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Abstract  
 
The purpose of this study was to contribute to sustainable development in the 

Pampanga province, Philippines. The Philippines are facing several major 
environmental problems; pig production represents a major contributing factor to 
pollution and eutrophication of water bodies in the country. At present there is no 
requirement for purification of wastewater from backyard (small-scale) farms. With the 
help of anaerobic digestion the manure could be used to produce biogas. 

 
The study’s objective was to determine an anaerobic digester design and substrate 

composition for small-scale biogas production in backyard farms (20 pigs). To achieve 
this objective, several goals were defined; (1) determine the best substrate composition 
for biogas production, through the use of lab experiments, (2) determine a design best 
suited for small-scale use, (3) test the substrate and design in-field, (4) determine the 
impact of different inoculum, (5) determine a small-scale design based on local 
conditions such as finance, building materials, climate etc., (6) evaluate the digestates’ 
properties as a bio-fertilizer and (7) compare the biogas production with an existing 
biogas plant in Pampanga. Four combinations of food waste and pig manure were tested 
at Karlstad University’s biogas lab. The best composition had VS-ratio 1:2 for pig 
manure to food waste, and produced 111.1 NmL CH4/g VSadded. The chosen design was 
a floating drum digester. It was tested together with the substrate and two inoculums 
(cow manure and digestate from an existing biogas plant) in four pilot plants during 32 
days. The plants showed symptoms of inhibition in biogas production and the pH 
dropped to toxic levels (below pH 6).  

 
At the end of the study, the plants had similar cumulative biogas production. The 

mean production was 1764 NmL and the average methane content was 33.6%. The 
plants with inoculum from an existing biogas plant showed signs of recovering from the 
low pH. The plants with cow manure as inoculum showed increasing signs of inhibition. 
The mean phosphorus content of the digestate was 1.3% TS and nitrogen content was 
6% TS. The carbon to nitrogen ratio was on average 8:1, which had a positive impact on 
nitrogen mineralization in the soil (if used as bio-fertilizer). The digestate had high 
levels of VFA, which reflected improper substrate composition. The large fraction of 
food waste was the likely cause of inhibition; easily digestible carbohydrates lead to the 
pH drop and high levels of VFA.  

 
Based on the field study and literature, another substrate composition was 

recommended for the final design. The suggested substrate had VS-ratio 2:1 for pig 
manure to food waste. A variant of the floating drum digester was recommended, where 
several digesters could be connected in series and the number of digesters could be 
adapted to the number of pigs. The digester volume was 6.2 m3; the expected biogas 
production was 2.6 m3 with 70% methane content. This facility would result in a 
digestate containing 0.2 kg phosphorus and 0.7 kg nitrogen per day. Comparisons 
between the existing plants’ biogas production and the pilot plants could not be done 
due to the fact that the plant lacked methods for measuring their biogas production and 
methane content. However, the study’s overall findings make a strong argument for the 
use of biogas in backyard farms, for mitigating many of the Philippines’ water quality 
issues arising from pig production.  



 

Sammanfattning 
 
Syftet med denna studie var att bidra till hållbar utvecklingen i Pampangaprovinsen i 

Filippinerna. Filippinerna står inför flera stora miljöproblem, grisuppfödning utgör en 
stor bidragande faktor till föroreningar och övergödning av landets vattendrag. I dagens 
läge saknas reningskrav av småskaliga gårdars avloppsvatten. Med hjälp av anaerob 
rötning skulle grisgödslet kunna användas för att producera biogas. 

  
Målet med arbetet var att dimensionera en design och substratsammansättning för 

småskalig biogasproduktion på gårdar med 20 grisar. För att uppnå målet definierades 
flera delmål; (1) bestämma den bästa substratsammansättning för biogasproduktion, (2) 
bestämma en design för småskaligt bruk, (3) testa substratsammansättningen och 
designen i fält, (4) avgöra ympens inverkan på biogasproduktionen, (5) bestämma en 
småskalig design baserat på lokala förutsättningar så som ekonomi, byggmaterial, 
klimat m.m., (6) värdera rötresternas egenskaper som biogödsel och (7) jämföra 
biogasproduktionen med en existerande biogasanläggning i Pampanga. Fyra 
sammansättningar av matavfall och grisbajs testades på Karlstad Universitets 
biogaslabb. Den bästa sammansättningen hade VS-kvot 1:2 av grisbajs och matavfall 
och producerade 111.1 NmL CH4/g VStillsatt. Den valda designen var en s.k. ”floating 
drum”-rötkammare, den testades tillsammans med substratet och två ympar (kogödsel 
och rötrest från en befintlig biogasanläggning) i fyra pilotanläggningar under 32 dagar. 
Rötkamrarna visade tecken på hämmad biogasproduktion och pH:t sjönk till toxiska 
nivåer (under pH 6).  

 
Mot slutet av studien hade anläggningarna liknande kumulativ biogasproduktion. 

Medelproduktionen var 1764 NmL och den genomsnittliga metanhalten var 33,6%. 
Rötkamrarna med ymp av rötrest från den befintliga biogasanläggningen visade tecken 
på att återhämtning och biogasproduktionen ökade mot slutet. De som hade kobajs som 
ymp blev mer och mer hämmade. Rötresterna innehöll 1,3% TS fosfor och 6% TS 
kväve (medelvärde). Kol och kvävekvoten var 8:1 vilket hade en positiv inverkan på 
kvävemineralisering i marken om rötresten skulle använts som biogödsel. Rötresterna 
innehöll höga halter av VFA vilket indikerade en felaktig substratkomposition. Den 
stora andelen matavfall var den troliga orsaken till den hämmade produktionen där 
lättsmälta kolhydrater ledde till pH-fall och höga halter av VFA. 

 
Baserat på fältstudien och litteratur, rekommenderades en annan 

substratsammansättning för den slutliga designutformningen för en småskalig gård. Det 
rekommenderade substratet hade VS-kvot 2:1 av grisbajs till matavfall. Den föreslagna 
designen var en variant av floating drum-rötkammaren där flera rötkammare kunde 
seriekopplas och antalet kammare anpassas till antalet grisar. Volymen var 6,2 m3, den 
förväntade biogasproduktionen var 2,6 m3 med 70% metanhalt. Denna anläggning 
skulle resultera i en rötrest med 0,2 kg fosfor och 0,7 kg kväve per dag. Jämförelser 
mellan pilotanläggningarna och den befintliga biogasanläggningen kunde inte 
genomföras då anläggningen saknade metoder för att mäta sin biogasproduktion och 
metanhalt. Studiens övergripande resultat visar att det finns starka argument för att 
införa biogas på småskaliga gårdar som en metod för att motverka grisproduktionens 
inverkan på landets vattenkvalité.   



 

Nomenclature 
 

  

AD Anaerobic Digestion 
CM Cow Manure 
COD Chemical Oxygen Demand 
FW Food Waste 
GHG Green House Gases 
HRT Hydraulic Retention Time 
IC50 Inhibition Concentration causing a 50% reduction 
LPG Liquefied Petroleum Gas  
NPK  Nitrogen-Phosphorous-Potassium (weight percentage) 
OLR Organic Loading Rate 
P Phosphorus  
PM Pig Manure 
TIC Total Inorganic Carbon 
TKN Total Kjeldahl Nitrogen 
TOC Total Organic Carbon 
TS Total Solids 
TSS  Total Suspended Solids  
VFA Volatile Fatty Acids 
VS Volatile Solids 
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1. Introduction 
 

Sustainable fuels are a key parameter to improve the environment, decrease climate 
change and reduce social inequality. Global trends show increasing levels of carbon 
dioxide emissions from fossil fuels, despite the awareness of politicians and leaders 
around the world (EPA 2013). The full environmental, economic and social impacts 
of climate change are yet to be seen. However, drought, flooding, extreme storms, 
rising temperatures and sea levels are some of the effects. While many initiatives and 
investments have been made in renewable energy sources such as geothermal, solar 
and wind energy, more still needs to be done.   

 
One unutilized source of energy is animal manure and food waste, which could be 

used to produce biogas. Biogas is a mixture of carbon dioxide (CO2), methane (NH4), 
nitrogen (N2) and other trace gases. Methane is the main combustive gas component 
making up 50-70% of the biogas. It is produced naturally during anaerobic 
decomposing of organic materials in environments like landfills, wetlands, seabeds, 
wild fire and more. Capturing and utilizing biogas can be done both in large and small 
scale. Biogas can be used for cooking, lighting, electricity or vehicle fuels, replacing 
the use of fossil fuels. Depending on usage, it may need additional post-treatment 
such as upgrading (increasing the methane content).  

 
The advantage of anaerobic digesters is that they produce renewable, sustainable 

and affordable energy. Additionally, they can mitigate methane and carbon dioxide 
emissions of organic wastes otherwise left to decompose freely in landfills, rubbish 
heaps or river/sea bottoms. Methane is a powerful greenhouse gas and has a global 
warming potential (GWP) of 21 during a time horizon of 100 years, compared to 
carbon dioxide, which has a GWP of 1 (EPA 2013). The anaerobic process can also 
immobilize several pathogens present in the raw manure that would otherwise be 
released into water bodies. The digestate can be used as an organic fertilizer since 
many nutrients are preserved in the process.  

 
In 2011, the Philippines had a pig population of 12.2 million pigs. Large-scale 

farms are obliged to clean their effluent, but small-scale (backyard) farms that make 
up for 65% of the pig population are exempt from this. Needless to say, there are 
great environmental benefits to gain from applying an affordable cleaning step to this 
category. The potential for small-scale biogas digesters is great due to the weather 
conditions and simplicity of these digesters. A realization of the technique can result 
in production of biogas and bio-fertilizer, improvements in the surrounding 
environments and a reduction in some of the farmers’ financial burdens. It can help 
supply energy in rural areas where energy availability is scarce. 

 
This thesis addresses the potential of implementation of small-scale biogas digesters 

in the Philippines. The study also aims to explore the potential of using biogas 
digestate as bio-fertilizer.  
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1.1 Purpose and goal 
 

The purpose of this thesis was to contribute to sustainable development in backyard 
pig farms in the province of Pampanga, Philippines. The goal was to design an 
anaerobic digester (AD) that was cheap, easy to construct and maintain. The digester 
was intended and designed for a backyard farm of 20 sows, for biogas and bio-
fertilizer production.  

 
To achieve this, several subsidiary goals were defined:  

 
1. Determine the best composition of available substrates in Pampanga for 

production of biogas in laboratory scale.  
 

2. Determine a small-scale anaerobic digester design for biogas production 
suitable for backyard and household production.  

 
3. Test the chosen digester design together with the best composition in field 

by constructing a pilot plant.  
 

4. Determine the influence of cow manure and biogas effluent as inoculum 
for biogas production.  

 
5. Design a small-scale anaerobic digester for a typical backyard pig farm in 

Pampanga based on the following factors:  
 

• Available space 
• Social structures 
• Climate 
• Available substrates  
• Economical means  
• Available construction materials  

 
6. Assess the quality of the digestate as fertilizer from the test facility.  

 
7. Benchmark the biogas production to an existing biogas plant in Pampanga.  

 
1.1.1 Delimitations 
 

The study was limited to substrates of pig manure and food waste based on its 
availability; this information was acquired through interviews before the start of the 
feasibility study. The small-scale design was limited to building materials in plastic 
and the design dimensions were limited to handle the manure of 20 sows.  
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1.2 Background 
 
1.2.1 The Philippines 
 

The Philippines consists of over 7000 islands in the western Pacific Ocean, see 
figure 1. Of these around 900 are inhabited. The country has a population of 
92,337,852 (year 2010) and is considered a developing country (Philippine Statistics 
Authority 2012a). It is estimated that 40% of the population are living under the 
poverty threshold of 2 $/day (Landguiden 2014). 

 

 
Figure 1. The Philippines (Google maps). 

 
The agricultural sector is a large employer; in year 2013 38% of the population 

were engaged in agriculture (CountryStat Philippines 2015a). The most common 
crops are rice, corn, sweet potato, sugarcane, coconuts, bananas and pineapple and the 
country is largely self-supporting in food resources (Landguiden 2014).  

 
The Philippines has a large livestock production; figure 2 shows the main meat 

production by weight in 2014 (CountryStat Philippines 2015a). The pig industry 
accounts for 49% of the total production of the Philippines.  

 

 
 
 

Carabao,	  
143,03	  

Cattle,	  
261,32	  

Pig,	  
2032,3	  

Goat,	  
76,1	  

Chicken,	  
1571,76	  

Duck,	  
34,61	  

Figure 2. Volume of total production in 2014 [thousand 
metric tons]. 
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The country is rich in natural resources such as minerals and metals and is self-
supporting in supply of coal, gas and oil. In 2012, 72% of the electricity and heat 
generation came from coal, oil and natural gas while 0.2% originated from biofuels 
and waste (IEA 2012). Currently more investments are being made in solar and wind 
power (Landguiden 2014).  

 
The climate of the Philippines is tropical marine climate; this means high 

temperature and humidity all year around. There are two distinct seasons, rainy and 
dry season. Rainy season stretches from June to October with heavy monsoon rains. 
Typhoons hit the country during the period of June to November. Summer stretches 
from May until October (Countrystudies 2015 ; Landguiden 2014). 

 
Due to its location and many islands, the Philippines is vulnerable to climate 

change. The mean temperature of the Philippines is expected to rise with 0.9-1.1℃ by 
2020 (Philippine Statistics Authority 2011c). The most recent natural disaster was the 
super typhoon Haiyan in 2013, which claimed over 6000 lives and left villages 
destroyed and millions of people homeless. There are many active volcanoes and 
several earthquakes each year. Last year 193 earthquakes (M 1.5 or greater) were 
reported (Earthquake Track 2015).  

 
Research has predicted that the two crops most affected by climate change in the 

region of South Asia are rice and maize, based on climate projections for 2030 
(Lobell et al. 2008). To address climate change the country appointed a Climate 
Change Commission which aims to develop an action plan for better preparedness in 
future natural disasters. The Commission’s main goals are to ensure food security, 
water sufficiency, environmental and ecological stability, human security, sustainable 
energy and more.  

 
Increasing awareness has led to the adoption of several waste management 

programs. This includes building of sanitary landfills, recycling and composting. 
Implementation and follow-up has however proven to be difficult due to weak 
political will. Sadly, the Philippines is known for its widely spread corruption at all 
political levels. Transparency International scored the Philippines 38 in 2014 on a 
scale from 0 to 100, from highly corrupt to very clean. While the majority of the 
people are poor, a small and rich elite runs the country, ruling as politicians, owning 
most of the land and businesses. Stricter environmental requirements on a national 
scale are unlikely to be carried through without revolutionary political change.  

 
1.2.2 The Pampanga province 
 

The province of Pampanga is located in the central of the Philippines main and 
largest island Luzon, see figure 3. The province has a population of 2,340,355 (2010); 
it is known as the culinary center of the Philippines and has a high food production. 
The province has an area of 206,247 hectares.  Rice, corn and sugar cane are the main 
crops (Provincial Government of Pampanga 2015). 

 
The average household in Pampanga consisted of 4,8 persons in 2010 (Provincial 

Government of Pampanga 2015). Multi-generational housing is a common practice in 
the Philippines.  
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Cooking is done by using LPG 
(liquefied petroleum gas) or biomass. 
Usage of biomass for cooking 
contributes to the pollution and 
deforestation. Severe deforestation has 
lead to several programs to reduce the 
loss of forests and preserve 
biodiversity.  Biomass cooking also 
poses health risks for those using it.  

 
The field study of this thesis was 

performed in Angeles City in 
Pampanga during the period 
18.feb.2015 to 22.apr.2015.  
 
2 Theory 
 
2.1 The Pig Industry and Biogas in Pampanga 
 

Pig farms are divided into three types depending on the number of sows. Backyard 
farms have 20 heads, small commercial farms have 21-999 sows and large 
commercial farms have 1000 heads or more. In 2014 Pampanga had a pig population 
of 183,707 heads, of these 46% were raised in backyard farms. The national portion 
of backyard pig raising is 65% (CountrySTAT Philippines 2015a).   

 
Installation of biogas digesters is a requirement for large-scale farms. It serves as a 

cleaning step before the manure is released to nearby water bodies. The effluent is 
tested and failing the hygiene standards results in the permit for pig raising being 
indented. Legislation regarding small-scale farms is unclear, and where it exists, it is 
often not implemented. The manure from backyard piggeries is usually released 
directly to the surrounding water bodies, creeks or environment (Catelo & Agbisit 
2001). There are large environmental benefits to gain from introducing different 
cleaning techniques to these farms.  

 
Problems associated with pig farms include foul odor from the pigs, loss of appetite, 

headaches and odor sticking to clothes. Many also experienced respiratory problems 
and bronchitis (Catelo & Agbisit 2001). This may be caused by high levels of volatile 
organic compounds (VOC) being emitted at high levels from pig manure. Gas 
compounds that have been detected in manure include ammonia, cetic acid, butanoic 
acid (butyric acid), dimethyl disulfide, dimethyl sulfide and more (Ni et al. 2012).  

 
When questioned, farmers and their neighbors differ in their answers; many farmers 

are unwilling to admit to their piggeries having any environmental effects. Older 
generations have experienced deterioration in the quality of rivers and creeks with 
foul odor, fish death and turbidity as the pig industry has grown during their lifetime. 
Catelo and Agbisit (2001) tested the water quality around several piggeries in Laguna 
province, Philippines. The water samples did not pass the nations quality tests. The 
water areas were unsuited for swimming and the fish inedible.  

 
 

Figure 3. Pampanga province (Wikipedia).  
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Vieira et al. (2012) investigated the environmental impact of pig farms in the Lis 
River, Portugal. They found high levels of BOD and COD, posing a risk of oxygen 
depletion and eutrophication in the river. High levels of nutrients such as nitrogen and 
phosphorous were found, as well as alarmingly high levels of pathogens.  
 

Currently there are three biogas programs supported by three national departments:  
 

§ Department of Science and Technology (DoST): AKBAY program, started 
in 2013. The program aims to strengthen the poor population by education 
and demonstrations in school.  
 

§ Department of Energy and Natural Resources (DENR): Adopt-An-
Estero/Water Body Program from 2010. The initiative aims to clear the 
water of waste and minimize water pollution. The program is managed 
under the Environmental Management Bureau which is the controlling 
authority regarding wastewaters of large-scale piggeries.  

 
§ Bureau of Animal Industry (BAI): Thrusts and Strategies 2012-2016 from 

2012. Promotes biogas as an energy source to mitigate climate change and 
minimize pollution associated with animal industries.  

 
However, these programs are not aimed for the typical backyard farmer. Some 

limiting factors to adoption of AD in the Philippines were identified by TetraTech Inc 
(2010):   

 
1. Financing (limited by funds, bank credit etc.).  
2. Awareness of the AD technology, benefits, usage of biogas, operational and 

more.  
3. Land or livestock restrictions.  
4. Governmental support and coordination 
5. Access to other readily usable fuels like biomass and LPG.  

 
2.2 Backyard Pig Farms 
 

Backyard piggeries can be classified into two types: poor families living in rural 
areas where pig raising serves as their major source of income, and those who have 
other income sources but operate farms to augment their incomes. The later usually 
have larger patches of land and employees who help in the farm management.  

 
Poor rural farmer families are one of the groups most vulnerable to the effects of 

climate change. Due to their economic situation (often indebted with high interest 
rates) and their isolated location, they have little or no resilience or capacity to 
recover from any disturbances in the farm production.  

 
The daily minimum wage in the agricultural sector of the central of Luzon was 217-

319 PHP (~43-64 SEK) as of May 2015 (Department of Labor and Employment 
2015). However, according to the Philippines Statistics Authority (2015b) the actual 
average wage of farmers in 2004 was 129 PHP per day (~26 SEK).  Though, as 
mentioned earlier, there are two categories of backyard farmers.  
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Willingness to learn or adopt new methods is hindered by the lack of time, money 
and knowledge. To adopt new methods the advantages, operating, building and 
instant results needs to be shown to this target group; if results cannot be seen 
instantly these families will not likely embrace new methods; they have more pressing 
problems, like food for the day.  

 
Three backyard farms were visited in order prove the information gathered through 

literature study regarding the handling of pig manure. Common for the farms was that 
the pigs had no straw to lie down in order to simplify cleaning.  

 
2.2.1 Pig Farm No. 1 

 
Farm owner Paquito Chu had a farm located in the outskirts of the city Magalang. 

His farm had sow population of 25 and an estimated area of 1.1 Ha.  The visit took 
place on February 22, 2015. The manure was daily washed away to a nearby land plot 
beside the piggery. It had received manure for many years and had caused the ground 
around the outlet to rise, see figure 4.  Some areas of the plot that formerly received 
effluent were now used as farmland. They had noticed that some of the plants were 
scorched by the nutrient rich soil. Parts of the manure were sundried and used as 
fertilizer for other cultivations.  

 

 
Figure 4. Effluent being discarded to the surrounding environment (left) and the gutter 

leading it out (right).   

2.2.2 Pig Farm No. 2  
 
Farm owner Alberto Fransisco Jr.  had 20 sows in his farm of 2 Ha in Mexico City, 

Pampanga. The farm was visited on April 3, 2015.  The manure was flushed to a 
landfill (pit), see figure 5. Parts of the manure was dried and burnt for fertilizer for his 
mango trees. The surrounding neighbors also received manure as fertilizer for free. 
The wastewater was not considered a problem since he owned a large plot of land and 
they made use of the manure as fertilizer. 
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Figure 5. The gutter led (left) the effluent to a landfil on the premises (right).  

 
2.2.3 Pig farm No. 3 

 
Basil D. Tupas owned 18 sows in his farm in Mexico City, Pampanga. The area of 

the farm was 3 Ha and it was visited on April 3, 2015.  The manure was collected by 
hand or shuffle and sun dried in piles for use as fertilizer, see figure 6. He also 
provided neighbor farmers with fertilizer when it was asked for. The pigs were fed 
with the supplement Atovi, which is a powder added to pig feed to make the manure 
odorless and less rich in ammonia.  

 

 
Figure 6. The manure was sundried (left) after they collected the manure by hand. 

Overview of the pigs on the farm (right).  

 
2.3 Fertilizer use in Pampanga 
 

In 2013 a total of 390,869 m3 fertilizers were sold in the Philippines. The country is 
self-supporting when it comes to fertilizer, and that year 14% of the production was 
exported (Fertilizer and Pesticide Authority 2013). An estimation is that 98% of the 
total fertilizer use in 2013 was inorganic (chemical) fertilizers (Philippine Statistic 
Authority 2011c). The price of commercial fertilizer in the province has slowly sunk 
since 2008 (CountrySTAT Philippines 2015b). This encourages farmers, especially 
small-scale ones, to go to this route. 
 

The drawback of chemical fertilizer is that it cannot remain in the soil since it has 
no bulk or fibers. When the soil is saturated, it runs off and in the long run causes 
eutrophication if not applied properly. Phosphorous is a finite mineral currently being 
mined for chemical fertilizer. The mining has a direct environmental impact in the 
locations where phosphorous is recovered. The world’s phosphorous resources are 
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decreasing and the world’s population is increasing; alternative methods to make 
phosphorous part of a natural cycle are vital.  Nitrogen is captured from the air in a 
high energy-process fueled by fossil fuels.  Like phosphorous, potassium is also 
mined and extracted from the mineral potash.   
 

 An alternative source of fertilizer that has been gaining popularity is 
vermicompost. Proponents of organic agriculture have been championing the use of 
worms to decompose food waste and bedding material. This will then be used as 
fertilizer and soil conditioner. However, this process presents certain drawbacks. 
Vermicompost costs around 500 PHP/40 kg (OXL 2015), a price that may be too 
steep for small-scale farmers. Cultivation is hampered since the worms are sensitive 
to temperatures over 30℃. It is an aerobic process with partially anaerobic areas and 
therefor emits carbon dioxide, nitrous oxide and methane to the atmosphere (Alberta 
Agriculture and Rural Development 2005). Most importantly, it cannot be applied to 
wastewaters.  

 
Usage of biogas digestate as fertilizer is not widespread in the Philippines since the 

majority of installed biogas digesters are used purely as a cleaning step for effluent. 
The manure is currently disposed of by dumping it in water bodies or landfills; use as 
direct fertilizer; or dried/burned and then applied as a fertilizer.   
 

Bio-fertilizer from anaerobic digesters can be sold for 200 Philippine pesos 
(PHP)/50 kg [Rafael11]. The bio-fertilizers are cheaper because of the lower fertilizer 
value. They are considered to give slower growing rate compared to the commercial 
fertilizers. The price for urea, complete, ammosul and ammophos in year 2014 were 
1095, 1202, 646 and 1037 PHP/ 50 kg respectively (CountrySTAT Philippines 
2015b).  

 
2.4 Biogas Production 
 

Biogas is produced by anaerobic bacteria when decomposing organic material. This 
process occurs naturally in oxygen free environments like seabeds and landfills but 
also in inside termites and rumen animals.  

 
The anaerobic process can be described in 4 stages:  
 

1. Hydrolysis 
2. Acidogenesis 
3. Acetogenesis 
4. Methanogenesis 

 
Different bacteria are responsible for the different stages of the process. The first 

step hydrolyzes carbohydrates, fats and proteins into sugars, fatty acids and amino 
acids. The acidogenesis further decompose the products into volatile fatty acids 
(VFA), alcohols and carbonic acids. The third acetogenic stage results in hydrogen, 
acetic acid and carbon dioxide that are digested in the final stage where methane, 
carbon dioxide and water are produced.  

                                                
1 Rafael Rafael, Professor and Assistant director at Pampanga Agricultural College. Interviewed 2015-
03-03.   
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The bacteria have different optimal living conditions. The two first and last stages 

are closely linked together; therefor the process can be performed in a two-step 
digester to achieve better conditions for each step, maximizing the biogas production. 
To avoid imbalance and inhibition of the process, the two steps have to run at the 
same pace. If the first step runs too fast pH will drop and the methanogens will be 
inhibited. The acidogenic bacteria will become dominant in the digester since they are 
less sensitive to pH, temperature and OLR (organic loading rate) variations 
(Wijekoon et al. 2011).  If the second step runs too fast the methane production will 
be limited by the first step. Many of the participating microorganisms, the role they 
play and how they interact are still unknown.  

 
A key parameter for the biogas production is temperature. Different types of 

microorganisms exist in different temperature ranges; the anaerobic digestion (AD) 
can typically be performed in three different temperature ranges:  

 
• Psychrophilic range 0-15°C  
• Mesophilic range 20-45°C 
• Thermophilic range 45-55°C 
 
The mesophilic range is the most common used in biogas production; these 

microorganisms tolerate a varying temperature of 3°C without a noticeable reduction 
in methane yield (Chen et al. 2014).  The thermophilic microbes have a rapid growth 
and are more efficient in methane conversion but it also has a smaller diversity and is 
more sensitive to temperature variations (Chen et al. 2008). Thermophilic digesters 
require more energy due to its higher temperature demand. The psychrophilic 
microorganisms are the slowest of the three when it comes to methane conversion. 
This is only an option if no other alternatives are available.  

 
All organic matter that consists of carbohydrates, fat, protein and cellulose can be 

used for biogas production. Lignin-rich materials are not suited for AD due to its slow 
degradation. Macronutrients that are essential for the growth of the microorganisms 
are carbon, phosphorus and sulfur. Trace nutrients that are needed are iron, nickel and 
molybdenum (Weiland 2010). If any of these nutrients are added in higher dosage the 
concentration becomes toxic and the digestion fails. Regular feeding ensures smaller 
variations in the daily biogas production.      
 
2.4.1 pH and Alkalinity 
 

A vital parameter for the anaerobic process is pH. Methanogens require a pH close 
to neutral; the optimum pH for the process lies between 7-8. The process is severely 
inhibited by pH below 6 and above 8.5 (Weiland 2010). It is important to keep the 
equilibrium between the acidogenic and methanogenic step of the digestion otherwise 
a drop in pH can lead to methanogen inhibition and further accumulation of acidic 
intermediate products, which expedite pH to fall further. The presence of ammonia is 
the main influence on pH during digestion; the ammonia content rises when digesting 
protein rich substrates and is lowered when digesting volatile fatty acids (VFA).  

 
Alkalinity is the substrates’ buffering capacity, i.e. the ability to resist a pH drop 

when hydrogen ions are added. During acidogenesis hydrogen ions are produced and 
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the system’s alkalinity consumed; and during methanogenesis the hydrogen ions are 
consumed, and alkalinity produced. If the overall process is in balance, there is a zero 
net consumption of alkalinity. However, the alkalinity consumption/production is 
dependent on the substrates’ TKN/VSS ratio. The TKN/VSS ratio describes the 
particulate nonbiodegradable fraction of COD. A lower ratio means a decrease in 
alkalinity and pH drops (Wastewater Handbook 2015).  The alkalinity is increased 
during digestion of protein rich substrates and consumed during digestion of easily 
digested substrates as carbohydrates and fat (Carlsson & Uldal 2009).  If disruption 
should occur, pH should be restored by increasing alkalinity to reactivate the 
methanogenic activity. This can be done by adding CaCO3 to the slurry or adjusting 
the substrate composition. 
 
2.4.2 Volatile and Total Solids 
 

Total solids (TS), or dry matter contents, are matter left after drying the substrate 
for 24 h in 105℃. Volatile solid (VS) describe the amount of combustible matter in a 
substrate at 550℃ for 20 minutes. Volatile solids are a subset of the total solids and 
are the digestible part of TS that can be transformed to biogas. Feeding is based on the 
amount of VS of the substrate.   
 

The AD is dry or wet depending on the amount of dilution. A dry matter below 15% 
is considered a wet fermentation (Lukehurst et al. 2010). These parameters play a role 
when dimensioning digesters equipped with pumps and mixer. This parameter 
influences the amount of dilution, organic loading rate and the hydraulic retention 
time (HRT).   
 
2.4.3 Organic Loading Rate 
 

Organic loading rate (OLR) is the mass of volatile solids fed per digester volume 
and day. Overfeeding the digester results in stressed bacteria and declining biogas 
production as well as pump and mixer problems. The appropriate OLR depends on 
the substrate composition of nutrients and its bio-degradability. Higher TS enables 
feeding a higher OLR (Li & Bajracharya 2014).  

 
Vegetable waste is generally easy to digest and requires a low OLR (Babaee & 

Shayehan, 2011). When digesting food and municipal waste, Di Maria et. al (2015) 
found an optimum feed of 2.1 kg VS/m3 per day. Higher feeding reduced VS 
reduction of the digestate. When co-digesting pig manure and potato material, 
Kaparaju & Rintala (2005) achieved a highest yield feeding at 2-3 kg VS/m3 per day. 
 
2.4.4 Hydraulic and Solid Retention Time 
 

Hydraulic retention time (HRT) describes the number of days the liquid phase is 
retained in the anaerobic digester. A high HRT is good in the aspect of decomposing; 
the longer HRT the more the organic material is disintegrated. However the biogas 
production decreases with time as the nutrients are consumed. HRT is therefor 
determined as when the biogas production reaches its peak.  

 
Solid retention time (SRT) can be separated from HRT; it describes the number of 

days the solids are retained in the digester. Solids may accumulate due to 
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sedimentation, especially in unmixed digesters. The accumulation causes a decreasing 
volume of the digester which means that HRT decreases, giving a less effective 
process. It may therefor be necessary to manually remove solids from the digesters to 
preserve the desired HRT and biogas production.  
 
2.5 Inhibition Factors 
 
2.5.1 Ammonia and Ammonium 
 

Ammonia (NH3) is formed when digesting nitrogen-rich substrates like protein and 
urine (Chen et al. 2008). Free ammonia nitrogen (FAN) is considered the main reason 
for methane inhibition. Ammonia is membrane permeable and can diffuse into cells, 
which causes proton imbalance and/or potassium deficiency (Kayhanian 1999). 
Concentrations below 200 mg/L are stimulatory for the growth of microorganisms 
and vital to a good buffer capacity, although this depends on the temperature, pH and 
acclimation period (Chen et al. 2008 ; Procházka et al. 2012). Excess ammonia causes 
inhibition of the methane forming microbes that are the least resistant to ammonia. 
The C/N ratio is important for growth; nitrogen-rich substrates can be co-digested 
with carbon-rich substrates, which means that the risk for ammonia inhibition is 
lowered compared to digesting the substrate separately. This method is also cost-
effective and increases the methane yield.  

 
 
Higher pH leads to greater ammonia toxicity, which in return leads to 

accumulation of VFA, and this again lowers pH (Kayhanian 1999). This state, with a 
fluctuating pH, does not necessarily lead to digester failure. The process can run 
stably but with a slower digestion and reduced methane production (Chen et al. 2014).  

 
The balance between ammonium (NH4

+) (weak acid) and ammonia (weak base) is 
expressed in (1).  High pH influences the balance to the formation of more NH3 
(Mosquera-Corral et al. 2005).   

 
𝑵𝑯𝟑 +𝑯𝟐𝑶   ⇌ 𝑵𝑯𝟒

! + 𝑶𝑯!     (1) 
 

Temperature control is a key parameter since higher temperatures increase the 
metabolism of the microorganisms but also lead to higher concentrations of FAN. 
Mesophilic digesters are therefore less prone to ammonia inhibition than thermophilic 
digesters (Bayr et al. 2012).      

 
One method to prevent ammonia inhibition is ‘acclimation’ of the microbes 

(Rajagopal et al. 2013).  Acclimation is a time-consuming process that requires at 
least two months to be successful. Sung & Lui (2003) tested microbes acclimatized to 
different concentrations of ammonia and found that when exposed to high ammonia 
the yield and microbe activity lowered but, compared to non-acclimatized micro flora, 
their tolerance to variations of ammonia and pH was improved.  

 
Inhibition caused by ammonia often lead to accumulation of VFA (Chen et al 

2008). To avoid this the C/N ratio should be adjusted. Another method to mitigate 
FAN inhibition is by dilution with water, this is especially effective in high-solids 
digesters (Kayhanian 1999).  
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The presence of ammonium is beneficial for concentrations up to 200 mg NH4/L 

(Liu & Sung 2002). Inhibition, especially at higher pH, has been detected for 
concentrations higher than 1500 mg NH4/L (Angelidaki & Ahring 1993) and 
complete inhibition for concentrations over 3000 mg NH4/L (Sung & Liu 2003 ; 
Procházka et al. 2012).  

 
Procházka et al. (2012) investigated the influence of ammonium on digesters 

buffer capacity for pig manure. Ammonium was added in the form of (NH4)2CO3 
which has similar properties to urea. The results showed that those samples with 
higher NH4 concentrations had higher buffer capacity when pH varied. The 
methanogens were the most sensitive for low pH and methane production ceased 
completely for the substrates with the lowest ammonium content. The ammonium-
rich samples with high levels of VFA also managed to resist a drop in pH. The 
optimum ammonium concentration was around 2 g/L for pig slurry.  

 
Total ammonia nitrogen (TAN) is another measurement of the present ammonia 

and ammonium combined. However this is a more unsure measurement since the 
balance between the two are pH and temperature dependent. During thermophilic 
conditions a stable process has TAN 300-1000 mg/L (Kayhanian 1999).  

 
2.5.2 LCFA and VFA 
 

Digestion of fat-rich substrates risk failure due to high concentrations of long 
chain fatty acids (LCFA) or volatile fatty acids (VFA). Even though these substrates 
have high methane potential, the degradation of LCFAs is non-spontaneous due to the 
fact that the acido-/acetogenesis step is endothermic (Oh & Martin 2010). LCFA 
causes formation of hydrophobic aggregates or adsorbs to the microbes, causing 
digester failure (Chen et al. 2014). One method for mitigating inhibition of LCFA and 
VFA is by adding calcium. It precipitates as calcium salt. An overdose of calcium 
might be even more toxic than LCFA/VFA, concentrations greater than >5 g/L has 
shown inhibitory effects (Ahn et al. 2006). Some commonly reported VFAs are 
acetic, propionic and butyric acid. It had been debated which of these is the best 
indicator of process inhibition. Wang et al. (2009) reported no inhibitory effects of 
acetic and butyric acid at levels of 2.4 and 1.8 g/L. Inhibition occurred at propionic 
acid level of 0.9 g/L. Results defining a total inhibition level of VFA has been 
difficult to define (Franke-Whittle et al. 2014).  

 
2.6 Bio-fertilizer 
 

Ammonium nitrogen is the main nutrient of the digestate. During AD parts of the 
organic nitrogen is transformed to ammonium, which is the highly plant-available 
form of nitrogen (Carlsson & Uldal 2009). The quality and fertilizer value of the 
digestate depends on the nutrition of the substrate digested. The nutrition added is 
largely left in the digestate. Compared to using raw manure, digestate has less odor 
and will penetrate into the soil faster. It has been reported to have priming effects on 
the soil. But compared to inorganic fertilizer, the digestate can still decompose after 
application to the soil.  
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Möller & Muller (2012) reviewed literature on digested and undigested manure. 
They found that AD resulted in higher shares of ammonium nitrogen; the digestate 
contained less organic material and BOD (factor 3-15). AD decreased pH by 0.5-2 
units and had small or no effect on the Mg, K, and Ca content. They found 
contradictory results regarding whether or not AD improves the uptake and 
availability of P.  

 
Table 1 displays the NPK-values for the most common fertilizers in the Philippines, 

undigested pig slurry and digestate from pig and vegetables. Fertilizers are labeled by 
the mass percentage of the elemental N, P and K content. A NPK of 14-14-14 
contains 0.14 kg of each elemental. For wet fertilizer like the slurry and digestate, it is 
labeled as the mass percentage of TS. Depending on the TS, the actual fertilizing 
effect might be quite small compared to inorganic and dry fertilizers. Drying the 
digestate is not recommended since nutrition will be lost; it’s most suited as a wet 
fertilizer. Compared with compost the biogas digestate has better NPK-value but it 
has a large variation of 1-6.5 % N of TS. Undigested pig slurry has stable nitrogen 
content of about 4% of TS.  

 
Table 1. Fertilizer properties of some common chemical fertilizers, vermicompost, pig slurry, pig, 
household waste and maize and clover digestate.   

Fertilizer NPK (% TS) C/N ratio Reference 
Ammophos 16-20-0   CountrySTAT Philippines (2015b) 
Ammosul 21-0-0  CountrySTAT Philippines (2015b) 
Complete 14-14-14  CountrySTAT Philippines (2015b) 
Urea 45-0-0  CountrySTAT Philippines (2015b) 
Vermicompost 1.6-1.1-3.2   Muthukumaravel et. al. (2008) 
Pig slurry 4-0.9-2.1  

4-2-2.5  
4.2-0.8-1.9  

 Lukehurst et al. (2010) 
Creedy Associates (2015) 
Teagasc Authority (2015) 

Pig digestate 6.5 – 0.7 -3.0   
3.6 

Voca et al. (2005) 
Sanches & Gonzales (2004) 

Household waste 
digestate  

3.1 – 0.7 – 2.7   Voca et al. (2005) 

Digested silage maize 
and clover/grass silage 

2.3-1.7-0.39  19.3 Stinner et al. (2008) 

 
One problem for utilization of the digestate is the risk of volatilization during 

storage and application. It is important to minimize exposure to air, and to practice 
appropriate application and storage methods to preserve the nutrition and minimize 
unnecessary leakage to the atmosphere (Lukehurst et al. 2010).  Time of application 
should be during the growing season, and preferably the digestate should then be 
incorporated into the soil to minimize volatilization.  
 

The ratio of carbon to nitrogen (C/N ratio) of the digestate is important for the N-
uptake in plants. The microorganisms present in the soil, which decompose the 
organic matter, consume carbon as energy source and nitrogen for growth. Organic 
matter with a high C/N ratio requires additional N to decompose; this leads to a N 
insufficiency in the soil which has a depressing effect on plant growth. This process is 
called immobilization of nitrogen. As decomposing continues and bacteria die, the 
C/N ratio is slowly increased again i.e. nitrogen is mineralized. Fertilizing with high 
C/N ratio requires some time to pass between fertilizing and planting, to allow 
nitrogen to be returned to the soil. Low C/N ratios prohibit N-immobilization and 
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provide available nitrogen directly to the plants. C/N ratios of 33:1 have shown 
increasing immobilization, ratios of 17:1-33:1 showed a zero net change and C/N 
ratios below 17:1 showed nitrogen accumulating in the soil. Therefore, digestate 
containing less organic material should have better effect on nitrogen uptake, 
compared to undigested substrate (Miller 2000).      
 

Digestates can contain high levels of heavy metals, antibiotics and pathogens 
occurring naturally in the pig manure, or introduced through feed and medication. 
Spreading digestate as a fertilizer risks permanent contamination, which could spread 
to plants or groundwater reserves.  Over time this can have long-term effects on 
people and the environment. AD can, however, immobilize many pathogens, see 
section 2.4.1. Considering the current disposal of manure in the Philippines, 
introduction of anaerobic digesters and utilization of the digestate would not worsen 
the environmental situation or pose any additional risk for humans.  

 
2.6.1 Pathogens 
 

Pathogens and viruses are introduced to anaerobic digesters in the manure. 
Reduction of pathogens by AD has been well reported – the higher temperature, the 
better the elimination of bacteria, weeds and pathogens (Johansen et al. 2013). 
However, not all are reduced; digestate has been reported to contain harmful 
pathogens and bacteria such as Salmonella, Hepatitus, E. coli and Campylobacter 
(Bonetta et al. 2014, The Pig Site 2009). These can exit the digesters, contaminate the 
environment and spread diseases to humans and animals.   

 
A long HRT together with a high temperature ensures better sanitation of the 

digestate.  Preferably, additional post-treatment should be performed on the digestate 
before using it as a fertilizer.   

 
Massé et al. (2011) reported a reduction of pathogens to undetectable levels of 

coliforms, salmonella, sampylobacter spp., and Y. enterocolitica under psychrofilic 
batch conditions, see table 2. At mesophilic temperature and batch setup, roundworms 
present in the manure died within 10 days. The eggs of some common worms and 
lungworm larvae are inactivated after 8 days at 35℃  (Lukehurst et al. 2010).  Some 
common pathogens and their inactivation time in the AD at 35℃  and are presented in 
table 2.  

 
Table 2. Inactivation time of pathogens at 35℃ (Bendixen et al. 1994. 

 
  

Pathogen Days  
Salmonella T 2.4 
Salmonella D.  2.1 
Coliform bacteria 3.1 
Staphilococcus Aureus 0.9 
Mycobacterium Para TB 6.0 
Strep faecalis (FS)  2.0 
Group D Streptocococci1 7.1 
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2.7 Co-digestion 
 

The composition of the substrate is important for a high biogas conversion. The 
yield depends on the presence of fat, carbohydrates and protein and their 
biodegradability. Unbalanced substrates can be co-digested to achieve a better 
composition for biogas production. The following text will address results of co-
digestion of food waste and pig manure.   

 
Starch and proteins are degraded rapidly; manure and straws are generally slow. Fat 

can vary in its degradability depending on its form. The decaying speed also depends 
on how fine the material is divided; the finer particles give faster nutrient access for 
the microbes. Carbon, phosphorus, sulfur and nitrogen are macronutrients. A C/N 
ratio round 25 is optimal for cell growth. The process is inhibited by C/N ratios below 
15 and above 30; it also depends in which forms they are present (Carlsson & Uldal 
2009).  

 
Pig manure is a good base substrate. Typically it contains sand that risks to 

sediment in the digester. The main nutrient is nitrogen, which makes it suitable for co-
digestion to avoid inhibition due to high ammonium levels (Li & Bajracharya 2014). 
Food waste has a high level of organic material, which means high biogas potential 
but it risks rapid acidification due to easily degraded carbons. In digested alone it 
would risk accumulation of VFA and pH drops which may inhibit the methanogens 
(Capela et al. 2008 ; Bouallagui et al. 2005). Peel of citrus fruits is not recommended 
since it contains citrus oil that can cause inhibition (Carlsson & Uldal 2009).  

    
Co-digestion of potato tuber and pig manure has shown increasing biogas yields for 

VS up to 20% originating from potato materials (Kaparaju & Rintala 2005). The 
highest yield was achieved when feeding 2 and 3 kg VS/m3 per day with a VS-ratio of 
80:20 which produced around 0.30 m3 CH4/kg VSadded. Digesting pure pig manure 
resulted in a methane yield of 0.13-0.15 m3/kg VSadded.  
 
Kafle et al. (2014) did a similar study co-digestion SM and Chinese cabbage waste 
(CCW) both batch and continuously. The batch results indicated that the best 
composition was 25-33% VS from CCW. The continuous setup digested achieved the 
highest production of 476 mL/g VSadded and a VS ratio of 25 CCW: 75 PM, the OLR 
was 1.8 g VS/L per day. The OLR was increased slowly to 2 g VS/L per day, which 
disrupted the microbes and caused a decrease in biogas production and methane 
content. Given more time, they could have probably adapted to the new conditions 
and the production recovered. 

 
Molinuevo-Salces et al. (2010) examined different concentrations of vegetable 

waste and PM. The experiment showed that an increase in vegetable waste co-
digested with pig manure increased the VS removal. They also found inhibitory 
effects of VFA accumulation due to improper substrate/biomass ratio and reduced 
buffer capacity as the vegetable fraction was increased.  

 
Murto et al. (2004) investigated co-digestion of manure together with slaughter 

waste, household waste and mix of industrial food waste at 35℃. The volume 
percentage of pig manure was 83, 71 and 66%.  Co-digesting the different food 
wastes resulted 0.8, 0.9 and 1.0 m3 biogas/ kg VSadded respectively with a methane 
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content around 70%. This shows increasing yields with increasing food waste 
fractions.   
 
2.8 Small-Scale Biogas Designs 
 

What differentiates small-scale digester designs from large-scale designs is the 
absence of temperature control and mixing (Martí-Herrero et al. 2014). The two 
designs explained below are suitable for rural areas, due to their simple operation, 
construction and material availability. The construction is mainly made of plastic that 
is easy to access, transport and afford in the Philippines. Construction does not require 
any mason skills, compared with more robust designs. Also, the financial investment 
for these designs is low – a key requirement for successfully introducing the 
technique to a broader target group. The designs are portable and easily repaired if 
broken. A drawback is that plastic has shorter lifespan than for example concrete and 
metal. The two designs considered for the thesis are the tubular digester and the 
floating drum.  

 
2.8.1 Tubular Digester 
 

The tubular digester, also called plug flow tubular digester, originates from Taiwan 
and is a popular design worldwide. It consists of flexible PVC sheets and is 
constructed in ditches or trenches. It can also be constructed of hard PVC pipes that 
can be laid down on the ground or ditches.  

 
The digester is fed in one end of the tube; when filled, the digested substrate will 

move along the tube and led out through the outlet at the other end. The gas outlet is 
located on top of the tube and should be connected to a gas collector for use when 
needed, see figure 7.    

 
The tubular digester is horizontal, giving it a big surface area that can be heated by 

the sun; this makes the biogas production high. Different insulation materials can be 
used such as straws. For higher durance and longer lifespan PCV can be used, 
although it has a higher cost. Ferrer et al. (2011) achieved as high as 63-67% methane 
content of the biogas produced of cow manure in four tubular digesters.  

 

 
Figure 7. Tubular digester design. Picture from Ferrer et. al (2011). 

The design of the tubular digester can be improved by building a surrounding 
greenhouse. This will protect the sensitive design from falling objects, and will 
increase and stabilize the temperature (Martí-Herrero et al. 2014). Roofs can also 
protect the sensitive surface from falling objects. Another improvement is adding a 
manual mixer device, by inserting a stirrer pulling it from one side to the other. This 
has been shown to decrease solids accumulating inside the digester (Usack el al. 
2014).  
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2.8.2 Floating Drum Digester 
 

The floating drum is a vertical digester, usually constructed by a concrete 
foundation and a metal gasholder. This process requires masonry skills and has higher 
investment and material costs. However, the same design can be constructed using 
plastic materials. It consists of two buckets or barrels; one larger that serves as the 
digesting volume and one turned upside down that serves as the gasholder, see figure 
8. The floating drum digester has less surface of solar radiation but is effective 
considering the small surface it takes up.  

 
The digester is fed through an inlet pipe at the bottom of the digester; pushing older 

digestate up to the outlet placed on top of the digester. As gas is produced the 
gasholder will rise, the gas can then be collected through a valve at the top of the 
holder. An extra outlet at the bottom should be made to easily be able to empty the 
digester in case of maintenance.   

 
The principle of the design can also be used but with a separate digester and 

gasholder. This design needs an additional barrel for the gasholder, filled with water. 
The produced biogas is then led to the gasholder through a hose. The advantage of 
this variation is that several digesters can be connected in series with only one 
gasholder; thus minimizing exposure to air, compared to every digester having their 
own gasholder. 

 

 
Figure 8. Construction principle of a floating drum digester, figure from Marchaim (1992).  

 
2.8.3 Modifications 
 

Several modifications can be done to enhance the biogas production. One such 
method is to add biofilm carriers inside the digester; this maximizes the contact area 
between the microbes and the biogas slurry. Simple biofilm carriers can be made of 
plastic bottles or bottle caps. Straw, which is hard to degrade, can also serve as 
biofilm carrier (Rajendran et al. 2012). To help mitigate temperature variations the 
digester can be insulated, using inexpensive and readily available materials such as 
straw, styrofoam and more.  

 
As mentioned earlier, mixing enhances biogas production; manual mixing should be 

done so that no oxygen can enter the digester. This is hard in the floating drum 
digester, but one simple way of doing this is by adding a partition wall as in figure 8 
(Marchaim 1992).  
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When collecting the gas through a hose it is important that the hose does not slack, 
otherwise condensed water can accumulate and block the gas flow. This can be 
prevented by having a plastic bottle attached somewhere on the hose where the water 
can be collected and easily emptied.  

 
3 Method 

 
The thesis was divided into two studies; the first was a feasibility study performed 

at Karlstad University. The second was a field study performed in Angeles City, 
Pampanga Philippines. During the field study two different digesters were constructed 
with some improvements made to the later digester. 

 
3.1 Feasibility Study  
 

PM and FW was co-digested in lab-scale in a batch setup.  The study was 
conducted in the biogas laboratory of Karlstad University during the period of 
6.jan.2015-5.feb.2015.  

 
CM was used as inoculum since it is a viable source of inoculum that could be 

used in the Philippines. The Wiringe family who are dairy farmers in Väse, Sweden 
supplied the CM. Fresh inoculum was collected and stored in a warm cupboard at 
37℃ for five days to de-gas. Fresh PM was collected from a piggery farm owned by 
Peter Ericsson, Väse, Sweden. FW was collected by the author and the collaborator 
before start.  

 
Large straws were removed and the feedstocks were mixed to smaller particles by 

a hand mixer. The TS and VS content of each feedstock were measured by standard 
method 2540B and 2540E, measuring methods and equipment used are presented in 
table 5. The VS of the CM, PM and FW was 11.1%, 25.2% and 22.9% respectively, 
see table 3.  

 

 
 

Four different substrate compositions were digested and one batch of pure 
inoculum, see table 4 for mass and VS-fractions. The VS-ratio between substrate and 
inoculum was 2:3 (Bioprocess Control 2014). The digestion was performed in batches 
of triplicates for each substrate.  The process was operated at 37℃ during 30 days. 
The laboratory equipment used was Bioprocess Control AMPTS II, see figure 9. 

Table 3. VS and TS of the feedstocks.   
Feedstock VS [%] TS [%] 
Cow manure 11.1 12.6 
Pig manure 25.2 30.0 
Food waste 22.9 28.2 
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Figure 9. From the left; 15 batch bottles with mixers, gas scrubbers containing NaOH 

solution and gas outlet monitor.    

The samples were diluted and filled to 400 mL of the test bottles. Every batch 
bottle was flushed through using nitrogen to minimize any trapped oxygen. Stirring 
occurred every other minute for one-minute duration. Carbon dioxide was washed 
away in 3 M sodium hydroxide (NaOH) solution and remaining gas was assumed to 
consist of pure methane.  The AMPTS II monitored the methane production, 
temperature control and stirring. 

  
Table 4. Mass and VS fractions of the substrate mixtures.  

Substrate Description minoculum [g] VSinoculum 
[%] 

msubstrate 
[g] 

VSsubstrate 
[%] 

pH 
(mean) 

Ino Inoculum of CM. 50.0 11.1 - - 6.4 
S 1 PM + inoculum. 38.7 4.3 11.4 2.9 6.7 
S 2 FW + inoculum. 37.8 4.3 12.2 2.8 6.5 
S 3 VS-ratio  

2 FW : 1 PM + inoculum.   
38.1 4.2 11.9 2.8 6.2 

S 4 VS -ratio  
1 FW : 2 PM + inoculum. 

38.4 4.3 11.4 2.8 6.3 

 
After 30 days the final pH, VFA and NH4 was measured (table 5). VFA was 

measured for those digestates with pH below 6 to determine the cause of the low pH. 
Before testing VFA and NH4  the samples were filtered using glass microfiber paper 
Munktell MGA 1.6 and a vacuum pump.  
 
Table 5. Measuring methods used during the feasibility study.  

 Measuring method or equipment Reference 
TS Standard 2540B Apha (2005) 
VS Standard 2540E Apha (2005) 
pH Mettler Toledo SevenEasy (calibrated)  
VFA Hach Lange LCK 365 (celltest) 

Hach Lange DR 2800 (spectrophotometer) 
 

NH4 Hach Lange LCK 305 (celltest) 
Hach Lange DR 2800 (spectrophotometer) 
Hach Lange LT 200 Dry Thermostat (heater) 

 

 
  



 

21 
 

3.2 Field Study  
 

The field study was performed in the backyard of a small town house in Angeles 
City, Pampanga. Fresh CM and PM was collected from two farms in the outlines of 
the city Magalang. The author and collaborator collected FW continuously during the 
field study. VS and TS were measured at the laboratory of the Pampanga Agricultural 
College under the supervision of dr. Lein Pineda. The mean value of VS and TS of 
the substrates and inoculum is specified in table 6. The VS content of the CM, PM 
and FW were 17.2%, 25.1% and 14.2%.  

 
Table 6. TS and VS of the feedstocks in field.  

Feedstock VS [%] TS [%] 
Cow manure 17.2 14.8 
Pig manure 25.1 30.3 
Food waste 14.2 26.1 
 

HRT was determined during the feasibility study to 16 days, see section 4.1. The 
total time of the experiment was 32 days in order to collect a digestate without the 
influence of remaining inoculum. 

 
pH was measured after filtering the digestate with glass filter paper and using pH 

paper (table 7). The pH was measured weekly. The daily biogas production was 
measured by a 100 mL glass syringe by opening the valve of the gasholder. The 
methane content was measured during the last days of the study, see section 3.2.4.  
The slurry and outside temperature was measured each day at 9 am. The measuring 
equipment in field is summarized in table 7. 

 
Table 7. Equipment used during the field study.  

 Equipment 
Temperature TESTO925 Thermometer 
pH Panpeha pH Indicator (pH±0.5) 
Gas bag SKC Tedlar Sample Bag (5L) 
 
3.2.1 Construction of Digester A & B 
 

The chosen design was a floating drum digester; this design was chosen based on 
the area limitations. The principle of the construction can be seen in figure 10. The 
materials used for the construction is specified in table 8. The digester was 
constructed in duplicates, from now on called A and B. 

 
A bucket of 16 L served as the digester and a bucket of 10 L as the gasholder, see 

figure 11. Common PVC pipes made up the in- and outlet. The holes for the PVC 
pipes to be connected were made by hot metal tube that was melted into the digester 
walls in the same dimensions as the PVC pipes, see figure 11. A male and female 
adapter on each side of the digester wall attached the pipes. The female adapter to the 
outlet had to be shortened to prevent the gasholder from getting hooked and obstruct 
rising as gas was collected. Every connection was made air- and watertight by using 
PVC glue. The building material used for one digester is listed in table 8.  
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Figure 10. The construction principle of the floating drum digester  

The gasholder had smaller female and male adapters of metal through the bottom 
of the bucket. The top of the bucket together with the handle was sawn off and then 
turned upside down.  A gas valve was attached to the male adapter and the biogas was 
led out by a gas tube attached to a gas scrubber, see section 3.2.4. Finally, the gas was 
collected in a gasbag for measuring, see figure 14. The joints were made gastight with 
gas sealing, gas thread tape and hose clamp. To prevent the gasholder from tipping a 
cover made of chicken net surrounded the digester, see figure 12.  

 

      
Figure 11. A hot tube was used to make holes in the construction (left). The digester (middle) and 

gasholder (right). 

To check if the construction was gastight the digesters were filled with slurry and 
the gasholders was placed on top of the digestate with air inside for one day. If any 
joints were leaking the gasholder would sink. No leakage was detected and the air was 
let out and the holder sank to the bottom. The setup was initiated February 26, 2015.  

 

 
Figure 12. Digester A and B. 
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Table 8. Materials and dimensions of materials used for the construction of the digesters.  

 Description Size Number 
Digester PVC male adapter ¾ 2 

PVC female adapter ¾ 2 
Bucket 16 L 1 
PVC pipe ¾ X m  
PVC 90°  elbow ¾  2 

Gasholder  Male adapter 12 mm 1 
Female adapter 12 mm 1 
Gas tap 12 mm 1 
Ball valve  12 mm 1 
Bucket 10 L 1 
Gas hose 12 mm  1.5 m  

Gas scrubber  Plastic bottle 10 L 1 
Gas bag 5 L 1 
Gas valve  12 mm 1 
Gas hose  12 mm 1 

Glue and sealing 
materials 

Gas sealing   
PVC glue    
Gas thread tape   
Hose clamp   

 
3.2.2 Digester C & D 

 
A second setup was constructed while the first awaiting the biogas production of 

digester A and B. The design was the same as the first but in addition it was 
inoculated with effluent from an existing biogas plant. Also the digester had a larger 
volume that allowed the gasholder to completely sink to the bottom without touching 
the inlet pipe. The improvements of the new setup was:  
 

• Less headspace 
• Lighter gas holder 
• Effluent from an existing biogas digester as inoculum.  

 
The effluent was collected from La Paz farm in San Fernando, see section 4.2.1. 

The new setup was initiated March 9, 2015. The digesters were named C and D.  
 

3.2.3 Initiation & Feeding  
 

The inoculum was diluted to 2% TS. After degassing, feeding began everyday 
with substrate mixture S 3 (VS-ratio 1 FW:2 PM). An efficient process was 
approximated to produce 0.3 L CH4/g VS added; this was used to calculate an 
approximate digester size that would produce a maximum of 5 L methane per day due 
to the restriction of the gasbag at 5 L (Granström2). 

 
The digesters were fed 30 g VS/day. Digesters A and B had OLR 3 g VS/L per 

day while C and D had 1.8 g VS/L per day. The second setup aimed to produce the 
same amount of biogas so it was fed with the same amount of substrate as A and B, 
only more diluted. The feedstocks were mixed and diluted and thoroughly mixed by a 
hand mixer. Table 9 displays the volume of the digester, volume flow, inoculum and 
                                                
2 Karin Granström, Associate Professor, lecturer  and supervisor of the thesis. Interviewed during the 
initiation of the field study. 
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feed fractions. After a 4 days of feeding the inlet pipe of digester B was clogged. One 
by one the inlets of all digesters were clogged (figure 22). Instead feeding was 
performed by inserting a pipe from the top, beside the gasholder, see figure 13. 

 
Table 9. Digester properties and feeding fractions of pig manure and food waste.  

 Digester A & B Digester C & D  
Vdigester  10 L 16.4 L 
CM 766 g (132 g VS) 1532 g (263 g VS) 
Biogas digestate  - 2698 g (5 g VS) 
PM 40 g/day (10 g VS/day) 40 g/day (10 g VS/day) 
FW 141 g/day (20 g VS/day) 141 g/day (20 g VS/day) 
Volume flow 0.625 L/day 1 L/day 
HRT 16 days 16 days 
OLR 3 g VS/L per day 1.8 g VS/L per day 

 

 
Figure 13. Top feeding of the digesters. 

 
3.2.4 Gas Scrubber 
 

Two gas scrubbers were constructed of plastic water bottles (8 L), see figure 14. A 
hot metal tube was used to make an in- and outlet through the cap of the bottle. The 
inlet was a copper pipe reaching to the bottom of the bottle. The pipe should be as 
long as possible, lengthening the gas path up through the scrubber and capturing as 
much CO2 as possible. The outlet consisted of a joint coupling connected to the 
gasbag via a 6 mm gas tube. Every joint was glued and made tight with gas sealing.  

 
The scrubber fluid consisted of 4 L NaOH solution (3 M) with blue indicator. This 

volume is sufficient to scrub the CO2 of biogas containing 60% methane during 32 
days and 5 L biogas/day (källa).  

 
To mix 4 L NaOH solution, 480 grams of NaOH was mixed carefully with 4 L 

distilled water. To this, 20 mL Thymolphthalein pH indicator (0.4%) was added. The 
indicator consisted of 80 mg thymolphthalein that was mixed with 18 mL ethanol 
(99.5%) and 2 mL destilled water.  
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Two attempts were made to construct airtight scrubbers but they were 

unsuccessful. Therefor only the biogas production was measured and the methane 
content calculated later. The dimension of the gas hose and that of the gasbag differed 
so the gasholder served as the collector instead.   

 

 
 

 
A gas scrubber of glass was ordered from a chemical fixing supplier. The methane 

content of the biogas was measured during the last nine days of the experiment. 
Biogas production was measured and redirected by the help of a three-way valve and 
pressed through the gas scrubber. The methane was collected from the wash bottle in 
a gasbag and measured, see figure 15.  
 

During the measurements, the methane content of the biogas rose rapidly even 
though the indicator was still intact. In spite of this the scrubber fluid was replaced on 
the fifth day, which resulted in lower methane content. The speed of pressing the 
biogas through the scrubber played an important role in its ability to scrub the gas. 
Hereafter the fluid was replaced everyday of the remaining measurements.  

 

 
Figure 15. Measuring method of methane content.  

 
3.3 Calculations 
 

TS and VS was calculated according to (1) and (2). The weight of the aluminum 
tin in which the substrates were weighed (1.67 g) was subtracted before calculation.     

 
𝑻𝑺 = 𝒎𝟏𝟎𝟑℃

𝒎𝒃𝒆𝒇𝒐𝒓𝒆
   𝒈  𝑻𝑺
𝒈  𝑺𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆

        (1) 

Figure 14. Gas scrubber.  
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𝑽𝑺 = 𝒎𝟏𝟎𝟑℃!𝒎𝟓𝟓𝟎℃

𝒎𝒃𝒆𝒇𝒐𝒓𝒆
   𝒈  𝑽𝑺
𝒈  𝑺𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆

        (2) 

 
𝒎𝟏𝟎𝟑℃ =Mass after heating 24 h at 103℃ 
𝒎𝟓𝟓𝟎℃ =  Mass after heating 20 min at 550℃ 
𝒎𝒃𝒆𝒇𝒐𝒓𝒆 =  Mass before heating  

 
 
The amount of free ammonia nitrogen (FAN) was calculated according to (3) 

(Kayhanian 1999): 
 

𝑭𝑨𝑵  (𝑵𝑯𝟑) =
𝑻𝑨𝑵∗𝑲𝒂 [𝑯]
𝑲𝒂

[𝑯]
   𝒎𝒈/𝑳       (3) 

 
TAN= NH4-concentration (mg/L) 
Ka= Temperature dependend constant 

0.564*10-9 at 25℃ 
1.097’10-9 at 35℃ 

[H]= 10-pH 

 

The volume of the biogas was calculated to normal milliliters (NmL) at 0℃ and 1 
bar using the ideal gas law (4):  

 
𝒑𝑽 = 𝒏𝑹𝑻         (4) 
 
p= Pressure (bar) 
V= Volume (L) 
n= Number of moles (mol) 
R= Gas constant 8.3145 J/mol*K 
T= Temperature (K) 
  

Rearranging (4) with the constants on the same side made it possible to calculate 
the new volume according to (5):  
 
𝑽𝟐 = 𝑽𝟏

𝑻𝟐
𝑻𝟏
   𝑵𝒎𝑳         (5) 

 
The methane production of the inoculum during the feasibility was subtracted 

from the total production of the substrate and the inoculum; this to understand the 
influence and contribution of inoculum and substrate to the methane production 
separately. This was done according to (6):  
 

𝑉!"#!$%&$' =
𝑉𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒+𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚−

𝑉𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚
𝑉𝑆𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚∗  𝑉𝑆𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚  𝑖𝑛  𝑠𝑎𝑚𝑝𝑙𝑒
𝑉𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

   𝑚3  𝐶𝐻4   (6) 
 
 

The volume flow was calculated by (7):  
 
𝑉𝑜𝑙𝑢𝑚𝑒  𝑓𝑙𝑜𝑤 = !"#$%&  !"#$%&$'

!"#
   𝐿/𝑑𝑎𝑦      (7) 

 
The ORL was calculated as (8):  
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𝑂𝐿𝑅 = !"  !"!""#"/!"#

!!"#$%&$'

!"  !"!""#"
!!∗!"#

       (8) 

 
After completed digestion samples of the digestate (1.5 L) were brought back to 

Sweden to measure NH4, VFA, TKN, TOC, pH and P. TKN, TOC, P and NH4-N 
were measured by Eurofins Laboratory, Linköping.  

 
The C/N-ratio of the digestate was calculated by (9):  
 

𝑪
𝑵
= 𝑻𝑶𝑪

𝑻𝑲𝑵
  [𝟏]         (9) 

 
4 Results 
 
4.1 Feasibility Study 
 

The results of VS, TS and pH of the digestates are specified in table 10. The pH of 
S 2 and S 3 reached below 6. In table 10 it can be seen that the VFA concentrations 
were around 3000 mg/L. These results were not unforeseen due to the large fraction 
of FW and easy degradable compounds. The digestates all had very low levels of 
FAN ranging from 0.01 to 0.35 mg/L. This may have been a limiting factor for 
producing methane (Chen et al. 2008).  

 
Table 10. Properties of the digestate after AD. 

 
The inoculum had a high methane production, which increased towards the end of 

the experiment and lasted for 27-29 days, see figure 16. A disturbance in production 
can be seen in two of the samples on day 18. This stagnation is thought to indicate 
inhibition of the methanogens due to a high OLR from start. When toxicity of the 
loading rate decreased the methane production increased again. The final pH was 7.05 
(mean) that is a favorable environment for the methane forming bacteria.  

 
 

Substrate Sample pH  NH4
+

  (mg/L) VFA (mg/L) FAN  
(mg/L) 

Inoculum  Ino 1 7.77 76.6 - 0.35 
Ino 2 6.64 40.1 - 0.18 
Ino 3 6.73 42.7 - 0.25 

S 1 
PM 
 

S1.1 6.67 74.5 - 0.38 
S1.2 6.76 102 - 0.64 
S1.3 6.62 85.4 - 0.39 

S 2  
FW 
 

S2.1 5.15 54.2 3148 0.01 
S2.2 5.13 60 3640 0.01 
S2.3 4.98 45.8 3436 0.01 

S 3  
1 PM : 2 FW  
 

S3.1 5.31 69.6 3036 0.02 
S3.2 5.43 61.8 2836 0.02 
S3.3 5.43 80.7 2756 0.02 

S 4 
2 PM : 1 FW  
 

S4.1 6.45 75.8 - 0.23 
S4.2 6.45 65 - 0.20 
S4.3 6.50 76.6 - 0.27 
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Figure 16. Methane production of the cow manure inoculum. 

The AD of S1 suffered inhibition early on in the experiment. In figure 17 it can be 
seen that the digester completely failed after 3-6 days. Compared to the other 
substrates it had a rapid methane-forming phase from day one until day 2 with an 
average of 18.3 NmL/g VSadded before production ceased. The digestates pH was 6.68 
(mean). The FAN and ammonium concentrations were low although S2.2 had the 
highest ammonium concentration of all samples at 102 mg/L. This result indicates 
that the substrate might have had low concentrations of carbon, making it the limiting 
factor of methane conversion.  

 

 
Figure 17. Methane production of S 1 (pig manure).  

S2 had a similar development as S1, see figure 18. It had a rapid methane 
production during the first couple of days reaching a mean of 38.3 NmL CH4/g 
VSadded on the third day before the digestion failed on day 3-5.  S2 had very low levels 
of FAN at 0.01 mg/L. The pH of the digestate was 5.15, 5.13, and 4.98. This together 
with high levels of VFA indicates that the digester suffered from a too rapid digestion, 
causing imbalance between the acidogenic and methanogenic bacteria and eventually 
becoming toxic for the methanogens. The VFA reached concentrations of 3148, 3640 
and 3436 mg/L. In this substrate nitrogen might have been the limiting factor of 
methane conversion since the food waste typically is rich in carbon.    
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Figure 18. Methane production of S 2 (food waste).  

S3 suffered of low pH but it still had the highest methane yield of all the 
substrates and the longest period of methane production, see figure 19. The mean 
methane yield was 111.1 NmL CH4/g VSadded. The process appears to have negative 
methane production in the beginning of the experiment. In the beginning of the 
startup phase the inoculum was responsible for the methane production and not the 
substrate. The substrate slowly increased its methane production and between days 
13-20 had a significant increase in yield to stagnate until day 27 before showing signs 
of slight increase again.  

 
Because of the high yield S3 was chosen as the substrate for the field study. 

Figure 20 shows the methane flow each day of the experiment in NmL/day per g 
VSadded. The peak of the production was achieved on day 15, 16 and 18 for S 3.1 – 3.3 
respectively. The mean day of production peak was day 16 and the HRT for the field 
study was determined to 16 days based on this result.   

 
There were low concentrations of FAN in S3 indicating that nitrogen became a 

limiting factor during digestion. The substrate had higher levels of VFA at 3036, 2836 
and 2756 mg/L and the low pH leads to the conclusion that the substrate contained a 
large fraction of easy degradable compounds due to the large fraction of vegetable 
waste.  

 

 
Figure 19. Methane production of S 3 (VS ratio 2:1 of food waste to pig manure).  
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Figure 20. Volume flow of the three batches S 3. The average day of peak was day 16.   

S 4 also produced for a long period of time 26-30 days. The final mean yield was 
66.9 NmL/g VSadded. Figure 21 shows that the production was unstable during the 
experiment. During the first 9 days it increased slowly to rise rapidly and peaked 
around day 17. The methane yield then subsided and two of the samples ceased its 
production on day 26. The substrate had a favorable mean pH of 6.47. The low FAN 
and ammonium concentrations might also suggest that nitrogen was a limiting factor 
for methane conversion.  

 

 
Figure 21. Methane production of S 4 (VS ratio 1:2 of food waste to pig manure).  

  

4.2 Field Study 
 

The biogas and methane production of the digesters can be seen in figure 22-23, 
respectively. The graphs show overall unstable productions with large variations from 
day to day. Mean methane production of A, B, C and D was 23, 19, 17 and 18 NmL 
CH4/g VSadded, respectively. The standard deviation from the mean production was 12, 
10, 9 and 9 NmL CH4/g VSadded. The large variation is thought to be a result of the 
substrate composition, temperature variations and low pH. Mean biogas production 
was 61, 52, 60 and 55 NmL/g VSadded.  

 
Production of A and B peaked around day 12 after which the production lessened 

and showed signs of increasing inhibition. C and D showed signs of better 
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acclimation to the substrate as the experiment proceeded with increasing yield 
towards the end. They also had less production variations compared to A and B. 
During day four the gas tap of digester C was left open exposing the microbes to air, 
this led to a drop in biogas production and took several days before it recovered. On 
day five the inlet pipe was clogged for both digester C and D, eventually they were all 
clogged, see figure 22. Digester B suffered from leakage after one week of feeding 
which was inflicted when trying to unclog the inlet pipe. Attempts were made to seal 
the leak with epoxy glue but were unsuccessful. The digester was refilled with water 
to maintain moisture and keep it from drying out. However the leak led to a higher VS 
concentration and caused the production to fall. After 4 days the leak had stopped 
spontaneously and production improved. 
 

 
Figure 22. Biogas production of digesters A-D. On day 4 the gas tap of C was left open. 

Eventually all of the the inlet (feeding) pipes were clogged and digester B suffered from a leakage 
on day 9 from trying to unclog it.   

When calculating the methane content of the biogas, the results of day 2-4 were 
neglected due to the uncertainty of the washing effect of the NaOH-solution. The 
mean methane content of the biogas for each digester was 38.2%, 35.7%, 28.1% and 
32.5% respectively.  
 

 
Figure 23. Methane production of digesters A-D.  

The cumulative biogas and methane production shows a nearly linear production 
of A and B, around day 25 the yield decreased, see figure 24-25. C and D seems to 
have slower production in the start of the experiment but after day 25 the production 
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rose more rapidly. All the setups had similar cumulative biogas production at the end 
of the experiment with a mean of 1764 NmL, but the trend shows that A & B had a 
decaying curve while C & D shows increasing trends. Since the methane content was 
higher in A & B the cumulative methane production was slightly higher for these.  

 
The results show that a better acclimation of the microbes in C & D which can be 

due to the existing micro-flora from the inoculum. Also the lower OLR was more 
advantageous when treating a relatively carbon-rich substrate.   

 

 
Figure 24. Cumulative biogas production when feeding 30 g VS/day. 

 

 
Figure 25. Cumulative methane production when feeding 30 g VS/day.  

Figure 26 shows the temperature of the digesters and the outside temperature.  
Digester A and B had lower volume and therefor, it differed more from the outside 
temperature than C and D. The outside temperature was stable ranging between 300-
304 K, disregarding the first two days of measuring.  The daily temperature 
fluctuation was assumed to be 10 K and can play a large role in the stability of the 
biogas production.    
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Figure 26. Digester and outside temperatures during the field study.  
 

Figure 27 shows the weekly pH of the digesters. A and B started the first three 
weeks with stable pH at 8.5, with a big drop on the second week to 5.5 and 4.5 
respectively. B recovered some during the last weeks at 5.5 in pH. A dropped to pH 
4.5 during the last week showing increasing inhibition. C and D started with pH 7.5 
and also dropped after the first week of feeding but had a stable pH at 5.5 throughout 
the experiment. The existing microbes from the existing biogas plant might have 
adapted to the low pH values better than the inoculum originated from CM alone. The 
last values, during week 6, were measured at the Karlstad University lab by a pH-
meter. They all had a similar pH of around 4. This explains the drop at the end of the 
graph and shows that the measuring method in field was uncertain.  

 

 
Figure 27. pH of the digesters A-D were measured on a weekly basis with pH paper, the last pH 

was measured in lab.  

The properties of the digestate are summarized in table 11. The results show that 
A and B had a higher level of TS at 5.5 and 3.6% compared to C and D at 1.8 and 
1.7%; this due to the higher OLR of the first digesters.  

 
The ammonium-nitrogen content was 432, 426, 276 and 302 mg/L in A, B, C and 

D, measured per TS the concentrations were slightly higher for C and D at 2.2 and 
2.3% TS compared to A and B at 1.3 and 1.8% TS. These concentrations are not 
believed to have caused any inhibitory effects during digestion (McCarty 1964).   

 
The digestates all had high levels of VFA of 7.5, 7.2, 7.4 and 9.1 g/L. Since the 
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compounds (acetic, butyric and propionic acids) were not measured separately it is 
difficult to determine the VFAs toxicity. However, the result indicates much easily 
biodegradable material, probably originating from the food waste and imbalance 
between the acidogenic and methanogenic steps. The VFA levels also can explain the 
low pH values of 4.1, 4.4, 4.4 and 4.3. Improper VS ratio between FW and PM is 
believed to have been the main cause for the process instability and pH reaching toxic 
levels.  

 
The N-values of the digestates ranges from 4.9-6.9% TS and the P value ranges 

from 0.7-1.7% TS. These results are slightly higher than those of Voca et al. (2005) 
who achieved NP of PM of 6.5-0.7 and FW of 3.1-0.7 considering the VS ratio of this 
experiment. 

 
The carbon content was almost solely organic and the C/N ratio of the digesters 

were 8.7:1, 7.4:1, 8.1:1 and 8.1:1 respectively. The results show high N availability to 
plants also; this should lead to nitrogen accumulation in the soil (Miller 2000). The 
C/N ratio is lower than for Stinner et al. (2008), they digested pure vegetable 
substrates which were high in carbon. Sanchez & Gonzales (2004) who looked at pure 
pig digestate had a C/N ratio of 3.6. This show that co-digestion of PM and FW is 
favorable to achieve a better bio-fertilizer compared to digesting vegetable waste 
alone.   

 
Table 11. Digestate properties of digester A-D.  

 
4.2.1 La Paz Pig Farm and Biogas Plant 
 

The pig farm and biogas plant La Paz was located in the outskirts of San 
Fernando, Pampanga. The visit was done on March 7, 2015 and biogas effluent for 
the pilot facility was collected. The farm is a large commercial farm with a varying 
pig population of 8000-10 000 pigs depending on the production rate. Benchmarking 
for comparison of the biogas production was not possible due to lack of monitoring 
equipment. At the facility, no biogas production was monitored nor the methane 
content of the biogas.  

 

 A B C D Unit Uncertainy 
Total Solids 5.5 3.6 1.8 1.7 % 10% 
TKN 
 

4.9 
2.7 

6.9 
2.5 

6.2 
1.1 

5.9 
1.0 

% TS 
g/kg 

10% 
10% 

Ammonium nitrogen 1.3 
432 
0.7 

1.8 
426 
0.7 

2.2 
276 
0.4 

2.3 
302 
0.4 

% TS 
mg/L 
g/kg 

10% 
- 
20% 

Phosphorous P 7.1 12 17 17 g/kg TS 15% 
Carbon C 42.7 51.5 50.4 48.2 % TS 10% 
TIC <0.1 <0.1 <0.1 <0.1 % TS 5% 
TOC 42.6 51.4 50.2 48.1 % TS 10% 
VFA  7.5 7.2 7.4 9.1 g/L  
C/N-ratio 8.7:1 7.4:1 8.1:1 8.1:1   
NP-value 4.9-0.7 6.9-1.2 6.2-1.7 5.9-1.7 % TS  
pH 4.1 4.4 4.4 4.3   
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The type of digester was a covered lagoon digester with a volume of 12 600 m3, 
see figure 28. It was installed in year 2008 by injunction of the government. The 
biogas was used for electricity generation. With a generator they produced 100 kW, 
half their electricity need, see figure 28. However, the generator was old and they 
estimated that a new generator could double the electricity production and cover all 
their electricity need. The total investment cost was 7 million PHP for the installation.  

 
The only feedstock of the digester was water and pig manure; there was no mixing 

or temperature control. A submersible pump supplied the digester with feedstock. 
After digestion the effluent underwent cleaning through several settling ponds before 
being released to a creek. The ponds need emptying every 10 years and the mud 
would then go to a landfill. Since the installation of the digester the workers witnessed 
a large odor reduction and experienced less health problems.  

 

 
Figure 28. The biogas was used to distribute electricity to the farm (left). The lagoon 

digester had a volume of 12 600 m3 (right).   

 
4.3 Final Design Proposal 
 

The final design proposition for a backyard pig farm of 20 sows is the version of 
floating drum digester described in section 2.6.2. For this size, seven 1 m3-tanks 
connected in series make up the digester, see figure 29-30. They are connected to 
each other, allowing gas to move to a gasholder collecting the gas of all the digesters. 
The expected production is 2.6 m3 biogas/day or 1.8 m3 methane gas/day (70% 
methane content). Depending on the sizes of the barrel available, 2-3 digesters can be 
connected in series making it necessary to construct 3-4 gasholders.  

 
Each digester has an individual feeding inlet and a digestate outlet. The feeding 

inlet is placed on top of the digester; this way the risk of clogging is minimized when 
removing the bend in the PVC pipe compared to the field study. The OLR used for 
calculating the dimensions was 2 kg VS/m3 per day, based on the results of the field 
study and those of others (Kaparaju & Rintala 2005 ; Kafle et al. 2014). 
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Figure 29. Final design proposal with a total digester volume of 6,2 m3.  

One sow produce around 1.65 kg manure/day (Catelo & Agbisit 2001); which 
means a total of 33 kg manure per day. The daily volume flow is 390 L (substrate + 
water), table 12 explains the properties and figures used for dimensioning the 
digesters. VS content used when calculating was the same as during the field study 
(FW=14% and PM=25% VS).  

 
Table 12. The proposed digester and expected biogas production.  

  
Daily biogas production 2.6 m3 

VS ratio 1 FW : 2 PM 
OLR 2 kg VS/ m3 per day 
HRT 16 days 
Volume digester 6.2 m3 
Volume flow (total) 390 L/day 
Mass flow pig manure 33 kg/day or 8.25 kg VS per day 
Mass flow food waste 29.5 kg/day or 4.14 kg VS per day 

 
The field study helped draw the conclusion to recommend another substrate 

composition than the one that was tested. Based on the literature study and the 
findings of others it seems that proper VS ratio consisting of up to 33% FW and 66% 
PM. Co-digestion around these VS ratios has been shown to produce 0.4-1 m3 
biogas/kg VS (Murto et al. 2004 ; Kafle et al. 2014 ; Kaparaju & Rintala 2005). The 
mean biogas production of the design is estimated to 0.2 m3/kg VSadded. This is based 
on a expected reduction of 70% the yield mentioned earlier due to the fact of lower 
and fluctuating temperatures and lack of mixing. If available, effluent from an 
existing biogas plant together with cow manure should be used as inoculum. In the 
field study the digesters with biogas effluent showed better resilience to the toxic 
levels of pH.  There are several improvements compared to the design than the one of 
the field study: 

 
• The number of digesters can be adapted to the number of pigs by 

connecting or disconnecting digesters.  
 

• Having only joint gasholders and enclosed digesters minimizes gas loss. 
  

• Easier to collect the gas for use with fewer gasholders.  
 

• A straight feeding inlet prevents clogging and makes cleaning easier.  
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Figure 30. A floating drum digester at Pampanga Agricultural College.  

The digestate should if not used immediately be stored in airtight tanks. The 
produced digestate of 390 L/day would supply 0.2 kg P/day and 0.7 kg N/day (based 
on the mean values of the digestates of the field study).  

 
5 Discussion 
 

The study resulted in a design proposal for backyard pig farms of 20 sows. The 
dimensions were based on some results of the field study (NP-value, HRT) and some 
factors were based on the results of others (substrate composition, OLR, biogas 
production). The substrate intended for the study was determined during the 
feasibility study but showed inhibitory effects once digested under real life 
conditions. The result of the pre-designated substrate were poor, however considering 
the literature on substrate compositions they were not unexpected. The recommended 
substrate of 1 FW: 2 PM VS ratio is believed to be a better composition and is 
believed to have a higher and more stable biogas production. The literature on co-
digestion did not focus on the properties of the digestate, however the result from the 
field study is considered to be reasonable to apply to the recommended substrate 
without resulting in a significant difference.  

 
Regarding management of the design, small-scale farms might have difficulties of 

getting hold of food wastes of 29.5 kg every day. Different agricultural wastes and 
food waste from local markets could help aid the daily need of wastes. The estimated 
biogas production was based on results found in literature. A significant difference 
from their results was the fact that they were accomplished in lab conditions with 
mixers and a stable temperature at around 35℃.  A rough estimation had to be done as 
to the biogas production of the actual design. This assumption a 70% biogas reduction 
compared to their results, is uncertain and plays a large part for the expected 
production. The digester is expected to produce 2.6 m3 biogas/day (mean) and have a 
contain 70% methane, as in the literatures’ studied. Future studies should aim to 
determine the production of the recommended substrate together with the design.  

 
Adoption of these digesters would have huge impact on the surrounding 

environment and the water bodies stretching further. In Pampanga it is estimated that 
140 tons of pig manure from backyard farms is being released every day. Levels of 
pathogens and eutrophication would sink remarkably if digestate would be used as a 
fertilizer, leading to better wildlife and water environments. It would have positive 
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effects on human health; reducing deceases as a consequence of less contact with the 
raw pig manure and gas emissions. Applying AD to the whole province could result 
in reusing 3 tones of N and 0.7 tones of P as fertilizer.  

 
The cost of installation has not been considered during this study. However, it is 

believed to have financial incitements, saving money from both LPG and chemical 
fertilizers and considering the lifetime expectancy of at least 5 years.  As mentioned 
earlier, there are two categories of backyard farmers; the poorer farmer might have 
difficulties raising the money for the lump sum of installation. There are large tanks 
available for purchase (10 000 m3) that could serve as a single digester instead of 
several in series. However, the price would determine which digester would be used.  

 
Replacing the use of chemical fertilizer might have a better nitrogen long-term 

effect in the soil and contribute to better soil properties. Struggles with using the wet 
digestate as fertilizer is storage, transportation and spreading. Correct methods of 
storing and applying the fertilizer are essential for not losing valuable nutrition. An 
observation during the stay in the Philippines was that heavy equipment like tractors 
were not used. Appling the fertilizer to small areas and incorporating it in to the soil is 
viable, but for larger farmlands it is more problematic.  

 
The best substrate of the feasibility study was not the one ending up as the 

recommended substrate. Looking at the lab results, it seemed to be the best choice, 
with a stable and high methane yield. A warning sign should have been the high 
levels of VFA and low pH of S 2 and S 3. Generally the substrates performed 
accordingly to their typically nutrition content. Based on the production of the 
inoculum, it might have suffered from inhibition due to a high initial OLR.     

 
The chosen design for the field study was not perfect. Leak of biogas around the 

gasholder reduced the usable production. Still, it was considered the best option given 
the simplicity of building, maintenance and low investment cost. In all, the digesters 
were easy to construct and use. The dimension of the feeding pipe causes clogging 
and resulted in a leak from trying to unclog one digester. This may have led to 
reduced nutrient conversion or increased gas emission since the substrate was not 
inserted directly under the gasholder. The leak is believed to have had a negative 
impact of digester B, inhibiting the methanogens due to high OLR.  

 
The methods of measuring in field were uncertain. Difficulties interpreting the pH 

paper and most importantly, the gas scrubber, were methods that gave inexact results 
and cannot be recommended for future research. We used the gas scrubber, pressing 
biogas through it, instead of letting the scrubber solution filter the gas as it was 
produced. This was not the method intended but problems arose with the self-made 
scrubber and gas tubes in the right dimension could not be found. The low methane 
content might in fact have been higher.  

 
The main reason for the methane inhibition was the substrate composition. The 

faction of FW and rapid degradation of its carbon content caused accumulation of 
VFA and pH dropped to toxic levels. It seems that the existing micro-flora in the 
effluent from the existing biogas plant had better resilience than the microbes of the 
CM. Also, the lower ORL of digester C and D are believed to contribute to the biogas 
production. The substrate did not have/consumed alkalinity. Additional measurements 
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of the systems alkalinity might have been good to better understand the substrates 
composition or prevent pH drops. Other reasons behind low production rates were 
foam, sand in the manure, leakage from gas hose, accumulation of solids, difference 
in foods from day to day and temperature fluctuations. The effect of solar radiation is 
difficult to appreciate but the temperature variations had large impact on biogas 
production and ammonia toxicity.  HRT could have been lengthened since the field 
study had lower and unstable temperatures, although the impact it would have had on 
the results is uncertain.  

 
Suggestions to future research areas are to build the proposed design and evaluate 

the substrate and biogas production. Additionally alkalinity levels should be measured 
to understand the systems ability to resist pH drops. The digestate should undergo 
further analysis as to pathogens, heavy metal and antibiotic content. Also, testing the 
digestate as fertilizer in trial cultivations. To make the AD technique more widely 
spread in the province you need to understand the target group. Surveys regarding the 
backyard farmers’ general attitude to AD and economical situation should be 
performed to better understand what key factors that will help anaerobic digesters 
spread. This would also enable designing better digesters, customized to the 
conditions and needs.   

 
Although not part of the aim of the study, several visits to backyard farms were 

made and conversation with locals regarding AD. Two of the backyard farms that 
were visited belonged to the category of richer farm owners. They had heard about the 
AD technology as the government held a seminar in Mexico City. The mistrust for the 
government is widely spread; on the seminar they recommended a contractor for 
building the digesters with an investment cost around 300 000 PHP, the general 
feeling was that they were probably connected to the company or paid to recommend 
this particular contractor. The price was considered unrealistically high for a backyard 
farmer even though these farmers had other income. Their attitudes and interest for 
AD technology were positive but made difficult due to the (lack of) information from 
the government. Cheap technology and how to do it yourself should lie in the interest 
of the government when the environmental situation is as severe as in the Philippines.  
Making stricter environmental laws would make the politicians unpopular within the 
business world and this makes the whole system work in short terms to gain as much 
as possible on a personal level. The people of the Philippines are not happy about the 
system and realize that the environment needs to improve soon. This is why the cheap 
AD design is a good alternative as it viable to make and maintain yourself. They do 
not need to await slow political changes.  

 
5.1 Conclusions 

 
1. The best substrate in the feasibility study had food waste (FW) to pig 

manure (PM) VS ratio of 2:1.   
2. Based on the local conditions and area limitation, the pilot design was a 

floating drum digester constructed of plastic materials.  
3. The substrate and floating digester produced biogas in about 30 days. 

Problems with leakage of gas and liquid, clogging of pipes and foaming 
occurred. The production of biogas was not stabilized by the end of the 
study.  

4. The final design recommended for a backyard pig farm was an alternative 
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floating drum digester for 20 sows. The substrate composition had VS ratio 
of 1 FW : 2 PM. If available, inoculum from an existing biogas plant is 
preferable.  

5. The anaerobic digestion resulted in increased N availability compared to 
raw manure.  

6. Since the digestion suffered from inhibition and biogas production was 
unstable, assessing the influence of inoculum was difficult. The results 
indicated better adaption of the microbes originated from the existing 
biogas plant.  

7. Benchmarking of existing biogas plants was not possible.  
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