columns of porous concrete inside 

the basin to facilitate the formation of biofilms and thus facilitate a bacterial equilibrium. A biofilms is an 

aggregate of microorganisms in which cells are stuck to a surface and to each other. 

A new part of the biodigester will also be the presence of a tube at the bottom of the biodigester with a 

closing/opening system, placed on the opposite side of the loading tube, to allow removing 

accumulated sediments at the bottom of the biodigester when required. 

An important advantage of this type of biodigester is that it could be easily scaled up, and that we 

could expect to have similar results at bigger scale if we keep the same size proportions. Indeed the 

purpose would be to develop this kind of system in the other main slaughter houses of Bolivia and 

adapt it easily to the specific amount of residues generated by each slaughter house.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 – Schematic section from above of the new pilot plant 

 

Table 4.15 on the next page summarizes the different analysis planned to be done for a good control 

of the process. It is indeed very important to measure all these parameters to control really the 

process and consequently be able to improve it. 

The GTZ actually planned to build a laboratory specifically aimed to these analysis necessary to 

control the biodigesters processes.  

Biofertilizer 
Biomass (blood, 
rumen content, 

water) 

l = 8 m 
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Table 4.15 – Analysis panned to be done at the new pilot plant for the control of the process 

 Parameter Frequency of analysis 

Biogas Quantity 
Quality 

Daily 
Weekly or in case of anomaly 

Hydrogen Sulfide Quantity in the biogas 
Efficiency of the filters 
Durability of the filters 

Daily 
Daily 
Monthly or in case of anomaly 

Biofertilizer Volume 
Temperature 
Solid content 
Organic material 
pH 
N, P, K total 
BOD 
COD 
N mineral 
Ca 
Mg 
S 
C/N 
Pathogens (Salmonella, E.Coli, 
Coliforms, Fistula) 

Daily 
Daily 
Weekly 
Weekly 
Weekly or in case of anomaly 
Weekly or for characterization 
For characterization 
For characterization 
For characterization 
For characterization 
For characterization 
For characterization 
For characterization 
For characterization 
 

Influent Volumes and dilution 
Temperature 
Solid content 
Organic material 
pH 
N, P, K total 
BOD 
COD 
Pathogens (Salmonella, E.Coli, 
Coliforms, Fistula) 

Daily 
Daily 
Weekly 
Weekly 
Weekly or in case of anomaly 
Weekly of for characterization 
For characterization 
For characterization 
For characterization 
 

Biodigester Temperature of the liquid phase 
Temperature of the gas phase 
Temperature outside the pilot plant 

Continuous 
Continuous 
Continuous 

 

4.4.2. Potential of the new pilot plant 

 Potential for waste processing capacity  

From the plans elaborated for the new pilot plant, we can see that the volume of the liquid phase 

should be equal to: 

VL  L l hL 8 8 1 64 m  

The process is intended to have a HRT of 90 days. From the equation (2) p.13, the OLR of the new 

pilot plant would be: 

OLR  
Volume of the liquid phase in the digester

HRT
 
64
90

0,71 
m
day
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This amount of influent which could be loaded per day takes in count the amount of water. 

Considering a dilution rate of 3:1, the OLR specific to the solid residues would be: 

OLR  
,

0,18    of solid residues 

From the equation (16) p.44, this volume of residues corresponds to: 

Amount of residues 
kg
year

Volumeof residues 
m
year

% 

ρ  
kg
m

   
% 

ρ
kg
m

  

Amount of residues 
kg
day

Volumeof residues 
m
day

% 

ρ  
kg
m

   
% 

ρ
kg
m

  

  Amount of residues  
,

,
 
, 160,9    

So the new pilot plant could be fed with 160,9 kg of residues per day. 

This corresponds to an annual amount of residues possible to load in the biodigester of: 

Amount of residues 
kg
year

 Amount of residues 
kg
day

365 

Amount of residues   160,9   365  58 729 
kg
year

 

The annual amount of residues we could load in the new pilot plant is 56 320 kg. 

 Potential for biogas production  

The estimations for the biogas production that we could expect are based on the results obtained with 

the first technology (tubular biodigesters) because this is the only investigation which has been carried 

out with Bolivian slaughter houses residues in the Altiplano conditions. For that reason the results 

obtained during the first investigation with the tubular biodigester technology are the most reliable we 

can use for this estimation. 

Considering that each kilo of residue will produce 149 L of biogas, we can expect the pilot plant to 

produce: 

58 729   149  8 750 547  
L

year
 of biogas  8 751 

m
year

 of biogas 

Considering that the average methane content in the biogas would be of about 35%, this amount of 

biogas would correspond to: 
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Volume of biogas Methane content 8 751  0,35  3 063 
m3

year
 of natural gas equivalent  

This represents: 

 

 
 13,6 % of the energy need of the slaughter house 

But the purpose of this pilot plant is to obtain good specific biogas productivity and try to improve it 

with a better control of the process. This investigation is expected to open the possibility of the 

development of a bigger plant which could manage all the residues of the slaughter house. 

 Potential for biofertilizer production  

From the equation (17) p.46, the pilot plant could produce: 

V
m
week

OLR 
m
week

 
3
4
  

V
m
day

OLR 
m
day

 
3
4
  

V 0,71   
3
4

  0,533 
m
day

533 
L
day

 

This corresponds to an annual amount of biofertilizer issued from the new pilot plant of: 

V
L

year
 V

L
day

365 

V  533  365 194 545 
L

year
  

The annual amount of biofertilizer that the new pilot plant can produce is 194 545 L. 

 Economical savings  

As for the previous pilot plant, we can divide the economical savings into two parts: the benefits from 

the biogas production and the benefits from the biofertilizer production. 

Since the amount of biogas is too low to replace at least partly the natural gas needs of the slaughter 

house, we cannot really draw economical benefits from the biogas production with this pilot plant, even 

if it can definitely decrease the energy expenses of the employees for the natural gas they buy to 

cook. Indeed the installation of a system to connect the biogas tank to the caldron, and especially the 

maintenance required to handle the use of biogas for the caldron of the slaughter house would still be 

too expensive to make it interesting in this case. 

However this pilot plant can produce rather high amounts of biofertilizer of good quality. Throughout 

their work with biodigesters in the country side of Bolivia, the GTZ observed that biofertilizer issued 

from biodigesters can be sold 0,1 € per liter in the Bolivian Altiplano (information from Jaime Martí 

Herrero, GTZ La Paz, Bolivia). Considering that an important biofertilizer production would lower the 
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price of the biofertilizer, let’s consider that each liter of biofertilizer would be sold 0,05 €. Knowing that 

the new pilot plant could produce 194 545 L of biofertilizer annually, it could be the source of 9 727€ of 

benefits per year, only due to the production of biofertilizer. 

4.4.3. Extrapolation to the potential of an industrial plant 

As for the estimation of biogas production of the new pilot plant designed (p.51), the results obtained 

with the tubular biodigester technology have been extrapolated to this new technology because these 

results are the only ones we can use since it is the only investigation that has been carried out in the 

Altiplano conditions with Bolivian slaughter houses residues. Obviously this cannot lead to a precise 

estimation but this is to give an idea if investigations with this dome-kind biodigester do worth or not. 

 Size of the plant  

Calculations in table 3.11 p.34 showed that about 655,1 m3 of residues are issued of the slaughter 

house activity in Achachicala every year. Considering that the optimal dilution rate would be 3:1, it 

would make a annual total volume to digest of: 

655,1 655,1 3 2620,4    per year (Total volume of material to digest) 

With a HRT of 90 days (corresponding to three months, or ¼ of the year), the volume of the 

biodigester should thus have a volume equal to ¼ of the total volume of material to digest residues to 

manage annually, which corresponds to: 

,
655,1 m   (Volume of the plant to digest anaerobically all the blood and rumen content) 

Thus a biodigester of 655,1 m3 would lead to digest anaerobically the 655,1 m3 of residues produced 

annually by the slaughter house. 

If a plant of the size previous calculated would be built, it would mean that we could load into it 

655,1m3 of solid residues per year. From the equation (10) p.43, this volume of residues corresponds 

to: 

Amount of residues 
kg
year

Volumeof residues 
m
year

% 

ρ  
kg
m

   
% 

ρ
kg
m

  

Amount of residues 
655,1

0,44
1050    

0,56
800

  585 407 
kg
year

 

 

The annual amount of residues we could load in the new pilot plant is 585 407 kg. 
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 Potential for biogas production  

Considering that each kilo of residue will produce 149 L of biogas, we can expect the plant to produce: 

149 585 407  87 225 643 L 87 226 m  of biogas per year 

Considering that the average methane content in the biogas would be of about 35%, this amount of 

biogas would correspond to: 

Volume of biogas Methane content 87 226  0,35  30 529 m  of natural gas equivalent per 

year 

This represents: 

 

 
   136 % of the energy need of the slaughter house 

These estimations show that the amount of biogas which could be produced with a big plant able to 

manage all the blood and rumen content issued from the slaughter house activity could supply more 

energy than what the slaughter house needs and consequently make it energetically independent and 

working only with renewable energy. 

 Potential for biofertilizer production  

We will base our calculations on the same estimation than for the biofertilizer production estimation of 

the previous pilot plant p.44, i.e. that the majority of the residues should be degraded into biogas and 

that water represents about ¾ of the influent compositions, we can estimate that about ¾ of the 

influent volume will go out of the system as biofertilizer, which means about: 

2 620  1 965  m 1 965 000 L  of biofertilizer per year 

This extrapolation shows that we could expect the pilot plant to produce almost 2 millions liter of 

biofertilizer per year.  

 Economical savings  

As for the previous pilot plant, we can divide the economical savings into two parts: the benefits from 

the biogas production and the benefits from the biofertilizer production. 

The estimation of the potential for biogas production in such a big plant showed the possibility to 

produce more energy than what the slaughter house requires. This means that the slaughter house 

could save the expenses of the 22 500 m3 of natural gas consumed every year. One cubic meter of 

natural gas costs 0,042 € to the industry in Bolivia [36]. So the slaughter house could save:  

0,042 22 500  945 €  per year 

The estimation of the potential for biofertilizer production showed the possibility to produce about         

2 million liter of biofertilizer per year. This important amount of biofertilizer issued from the anaerobic 

digestion of the residues would lead to lower the prices of this organic fertilizer usually sold about 0,1 € 

per liter in the communities of the Altiplano (information from Jaime Martí Herrero, GTZ La Paz, 
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Bolivia). Considering that the important production of biofertilizer would consequently lower its sale 

price, we could assume that the biofertilizer would be sold one tenth of this price (0,01€) just to have 

an idea of the minimum benefits we could expect. The biofertilizer production would actually still lead 

to generate: 

1 965 000  0,01 19 650 €  of benefits per year 

So the total benefits generated annually by the biogas and the biofertilizer production would be: 

945 19 650 20 595 € of total benefits per year 

It would be interesting to know the cost for the building and installation of such a big plant to know how 

long time would be required to refund the investments and start to generate incomes. However this is 

not within the scope of this work but the next Master’s Thesis who will work on the biogas project at 

the CPTS will look closer on these economical aspects. 

4.4.4. Conclusion 

The design of this new pilot plant is really the beginning of a new phase of the biogas project at the 

CPTS. Based on the previous investigation of biogas production at the pilot plant of Achachicala and 

on the literature, we are convinced that this pilot plant will give satisfactory results. One purpose will be 

to improve the biogas productivity and methane yields but we can expect the estimation done for the 

different potential in this part to be the minimum observed. 

It is interesting to see that the slaughter house could be energetically independent and could work only 

with renewable energy by producing more energy that it needs by using its residues. Moreover this 

production would be a source of very important economical benefits, adding to all the environmental 

and social benefits, especially because of the large amounts of biofertilizer produced. 
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5. DISCUSSION 

5.1. Biogas 

First of all we saw throughout this project that low-cost biogas production is not limited by the climatic 

conditions of the Bolivian Altiplano and that biogas can be produced by processing the main residues 

of slaughter houses, i.e. blood and rumen content. 

However the methane content of the biogas produced in the Altiplano was lower than expected, with 

an average methane content of about 35% while it could be up to 70-80%. The most important is that 

the biogas presented successful flammability properties with such a methane content and 

consequently that it can be used as a source of energy through combustion. The methane content 

could be improved if some microbiological investigation would be carried out to understand how to 

favor the growth of specific methanogenic bacteria presenting higher methane yields. 

About the amount of biogas produced, the positive experiences of the GTZ showed that it can 

definitely be improved at the pilot plant of Achachicala with the new conditions of use defined p.41 

(mostly with a suitable HRT). 

5.2. Biofertilizer 

Biofertilizer, often considered as a by-product from the biogas production, has been revealed to be of 

high importance because of its high quantity produced and its high quality for agriculture. Indeed 

studies in the Altiplano carried out by the GTZ showed that the use of an effluent properly digested 

increased the agriculture yields of 50% while respecting the environment (personal communication 

with Jaime Martí Herrero, Wednesday 9th of December 2009). Moreover the estimations made for the 

potential of the pilot plants showed clearly that it is the key product to make the process cost-effective 

in Bolivia, where the natural gas is very cheap. 

From the results of the investigation at the Achachicala’s pilot plant, we have seen that the organic 

material has to be digested during a period long enough if we want the digestate no to contain 

pathogens and to be safe for use in agriculture. Anyway it is very probable that a very little amount of 

pathogens remains in the effluent, even if properly digested. This is why it is recommended not to use 

it directly on the fruits or vegetables, but only on the ground, to avoid any human contamination. From 

the experiments of the GTZ with such biofertilizers, it is recommendable to dilute the effluent issued 

from the anaerobic digestion 4 to 5 times before its use, because plants cannot absorb the amounts of 

nutrients that would provide pure biofertilizer. However there is no risk of burning plants if it would be 

used pure. The biofertilizer is more adapted for the growing (or vegetative) period of the plants 

because of its high nitrogen content, which should even be more important when blood is part of the 

influent. The use during the flowering period would actually decrease the agricultural yield because the 

plant would keep a vegetative metabolism due to a high nitrogen presence and thus less energy would 

be furnished for an optimal flowering. 
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The advantage of the methanization process is actually that it concentrates the nutrients contained in 

the residues while allowing the production of biogas at the same time. Thus the fertilizing capacity of 

the effluent is actually better than with traditional compost in which nitrogen content is often lower. And 

because of an effective degradation of the material during the anaerobic digestion, the nutrients are 

more easily up taken by the plants than in traditional compost.  

The use of effluents issued from methanization processes as biofertilizers actually avoids the use of 

chemical fertilizer, which are always more expensive every year. But the most important fact when 

avoiding the use of chemical fertilizer is the preservation of the environment and the possibility of a 

sustainable agriculture. And the biodigester technology leads to answer to the increase of the demand 

in organic fertilizer always higher due to the collective conscious which rises about the environment. 

5.3. Polyethylene Tubular Biodigesters 

The polyethylene tubular biodigesters used throughout this project come from a technology transfer 

from the tropical regions of Central America. The results of the investigation proved that they can be 

used at high altitude if suitable modifications are brought, such as insulation and proper HRT mainly 

(monitored through two variables: volume of the biodigester and OLR). 

Table 5.1 summarizes the advantages and disadvantages of PE tubular biodigesters. 

Table 5.1 - Advantages and disadvantages of PE tubular biodigesters 

Advantages Disadvantages 
 

- Cheap 

- Easy to build 

- Material available all over the world 

- Safe system (low pressure) 

- Accumulates well solar energy 

 

- Non-ecological material (PE is not recyclable) 

- Rather fragile 

- Durability of the material (10 years) 

- Limit of capacity for an industrial development 

- Heat exchangers not applicable 

 

This kind of system is the cheapest available on the market because of the low price of the PE and 

other materials used for its construction. PE is actually the cheapest polymer available for the 

construction of biodigesters. It is a very important aspect for making a cost-effective system. However 

tubular biodigesters present a limit of capacity which makes them suitable for farmer families’ use or 

for very small slaughter houses. In the case of the Achachicala’s slaughter house, there is a need to 

develop an industrial scale plant to manage all the wastes issued from its activity. Indeed there would 

be a need of about 35 tubular biodigesters of 8m of length to manage all the wastes, which is 

impossible to handle. A dome-type biodigester could be a solution in this case if designed properly for 

the climatic conditions of La Paz, and at scale big enough.  

From the three different PE materials used for the biodigesters construction, we saw that the HDPE 

(used for the biodigester 2) was the one which showed the best elasticity and consequently gave the 

best volumetric capacity. However despite of the attractive price of all kind of PE, they present the 

inconvenient of not being recyclable yet. That is why other investigations are conducted to develop 
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tubular biodigesters in Polypropylene (PP) which can be easily recycled, like in Cusco (Peru). 

Unfortunately biodigesters made of PP are more expensive and consequently it is more difficult to 

make systems cost- effective in Bolivia with this material.  

5.4.  Health 

Digesting anaerobically slaughter houses residues has a positive impact on the health of slaughter 

houses employees and people living in the surroundings because it avoids the release of bad odors 

and gas produced with traditional compost and it avoids diseases due to the respiration of such gases. 

It also limits the presence of carrion feeders and insects responsible of the transmission of diseases. 

The management of the residues through a biogas production also limits the release of these residues 

into the water systems and thus limits the pathogenesis of the river water later on consumed by the 

population. 

Finally the development of the production of important organic fertilizer amounts leads to avoid the use 

of chemical fertilizer, which avoids the presence of chemical in the food consumed by the population 

(fruits, vegetables, meat, milk...), and thus increases the health of the people on the long-range by 

consuming healthy products free of chemicals.  

5.5.  Environmental and climatic gains 

The biomethanization process has also the advantage to « stabilize » the effluent by eliminating 

pathogens and sickening smells, which avoids the contamination of the fields in agriculture. Indeed 

after the organic material is processed, what is left can be used as a very effective fertilizer that easily 

benefits the farmer. This is one of the reasons that biodigesters are such a useful sustainable farming 

tool. And since the effluent is well degraded during anaerobic digestion, it limits the presence of 

carrion feeders and insects which are present when doing traditional compost. 

The results of this investigation showed that the actual pilot plant can avoid the discharge of 17,5 m3 of 

residues into the water systems of La Paz and that industrial plants could process the 2620 m3 of 

residues issued from the slaughter house of Achachicala. Processing residues through 

biomethanization thus leads to limit the pathogenesis of the river, as well as to decrease the organic 

material content of the rivers which is also a source of pollution.  

On a climatic point of view, the anaerobic treatment of slaughter houses residues leads to decrease 

consequently the risks of the atmosphere contamination due to an uncontrolled waste management. It 

has been observed that the concentration in biogas in the atmosphere increased of 150% since 

1750[37], the beginning of the industrial revolution. Since methane is 21 times more potent as a 

greenhouse gas than carbon dioxide, the management of organic wastes through anaerobic digestion 

leads to control the release of methane into the atmosphere. Then the combustion of the methane into 

carbon dioxide contributes to limit the global warming. And since the carbon of the carbon dioxide 

issued from the biogas combustion comes from the biomass and that it is then absorbed by the 

ecosystems, we have a closed carbon cycle which explains that biogas is recognized as a renewable 
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energy. In the Amazonian part of Bolivia, the use of this effective fertilizer helps to limit the 

deforestation, because farmers increase their yields on a certain surface of culture and do not need to 

deforest to extend their surface for more important harvests. 

In the case of the slaughter houses of La Paz, biomethanization is a solution for avoiding the 

contamination of the water systems and thus preserve the environmental values of the Titicaca Lake 

area, while contributing to limit the global warming. 

5.6. Economical benefits 

The biogas and biofertilizer production leads to add values to the residues issued from the slaughter 

houses activities, while limiting the expenses in natural gas. 

The estimation for the economical gains in the case of the Achachicala’s pilot plant showed that it 

could generate 6 300€ of benefits annually, while supplying biogas for domestic use to the employees 

of the slaughter house. The extrapolation to estimations of economical gains for an industrial plant 

which would process all the residues issued from the slaughter house showed that it would generate 

at least 20 595€ annually. In the case of industrial plants, the amount of biogas produced could lead to 

replace totally the use of natural gas and consequently avoid expenses in this energy. But it is 

important to note that most of the benefits would still come from the important production of biofertilizer 

issued from the biomethanization process. 

More generally, biogas production with low-cost biodigesters is a source of economical benefits, and 

especially because of the large amounts of biofertilizer produced. This is probably the most important 

result of this investigation because it shows that biogas is a feasible solution on an economical point of 

view for improving the environmental and climatic conditions. It is probably the argument to which 

industries will uppermost pay attention for developing this technology.     

5.7. Social benefits 

Depending on at which scale the biodigesters will be further developed at the issue of the new 

projects, anaerobic digestion of slaughter houses residues will result in different social benefits. Indeed 

at rather small scale like at the pilot plant of Achachicala, the biogas production would not be important 

enough to replace the natural gas needs of the slaughter house and consequently the biogas will 

serve for cooking to the employees living in the slaughter house. In this case, the biogas production 

would improve the living conditions of the employees living in the slaughter house by reducing their 

energy expenses. Moreover the economical benefits increase of the slaughter house due to the 

biofertilizer selling should have positive impact on the employees’ income or at least on the working 

conditions of the employees and contribute to improve their living conditions. 

If the new investigations result in the development of big-scale biodigesters allowing replacing natural 

gas, it is not sure that biogas would still serve to the employees for cooking but it would generate even 

more economical benefits (adding to the benefits from the biofertilizer selling) and thus it should also 

have impact on the salaries and/or working conditions of the employees. 
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In both cases, the biogas production should contribute to improve the living and/or working conditions 

of the employees of the slaughter houses. 

5.8.  Further development in Bolivia 

The investigation of biogas production at the pilot plant of Achachicala showed the limitation of use of 

tubular systems of polyethylene, not suitable for the industrial scale. However we have observed that 

there was a strong potential for biogas production with slaughter houses in Bolivia, even at high 

altitude. The fact that biogas production is not limited by the different climatic conditions encountered 

in Bolivia promises a very good future for further development of this technology in the country. 

The new projects which will start after my master’s thesis project to develop a new kind of low-cost 

technology for biogas and biofertilizer production plan to result to the development of this technology 

in all the official slaughter houses of Bolivia. 

The project carried out at the pilot plant of Achachicala has even drawn the attention of other 

industries, such as coffee and milk production for their waste management and projects with these 

other industries will also be developed in collaboration with the CPTS and the GTZ. 

Finally we can conclude that biogas production has an important future in all Bolivia and will contribute 

considerably to the sustainable development of the country, by developing a renewable energy 

through an appropriate industrial waste management to preserve and even improve the environmental 

values of the country. 
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6. CONCLUSION 

The investigation carried out at the pilot plant of Achachicala showed that there is a strong potential for 

co-digesting rumen content and blood to produce biogas and biofertilizer, even in the climatic 

conditions of the Altiplano. Indeed each kilo of residue could produce up to 149 L of biogas with a 

methane content of at least 35%, which is high enough to burn it and use it as combustible. Moreover 

the anaerobic digestion of these slaughter houses residues lead to limit the air and river 

contamination, and can be a source of economical benefits. But the different problems encountered at 

the Achachicala’s pilot plant did not allow calculating precisely the different gains and thus other 

investigations are required to define exactly the potential for biogas and biofertilizer production. 

The master’s thesis project led also to observe that the tubular biodigesters made of polyethylene are 

not a solution to manage wastes at the industrial scale. Indeed the pilot plant could be fed only with 

2,7% of the total residues generated by the slaughter house for a production of 2,8% of its energy 

needs. And this kind of biodigesters could difficulty be scaled up, which does not make them suitable 

for an application in the Bolivian industry.  

It was thus necessary to design a new type of biodigester to solve really the environmental burden 

caused by slaughter houses residues and get more benefits from the biogas and biofertilizer 

production. Based on the results of the experiments at the actual pilot plant of Achachicala and the 

plans of future low-cost industrial plant, the potential for biogas and biofertilizer production has been 

estimated. The estimations, which considered that the future plants would give satisfactory results, 

showed that the slaughter houses could work only by using biogas as source of energy if they would 

manage all their residues for biogas production. Indeed the slaughter house of Achachicala could 

generate at least 136% of its energy needs by processing anaerobically its residues. At the same time, 

important benefits could be made with a minimum estimated to 20 595€ per year, especially because 

of the important amounts of biofertilizer which would be produced. So biofertilizer should not be 

considered just as a by-product because it is the key product to make the process cost-effective. 

Adding to the economical gains and to the fact that biogas production would limit the dependence of 

the industry to conventional energy sources, biogas production would limit the global warming by 

limiting the release of methane into the atmosphere due to uncontrolled waste management, while 

favoring a sustainable agriculture by making available very large amounts of biofertilizer. So the strong 

potential for biogas production with slaughter houses residues assures a good future to biogas in this 

developing country. This technology will thus participate to its sustainable development. 

 Outlook: 

The collaboration with the GTZ for the design of new type of biodigester marked the beginning of the 

gathering of competent scientists for the development of new biogas projects in order to limit the 

global warming and help to preserve environmental values in Bolivia. Apart of developing biogas 

production with slaughter houses in all Bolivia (which is the priority), this collaboration aims to develop 

further the biogas production within other kind of industries to manage their waste, like non-alcoholic 

beverages production, milk production or even coffee production.  
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New investigations will also be done in collaboration with universities in Peru and Costa Rica to build 

biodigesters with geomembranes of PP (recyclable) to avoid the use of PE (non recyclable) and 

improve the durability and the thermal properties of the low-cost biodigesters.  

It is obvious that the biogas segment has a good future in all Bolivia and that many new investigations 

will start during the next years to optimize this development. In this perspective, all the residues issued 

from the slaughter houses activities in the Titicaca Lake area are planned to be managed through 

biogas production to preserve and even improve the environmental values of this region. 
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APPENDIX D - Results raw data  

 

Table D.1 - Raw data of the biogas and biofertilizer analysis at the pilot plant of Achichacala 

 

Inoculation period  Feeding period 

Date 

2
0
0
9
‐0
7
‐0
9
 

2
0
0
9
‐0
7
‐1
7
 

2
0
0
9
‐0
7
‐2
3
 

2
0
0
9
‐0
7
‐3
0
 

2
0
0
9
‐0
8
‐0
5
 

2
0
0
9
‐0
8
‐1
3
 

2
0
0
9
‐0
8
‐2
4
 

2
0
0
9
‐0
8
‐2
5
 

2
0
0
9
‐0
9
‐0
1
 

2
0
0
9
‐0
9
‐0
3
 

2
0
0
9
‐0
9
‐0
8
 

2
0
0
9
‐0
9
‐1
0
 

2
0
0
9
‐0
9
‐1
5
 

2
0
0
9
‐0
9
‐1
7
 

2
0
0
9
‐0
9
‐2
2
 

2
0
0
9
‐0
9
‐2
4
 

2
0
0
9
‐0
9
‐2
9
 

2
0
0
9
‐1
0
‐0
1
 

2
0
0
9
‐1
0
‐0
6
 

2
0
0
9
‐1
0
‐0
8
 

2
0
0
9
‐1
0
‐1
5
 

2
0
0
9
‐1
1
‐1
6
 

B
io
d
ig
e
st
e
r 
1
 

CH4 (%)  11,5  20,4  12,2  4,4  41,2  12,0  10,5  12,6 14,4 14,9 12,9 15,0 15,1 18,7 22,8 30,0  14,9  19,0  17,9 21,2 23,0 25,6

CO2 (%)  29,5  35,1  30,4  36,7 36,8  35,3  38,4  30,4 28,1 29,2 24,0 31,3 25,3 31,1 30,9 29,7  28,4  27,0  29,5 23,9 26,7 25,3

CO (%)  0  3  0  3  4  0  1  0  2  0  1  2  0  1  4  5  0  6  2  3  14  4 

O2 (%)  0,1  0,0  0,1  0,1  0,1  0,1  0,2  0,1  0,2  0,1  6,5  0,2  0,1  0,1  0,0  0,0  0,2  0,0  0,1  0,1  0,1  0,1 

Nox (ppm)  25  11  16  11  15  24  10  21  21  26  32  44  39  45  25  22  28  18  25  30  15  14 

Tgas (°C)  28,0  28,4  14,7  37,6 47,0  28,7  43,4  24,8 30,4 37,1 29,5 48,0 37,6 45,4 45,2 43,8  26,6  36,8  46,0 47,5 32,6 37,0

H (%)  ‐  ‐  ‐  ‐  ‐  ‐  22  ‐  ‐  34  25  33  50  43  39  42  54  48  58  53  52  ‐ 

pHbiol  5,95  7,25  7,37  ‐  ‐  ‐  6,85  7,51 ‐  6,86 6,86 6,85 6,63 6,72 6,46 6,52  6,54  6,31  6,66 6,78 6,67 6,20

Tbiol (°C)  8,5  10,3  6,2  ‐  ‐  ‐  15,4  9,8  ‐  32,0 14,9 ‐  14,5 19,3 17,0 16,9  16,3  17,3  17,8 18,4 22,9 18,1

B
io
d
ig
e
st
e
r 
2
 

CH4 (%)  2,0  12,0  15,1  17,3 17,3  20,6  58,7  26,9 28,5 33,1 23,3 44,5 23,7 29,1 35,3 32,6  30,0  20,7  ‐  29,0 27,4 24,2

CO2 (%)  6,3  33,4  30,3  28,8 31,2  26,7  22,6  22,1 21,5 23,8 26,4 27,7 26,3 27,0 27,2 28,6  29,7  26,2  ‐  23,9 25,6 27,0

CO (%)  6  0  0  2  1  0  4  0  5  7  0  11  5  3  2  9  5  0  ‐  6  21  13 

O2 (%)  3,0  0,0  0,1  0,2  0,1  0,1  0,0  0,1  0,0  0,0  0,0  0,0  0,0  0,1  0,0  0,0  0,0  0,1  ‐  0,1  6,9  0,1 

Nox (ppm)  10  6  10  20  20  23  14  18  20  25  26  31  27  33  19  16  21  43  ‐  25  21  16 

Tgas (°C)  36,1  41,5  23,3  38,5 42,6  33,7  47,3  28,5 35,0 40,2 30,6 52,7 40,1 48,6 50,9 51,5  26,4  36,1  37,7 50,9 36,9 38,4

H (%)  ‐  ‐  ‐  ‐  ‐  ‐  42  ‐  ‐  30  29  28  39  38  33  34  53  53  52  50  54  ‐ 

pHbiol  5,91  7,49  7,21  ‐  ‐  ‐  6,85  6,82 ‐  6,86 6,86 6,86 6,83 6,75 6,94 6,55  6,54  6,20  6,50 6,54 6,68 6,09

Tbiol (°C)  8,7  9,8  6,9  ‐  ‐  ‐  17,1  13,3 ‐  37,0 15,4 ‐  17,4 18,8 17,9 18,6  18,0  17,7  19,3 17,9 20,3 19,6

B
io
d
ig
e
st
e
r 
3
 

CH4 (%)  12,7  12,5  13,7  43,5 2,9  11,8  9,5  6,8  10,5 3,8  15,4 21,1 35,7 33,5 66,3 63,1  19,3  25,6  21,6 65,3 21,7 25,4

CO2 (%)  30,1  37,3  32,3  31,0 6,2  28,3  19,8  12,4 16,0 2,5  30,9 28,5 31,4 32,4 30,8 32,2  30,1  29,9  30,0 26,8 18,8 26,5

CO (%)  0  0  0  3  0  0  0  0  0  0  0  8  11  6  20  5  2  11  3  5  15  7 

O2 (%)  0,0  0,0  0,0  0,0  18,4  3,5  8,0  12,8 9,5  19,8 0,1  0,5  0,0  0,1  0,0  0,0  0,1  0,0  0,1  0,0  6,9  0,1 

Nox (ppm)  17  6  11  16  4  11  11  2  14  0  34  45  33  34  15  8  13  13  28  21  1  19 

Tgas (°C)  37,5  38,2  21,5  38,2 43,2  38,1  43,8  24,5 31,6 40,6 22,7 54,1 41,4 48,1 47,5 48,2  25,5  35,5  35,9 45,4 45,3 40,1

H (%)  ‐  ‐  ‐  ‐  ‐  ‐  23  ‐  ‐  30  27  24  32  40  38  31  52  43  34  40  42  ‐ 

pHbiol  6,56  7,29  7,50  ‐  ‐  ‐  6,86  6,62 ‐  6,86 6,86 6,85 6,77 6,57 6,45 6,50  6,56  6,31  6,51 6,57 6,73 6,17

Tbiol (°C)  9,2  9,9  6,5  ‐  ‐  ‐  16,8  12,8 ‐  36,8 14,8 ‐  17,9 20,1 17,8 18,3  18,2  18,4  20,2 18,0 22,9 20,4
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