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SUMMARY  

Nowadays, with the rapid development of aquaculture and fishery, amount disposals 
of fish waste and by-catch are causing pollution and negative impact on the marine 
environment, such as the Baltic Sea.  

As to handle this serious problem, the anaerobic digestion of fish waste and by-catch 
were proposed. It could not only reduce the pollution by discard of fish waste and by-
catch, but also reproduce valuable substances such as CH4 used as alternative energy 
or fuels for vehicles, and the rest digested substrates and liquid used as fertilizer. 
Those products could be obtained by digested a large amount of organic compounds 
in the oxygen free condition.  

The purpose of this project is to optimize biogas production based on adjusting the 
proportion among fish waste, by-catch and sludge. By the commission of the fishery 
industry in Simrishamn, the project was carried out at the Swedish Environmental 
Research Institute (IVL) in Hammarby Sjöstadsverk by thesis worker at the Royal 
Institute of Technology (KTH). 

There were two test series based on the proportion of sludge wet weight, i.e. 33 % and 
50 %. In each, five experiments were made based on the ratio between by-catch and 
fish waste wet weight, i.e. 1:0, 2:1, 1:1, 1:2 and 0:1. The sludge was the secondary 
sludge from Simrishamn WWTP, and the cod intestine and meat from Simrishamn 
were used to represent fish waste and by-catch respectively. All the bacteria or cells 
used for decomposition of organic substance were incubated from the previous 
studies. The ratio between inoculums and substrates was 3:2. 

The project was conducted in the laboratory scale by using Automated Methane 
Potential Test System (AMPTS II) from the Bioprocess Control Sweden Company, 
which was followed the principle of conventional Biochemical Methane Potential test 
but stripping the CO2 and H2S gases out before measuring the produced methane 
volume. The substrates and inoculums were poured into reactors which were put in 
the thermal water basin at 37 ± 0.5 ºC and stirred by rotating agitator every one 
minute. The produced gas would flow through connected tubes into corresponding 
vials, which contained NaOH solutions to eliminate the effect of CO2 and H2S. The 
final pure CH4 was measured based on the liquid displacement by flow cells inside the 
water basin. The defined gas volume was recorded as a digital pulse. It was produced 
by clicked back down the lifted flow cell. Finally, the data was collected automatically 
by the pre-set program. When the computer was connected with the equipment, the 
treated data was displayed as figures. 

The optimal methane potential obtained after an experiment with 13 days digestion 
was 0.533 Nm3 CH4/kg VS, produced from the composition of sludge, by-catch and 
fish waste as 33 %, 45 % and 22 %. It was improved by 6 % and 25.6 %, to compare 
with the previous studies by Almkvist (2012) and Tomczak-Wandzel (personal 
communication, February 2012) respectively. In addition, less sludge was suggested to 
be mixed with fish waste and by-catch but no less than the needed quantity. 
Moreover, the cod intestine had an advantage in promoting the hydrolysis of 
substrate, because it included a large number of enzymes promoting. Therefore, it was 
the necessary substrates that should be added. Furthermore, the inoculums were used 
from the previous studies which could improve the adaptability of microorganism in 
such tough circumstances. 

However, some errors existed during the operation of the experiment such as weight 
errors and the inoculums used in different times of incubating. Those should be 
avoided or reduced by some ways. Besides, the volatile solid removal could not be 
used alone for evaluating the biodegradability of substrate due to its overestimation 
and inaccuracy when make the analysis of few digestate. 
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SUMMARY IN SWEDISH  

Numera, med den snabba utvecklingen av vattenbruk och fiske, är mängden av 
fiskavfall och bifångster som kastas i överbord stor, vilket orsakar föroreningar och 
negativa effekter på den marina miljön, såsom Östersjön. 

För hantera detta allvarliga problem föreslås anaerob rötning av fiskavfall och 
bifångster. Det kan inte bara minska föroreningar från fiskavfall och bifångster som 
kastas överbord, men också producera värdefulla produkter som CH4 som används 
som alternativ energi eller bränslen för fordon, samt nedbrutna substratrester och 
vätska som kan användas som gödningsmedel. Dessa produkter kan erhållas genom 
rötning av organiska föreningar i syrefritt tillstånd. 

Syftet med detta projekt är att optimera biogasproduktionen baserad på justering av 
andelen fiskavfall, bifångster och slam. På uppdrag av fiskerinäringen i Simrishamn 
har projektet genomförts vid IVL Svenska Miljöinstitutet i Hammarby Sjöstadsverk 
med examensarbetare vid Kungliga Tekniska Högskolan (KTH). 

Två testserier utfördes baserat på andelen av slam våtvikt, dvs 33 % och 50 %. I varje 
gjordes fem försök baserat på förhållandet mellan bifångster och fiskavfall, dvs 1:0, 
2:1, 1:1, 1:2 och 0:1. Slammet som användes var sekundärslamm från Simrishamn 
reningsverk och torsktarmar och kött från Simrishamn användes för att representera 
fiskavfall och bifångster. Inoculum, metanbakterier som används för rötningen av 
organisk substans, erhölls från de tidigare studierna. Förhållandet mellan inoculums 
och substrat var 3:2. 

Projektet genomfördes i laboratorieskala med hjälp av Automatisk MetanPotentialen 
TestSystem (AMPTS II) från Bioprocess Control Sweden Company, som följde 
principen för konventionell biokemiska metanpotentialtest med strippning av CO2 
och H2S gaser innan mätning producerad metanvolym. Substrat och inoculum hälldes 

i reaktorer som in i en termisk vattenbassängen hålls vid 37 ± 0.5 ºC och omrörs 

genom att omröraren vrids en gång var minut. Den producerade gasen fördes genom 
anslutna rör in flaskor som innehöll NaOH-lösningar för att ta bort CO2 och H2S. 
Den slutliga rena CH4 gasen uppmättes med flytande förskjutning av flödesceller i en 
vattenbehållare. Den definierade gasvolymen registrerades som en digital puls som 
producerades när den upplyfta flödescellen klickade ner. Insamlade data registreades 
automatiskt av ett förinställt program. När en dator var ansluten till utrustningen, 
visades de behandlade uppgifterna som siffror. 

Testen avslutades efter 13 dagars rötning. Den optimala metanpotentialen som erhålls 
var 0.533 Nm3 CH4/kg VS, framställda av sammansättningen 33 % slamm, 45 % 
bifångst och 22 % fiskavfall. Resultatet förbättrades med 6 % och 25.6 %, jämfört 
med tidigare studierna av Almkvist (2012) och Tomczak-Wandzel (personlig 
kommunikation, februari 2012). Det föreslogs att mindre slam blandas med fiskavfall 
och bifångster, men inte mindre än den nödvändiga mängden. Dessutom hade 
torsktarmen en fördel för att främja hydrolys av substratet, då det innehåller stort antal 
enzymer som främjar hydrolys. Det inoculum som användes var material som rötats i 
tidigare studier vilket skulle kunna förbättra mikroorganismernas anpassningsförmåga 
under dessa omständigheter. 

Men det fanns några felkällor vid experimentet som viktfel och att de inoculums 
används hade olika inkuberingstider. Detta bör undvikas eller minskas. Dessutom 
kunde VSR inte användas ensamt för att utvärdera den biologiska nedbrytbarheten 
hos substratet på grund av sin överskattning och felaktigheter vid analys av mindre 
mängder biogödsel. 
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ABSTRACT  

In order to decrease the pollution of the marine environment from dumping fish 
waste and by-catch, alternative use for co-digestion with sludge in anaerobic condition 
was studied. The purpose of this project is to optimize the methane potential from 
adjustment of the proportion among mixed substrates. Ten groups of different 
proportions among fish waste, by-catch and sludge were conducted with AMPTS II 
instrument under mesophilic condition (37 ± 0.5 ºC), by means of the principle of 
BMP test. The ratio of inoculums and mixed substrate was set as 3:2. The optimal MP 
obtained after an experiment with 13 days digestion was 0.533 Nm3 CH4/kg VS from 
the composition of sludge, by-catch and fish waste as 33 %, 45 % and 22 %. It was 
improved by 6 % and 25.6 %, to compare with the previous studies by Almkvist 
(2012) and Tomczak-Wandzel (personal communication, February 2012) respectively.  

Key words: Anaerobic co-digestion; Methane potential; Biogas production; 
Fish waste; Sewage sludge; BMP. 

1.  INTRODUCTION  

The problem and project are described in this chapter. In addition, the 
final destination of this project is also presented. 

1.1. Problem description 

Baltic Sea, as the biggest brackish water area in the world, has a plentiful 
biodiversity. It is situated in the east of Scandinavian Peninsula and 
Jutland. It is also the internal sea of northern Europe, surrounded by 
many countries. Its beneficial geographical position and abundant natural 
resources contribute enormous efforts to the development of 
surrounding fishing and tourism industries, and the improvement of 
people’s living standard. However, contaminants and wastes are thrown 
back into the Baltic Sea, causing enormous marine pollution, such as 
eutrophication due to the high content of nutrients in the water, oxygen 
depletion partly, and the decline of the species in the sea. 

With the rapid development of aquaculture and fishery, two of potential 
contaminants have been drawing more and more attention, which are 
by-catch (unwanted living creatures) and fish wastes including heads, 
viscera, skin, trimmings and fish rejects. Those are due to the increase of 
human demands in fish meat and a lot of illegal fishing behaviors such as 
overfishing and use of improper fishing gear (Mbatia, 2011). Discards of 
dead by-catch and fish waste in the forbidden dumping location and over 
dumping quantity could bring enormous negative impacts on the marine 
environment, even they are natural pollutants. For instance, it can reduce 
fish stocks and fish species, and bring negative effect on food web, as 
well as cause alga bloom (Garcia et al, 2003). Consequently, fisheries are 
responsible to protect the marine such as to keep fish stocks grow 
sustainably and to maintain the biological diversity in Baltic Sea. Their 
activities should be conducted in an ecological way following many 
principles and regulations.  

Normally, composting is the most used for disposal of fish waste and by-
catch. One advantage of this process is that its residuals can be a soil 
additive / fertilizer to improve the soil productivity (Laos et al, 1998). 
However, aerated composting is an energy consuming method, because 
air is pressed through the compost in order to avoid odor from the long-
term storage of fish waste and by-catch (Ferguson, 1990; Jeong & Kim, 
2001). Therefore, there is another alternative environmental friendly 
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method that is introduced in this paper, anaerobic digestion of fish waste 
and by-catch. It can decompose fish waste and by-catch under the 
oxygen free condition to produce biogas used as a renewable energy 
source.  

The benefits from AD are performed in two aspects, i.e. energy resource 
and environmental protection. As a renewable source, biogas can be 
used not only as heat and electricity, but also as fuel for vehicles instead 
of fossil fuel. In addition, it is better than wind and solar power without 
considering the weather and lighting time effect factors. The location for 
biogas plant is flexible. Furthermore, the slurry in the digester is also a 
valuable source including nitrogen, phosphorous and potassium 
elements that can be used as fertilizer. On the other hand, with regard to 
environment, AD can lessen the quantity of waste and the cost of waste 
disposal, as well as the risk of odor problem during slurry spreading. 
Besides, biogas collection can reduce the Green House Gas emission and 
be friendly to environmental protection (Seadi et al, 2008). Consequently, 
more and more biogas collection is what humans expect today under 
such harsh conditions of the greenhouse effect and energy shortage 
crisis. 

1.2. Project description 

Simrishamn is located in Skåne, Sweden, which is one of the largest 
fishing ports in Baltic Sea. The fishermen in that area put more 
concentration on caring about environmental disposal of fish waste and 
by-catch to protect the marine environment and keep its development 
sustainable. 

By the commission of the fishery industry in Simrishamn, the research of 
AD of fish wastes from cod and by-catch had been conducted at 
laboratory scale using AMPTS II at the Swedish Environmental 
Research Institute (IVL) in Hammarby Sjöstadsverk since September, 
2011. At the first phase of this research, the feasibility of biogas 
production from fish wastes and by-catch with other variable substrates 
was verified by Almkvist (2012). In the light of his result, Tomczak-
Wandzel (personal communication, February 2012) had interpreted that 
mixing inoculums from Henriksdal WWTP with substrates (fish waste, 
by-catch and sludge) as 3:2 could obtain the highest biogas potential after 
20 days. Both experiments will be introduced in detail at the 2.4 section. 

In this paper, the analysis of biogas production was continually carried 
out by mixing different ratios of three substrates (fish waste, by-catch 
and sludge) with the same inoculums at 37 ± 0.5 ºC. 

1.3. Purpose of the project 

The purpose of this project is to get the optimal biogas potential from 
different ratios of fish waste, by-catch and sewage sludge, in order to 
make the disposal of fish wastes and by-catch more efficiently, 
sustainably and environmentally to the Baltic Sea. 

2.  BACKGROUND  

The development of regulations on disposal of fish wastes and by-catch 
is introduced in brief in this chapter. Moreover, general descriptions of 
anaerobic digestion and affected factors are presented. In addition, the 
principle of this project analysis and pre-study are illustrated likewise. 
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2.1. Regulations on disposal of fish wastes and by-catch 

In order to protect the marine environment from human activities, 1996 
Protocol to the 1972 Convention on the Prevention of Marine Pollution 
by Dumping of Wastes and Other Matter (1996) was implemented in 
2006, administrated by International Maritime Organization (IMO), 
which forbids all dumping of wastes into the sea, except for a list of 
possibly acceptable wastes, such as ‘fish waste or material resulting from 
industrial fish processing operations’. However, on 23rd November, 2011, 
the ministers of fisheries in Norway, Sweden and Denmark signed a joint 
declaration prohibiting the fish dumping into Skagerrak in order to 
improve the marine environment and achieve sustainable management 
of marine resources in the future. It will be implemented on 1st January, 
2013 (Ministry of Fisheries and Coastal Affairs, 2011) and could be the 
developing trend for the fisheries to protect the marine environment in 
the future. The enacted ban of discards, as one of the most essential 
issues on the international agenda, attracts many other costal states’ 
attention.Therefore, how to dispose fish waste and by-catch will be a big 
challenge to the fisheries not only in these three countries, but also 
globally. 

2.2. Anaerobic digestion 

The biogas production from degrading high content of organic matter 
biologically has been known since 1630 by Von Helmont and 1667 by 
Shirley. However, the presence of CH4 in the biogas was proved until 
1808 when Sir Humphrey Davy researched the AD of manure. After 76 
years, the use of biogas was presented by Louis Pasteur, such as heating 
and lighting (Solmaz & Peyruze, 2009). 

2.2.1. The process of anaerobic digestion 

The microbiological process of AD is the process of complex organic 
materials decomposed by many groups of microorganisms in the oxygen 
free condition. The final products from AD are digestate including a 
variety of nutrients, and biogas containing CH4 (50 %-75 %), CO2 
(25 %-45 %) and few by-products such as H2S (<1 %) (Seadi et al, 2008). 
The decomposition process comprises several steps, i.e. hydrolysis step, 
acidogenesis step, acetogenesis step and methanogenesis step (Fig. 1), 
promoting the long-chain organic materials degraded into simple organic 
compounds successively. The slowest reaction step dominates the speed 
of the whole microbial degradation process. In addition, many factors 
also affect the efficiency of the AD process such as feedstock, 
temperature and pH-value, discussed at full length in the 2.2.2 section 
(Appels et al, 2008; Seadi et al, 2008). 

Hydrolysis 

As a result of the inaccessibility of high molecular organic compounds 
into the cell through the cell membrane, polymers are hardly degraded by 
microorganisms directly. Therefore, the exoenzymes catalysis is needed 
to promote the decomposition of complex organics outside of cells 
smoothly, called hydrolysis. The exoenzymes are released out from the 
inside of hydrolytic bacteria (Martínez-Hernández et al, 2010). The 
common long-chain organic compounds such as carbohydrates, protein 
and lipids need different exoenzymes to be degraded into soluble 
materials in order to permeate cell membrane for the next step, 
fermentation (Table 1). The speed of hydrolysis is normally slow caused 
by factors like temperature, the composition of feedstock and the 
concentration of hydrolyzed products (Parawira et al, 2005). 
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Acetogenesis 

The purpose of acetogenesis is to degrade products from acidogenesis 
which can not be used for biogas production directly, i.e. VFA that have 
the carbon chain longer than acetate, and alcohols that have the carbon 
chain longer than methanol. Those substrates need to be broken down 
further into acetate, CO2 and H2 by acetogenic bacteria for methano-
genesis use. This process releases H2 which can increase the partial 
pressure of hydrogen. The higher hydrogen partial pressure it has in the 
process, the higher degree of inhibition to the process it will be. Finally, 
it causes more VFA and alcohols left in the digestate and less simple 
compounds converted into biogas. Hence, to adjust the hydrogen partial 
pressure is the key point to this process. It can be detected by measuring 
the pH-value of digestate. If there are enough hydrogenotrophic 
methanogens used to consume H2 and produce CH4 in the digester, the 
hydrogen partial pressure has potential capability to be controlled into 
acceptable level (Appels et al, 2008; Seadi et al, 2008). 

Methanogenesis 

In the methanogenesis step, there are two ways to produce methane gas. 
The main source, 70 % of CH4 production, is from the degradation of  
 

Table 1 Examples of hydrolysis process (Seadi et al. 2008). 

Polymers Exoenzyme Hydrolysis products 

Polysaccharide 
Cellulose, cellobiase, 

xylanase, amylase 
Monosaccharide 

Lipids Lipase Fatty acids, glycerol 

Proteins Protease Amino acids 

Fig.1 The process of AD. 
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acetate by aceticlastic methanogens. The other 30 % of CH4 is produced 
from the reaction of H2 as electron donator and CO2 as electron 
acceptor by hydrogenotrophic methanogens. The speed of this step is 
slower than previous steps. It is influenced by factors such as 
temperature, concentration of oxygen and feeding rate. In addition, it 
could even be terminated if the digester is overloaded or if there is a high 
concentration of ammonia or oxygen (Kayhanian, 1999; Seadi et al, 
2008). 

2.2.2. Key affected factors on the CH4 production 

There are several key factors affected CH4 production, like temperature, 
pH, solid contents, OLR, retention time and stirring, presenting in this 
chapter. 

Temperature 

Higher temperature can be beneficial for the AD. There are three 
temperature ranges for the AD process: psychrophilic (0-20 ºC), 
mesophilic (30-42 ºC) and thermophilic (43-55 ºC). Higher temperature 
can promote the degree of degradation of organic matter and the growth 
of bacteria. Hence, the shorter retention time or higher organic load rate 
can be set in the AD process when the temperature is in the higher range 
(Fig. 2). In addition, increasing the temperature can also destroy 
pathogens (Seadi et al, 2008). However, there are some weaknesses 
within the higher temperature, such as lower solubility of gases (H2, NH3 
and CO2) leading to the inhibition of the methanogenesis process and 
higher energy consumption (Appels et al, 2008).  

pH 

The pH value is an indicator of acidity or alkalinity of a solution. The 
microorganisms are sensitive to pH, so a significant and improper 
change of this value in the solution will affect the growth of 
microorganisms. The effective monitoring and adjustment of pH value 
in the suitable steady range is necessary to AD process. Generally 
speaking, the optimal pH width of the whole AD is 5.5 to 8.5. But, the 
methanogenic bacteria are more sensitive to pH value than other 

Fig. 2 Relationship among retention time, biogas yield and 
temperature (Seadi et al., 2008). 
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bacteria. It can only live better in the pH range 7.0-8.0 (Seadi et al, 2008). 
In the other word, if the pH value exceeds both boundaries, the 
methanogenesis process will be inhibited. The result of pH change is 
mainly from the concentration of VFA and ammonia. More VFA 
accumulation can lead pH level drop. On the contrary, too much 
production of ammonia when decomposing protein or too high 
concentration of this compound in the substrate can cause an increase in 
the pH value. Therefore to control pH value in the optimal range can be 
accomplished through adjustment of bicarbonate buffer system. 

Solid contents 

The type of substrate used for digestion directly impacts on biogas 
production. The easy degradable fraction is suitable for the digestion 
such as food residue and grass. On the contrary, the materials like stone, 
glass or metal should be screened before digestion otherwise those will 
damage the equipment. In addition, the refractory volatile solid like 
lignocellulosic organic matter is not easy to be degraded in AD process 
either. So it should be avoided (Verma, 2002).  

In the AD, the percentage of solid content in the digester is divided into 
three groups, i.e. low solid (<10 %), middle solid (15 %-20 %) and high 
solid (22 %-40 %). High solid content can decrease the digester volume 
due to less liquid, but it needs specific type of digester. In contrast, low 
solid content contains more liquid that is hard to manage during the AD 
process (Verma, 2002; Jørgensen, 2009). 

OLR 

OLR is controlled to meet the buffered circumstances and adapt to the 
growth rate of bacteria. Too high OLR could not produce many biogases 
due to the inhibition of much acid productions. Besides, as to the CSTR, 
it may lead to failure of the digestion due to overloading. Furthermore, if 
the composition of feedstock is changed in the CSTR, it must be done 
progressively to give bacteria enough time to adapt to the new 
environment. Therefore, using optimal OLR not only produces high 
quantity of biogas production, but also improves the economy of the 
process (Verma, 2002; Seadi et al, 2008; Jørgensen, 2009). 

Retention time 

Retention time is one of the most significant operational parameters. It 
depends on the volume of the digester and the substrate fed per day. 
There are two ways to describe the retention time, i.e. HRT and SRT, 
which mean the average times of liquid and solid are kept in the digester 
respectively. The duration of retention time directly impacts on the 
decomposition rate of organic materials and quantity of the bacteria left 
in the digester especially methanogenic bacteria which is of the slowest 
duplication rate among all types of bacteria in the AD process (Seadi et 
al, 2008). Normally, the digester is at the unstable condition when SRT is 
less than 5 days due to more VFA accumulation and larger amount of 
methanogenic bacteria washed out. During 5-8 days, the content of VFA 
is still increased, and some organic compounds are hardly degraded, like 
lipids. So it is not the best moment to remove the digestate either. After 
8-10 days, the AD process enters in the relative stable digestion 
condition when the contents of VFA and harder degradable substrate are 
decreased (Appels et al, 2008). However, too long retention time also 
causes the reduction of CH4 production efficiency. Hence the optimal 
retention time should be adjusted according to substrates and the type of 
reactor to obtain the maximum biogas. 
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Stirring 

Mixing is another significant factor in the AD process which can blend 
the feed substrate with inoculums amply. It can also prevent the 
production of scum in the surface and sedimentation of substrate at the 
bottom of the reactor. In addition, it can create the homogeneous 
condition to avoid temperature stratification in the digester, as well as 
increase the duplication rate of bacteria by gaining nutrients sufficiently. 
However, the immoderate stirring will destroy the microbes. So proper 
or slow stirring as the auxiliary mixing is the good for the AD (Verma, 
2002). 

2.2.3. Inhibition substances 

Inhibition substances contain VFA, ammonia, other nutrients and 
toxicity and some gases, which has potential risk on the AD process. 
Therefore, the specific principle of inhibition process of those 
substances and the solution to reduce the degress of inhibition are 
introduced in this section. 

VFA 

VFA is produced from the acidogenesis process, which contains longer 
carbon chains than acetate. It could be degraded by acetogenic bacteria. 
Higher concentration of VFA accumulation could inhibit the methano-
genesis process. One reason of VFA accumulation can be the presence 
of macromolecular organic material that is hard to be decomposed 
directly in the feedstock. The other reason for this inhibition is low 
efficiency of VFA decomposition by acetogenic bacteria (Mshandete et 
al, 2004). If there is an excessive accumulation of VFA leading to an 
abrupt decrease of pH, a certain amount of alkaline could be added to 
neutralize the condition and reduce the risk of inhibition to methano-
genic archaea. For instance, calcium carbonate (CaCO3) could be added 
to achieve the molar ratio of bicarbonate to VFA as 1.4:1 at least (Appels 
et al, 2008). 

Ammonia 

Ammonia is the by-product in the AD process which is mainly from 
proteins and other nitrogen-containing organic materials. There are two 
forms of ammonia that can be discovered in the AD, i.e. free ammonia 
gas (NH3) and ammonia ion (NH4

+). Both of them might bring harmful 
impact on the methanogenic bacteria according to the study of 
Kayhanian (1999) (Fig. 3). 

 The inhibition process of NH3 

Kayhanian (1999) assumes that there is a change of pH in the 
methanogenic cell when NH3 might diffuse into it passively. It could 
cause that NH3 is converted to NH4

+ by adsorbing protons from the 
outside of the cell. The cost of it is a potassium antiporter to provide 
energy for proton balance. The potassium deficiency or proton 
imbalance inside of the cell might be the consequence of NH3 
inhibition.  

 The inhibition process of NH4
+ 

The way of the inhibition of NH4
+ is totally different from the 

inhibition of NH3 which stops the methane synthesizing enzyme 
system so as to inhibit the CH4 production from the reaction of H2 
and CO2 (Kayhanian, 1999).  

NH3 causes a higher degree of inhibition in comparison to NH4
+ 

(Appels et al, 2008). There are some factors that will increase the 
concentration of NH3. For example, high concentration of NH3 is 
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produced in the high temperature leading to the decrease of the 
concentration of proton, which means that the pH-level will increase. 
The tolerance concentration of the NH3 to methanogenic bacteria is 
recommended less than 80 mg NH3/L and the methanogenesis will be 
stopped when the concentration of NH3 is larger than 150 mg NH3/L 
(Kayhanian, 1999; Seadi et al, 2008). Therefore, it is necessary to keep 
the concentration of NH3 at a certain range. To improve the C:N ratio of 
substrate appropriately is one way to prevent this inhibition without 
changing the quantity of gas production, because VFA production in 
direct proportion to the concentration of carbon source can counteract 
with alkaline solution caused by containing a large amount of NH3. 
However, the C:N ratio is hard to be determined in the accurate value 
and not feasible to high total ammonia concentration. In addition, 
diluting the substrate by adding fresh water to decrease the concentration 
of nitrogen is also mentioned by Kayhanian (1999), but it will decrease 
the gas production and hard to deal with more liquid digestate. 

Other nutrients and toxicity 

The necessary elements for the appropriate growth of microorganisms 
are not only organic matter including carbon, nitrogen, phosphorous 
mainly, but also some trace elements such as iron, nickel and cobalt, to 
provide enough nutrients and energy. Inadequate nutrients or too high 
level of nutrients in the digestate both will inhibit the growth of bacteria. 

With regards to toxic materials, it is hard to give a specific list and 
determine their quantities, due to different adaptabilities of micro-
organisms to the environment and the content of toxic compounds. 

H2 and CO2 

A high pressure of H2 restrains the metabolism of acetogenic bacteria 
causing VFA and alcohols accumulation. The reason for high pressure of 
H2 might be high temperature that can decrease the solubility of H2 or 
inhibition of hydrogenotrophic methanogens, which can not consume 
the H2 to adjust hydrogen partial pressure. 

The superfluous content of CO2 will lead to a decrease in the pH level 
and destroy the methanogenesis process. A high concentration of CO2 
comes from high temperature or clog of air outlet. 

Fig.3 Proposed mechanisms of ammonia inhibition in methanogenic bacteria 
(Kayhanian, 1999). 
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2.3. BMP 

The BMP test is a conventional laboratory-scale method to measure CH4 
production and evaluate the efficiency of AD process and the bio-
degradability of feedstock. The CH4 is produced from the degradable 
substrates mixed with inoculums based on the certain proportion under 
the anaerobic condition. Nowadays, the BMP test is widely used in the 
co-digestion analysis, which can optimize the whole process by reducing 
the influence of inhibited factors on the co-digestion process in the lab-
scale as much as possible. For example, It can determine the optimal 
HRT and C:N ratio so as to obtain the maximum methane gas. The 
optimal outcomes could be the reference of the full-scale digestion 
process (Esposito et al, 2012). 

The conventional BMP test process is to incubate a number of sealed 
bottles including the required analyzed proportion of substrates and 
inoculums at the controlled temperature, and manually measure the 
biogas yield by manometric or volumetric method and biogas 
composition by gas chromatography at fixed periods (Esposito et al, 
2012). However, the conventional BMP test needs expensive laboratory 
instruments such as gas chromatography, and very time and labor 
consuming, as well as could not obtain sufficient and high quality data. 

As to disadvantages of the conventional BMP test, the Bioprocess 
Control Sweden Company worked out the new instrument for the 
analysis of AD, called AMPTS. This instrument follows the basic 
principle of the conventional BMP test, but it strips CO2 and other acid 
gas in the biogas by using NaOH solution before measuring the volume 
of CH4. The volume of pure CH4 production can be detected on-line by 
using liquid displacement & buoyancy method directly, even extreme low 
flow. The AMPTS not only provides a higher quality and adequate 
quantity of data but also uses less labor and inexpensive equipment. It 
presents an understandable dynamic degradation profile. Therefore, in 
this research, the AMPTS II was used for the analysis of potential biogas 
production under the different proportion of co-digestion.  

2.4. Pre-study 

As it was mentioned in the project description (1.2 section), this project 
was a continuation of the study on potential biogas production from fish 
waste and by-catch. Before this project start, two pre-studies had already 
finished by Almkvist and Tomczak-Wandzel which built solid 
foundations for this project.  

The pre-conditions planned for the pre-studies were similar. Firstly, the 
used fish waste and by-catch were extracted from cod and pike by the 
fishing industry in the Simrishamn. Moreover, the instrument was used 
for conducting both studies were AMTPS II. Furthermore, the whole 
experiment was conducted in the mesophilic condition (37 ± 0.5 ºC) 
with stirring every one minute. 

However, several decisions, such as the types of supplementary 
substrates, the cultivation of inoculums, and the ratio between substrate 
and inoculums, plus the proportion of the composition of various 
substrates, were made differently in each study according to its own 
purpose (Table 2). 

In the Almkvist’s study (2012), the possibility of CH4 production from 
fish offal and by-catch was investigated. Grass and primary & secondary 
sludge from the Hammarby Sjöstadsverk WWTP were mixed with fish 
offal and by-catch in six different proportions due to their low content  
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Table 2 The differences in both previous studies achieving distinctive purpose. 

Pre-study Purpose 
Inoculums 

(Ino.) 

Substrate 

(Sub.) 

Ino. : Sub. 
based on VS 

content 

(L/S) 

The ratio 
among 

substrates 
based on 

weight 

Stage 1: 

Almkvist 

Possibility of 
CH4 production 

from fish offal 
and by-catch. 

HAM Digester 

1. Pike meat               

2. Cod intestine                                
3. Additional 
sub. 

(Grass Primary 
& Secondary 

sludge from 
HAM) 

2:1 1:1 or 1:1:1 

Stage 2:   

Tomczak-
Wandzel 

Optimization of 
biogas 

production from 
fish waste and 
sludge by using 

different 
inoculums. 

1. HAM Digester 

2. HD Digester 

3. Mixed Ino. from 
incubation in 

40days 

1. Cod meat                       
2. Cod intestine                                                              

3. Additional 
sub. (Secondary 
sludge from 

Simrishamn) 

2:1 

3:2 

1:2 

1:1:1 

Notes: 
HAM:  Hammarby Sjöstadsverk 

HD:     Henriksdal WWTP 

of nitrogen that could compensate the total amount of this substance 
and avoid the inhibition of methanogenesis process. The 67 % 
inoculums VS based on VS content was used in this study from digester 
in Hammarby. The final result showed that the maximum CH4 was 
produced from the composition of fish offal mixed with primary and 
secondary sludge from Hammarby Sjöstadsverk digester. The MP of this 
composition was achieved to 0.5 Nm3 CH4/kg VS and the greatest flow 
of CH4 was obtained at the 10th day, as well as the VSR was 81.5 % after 
24 days. Besides, the pH value was always kept around 7.5 which 
represented the methanogenesis process was hardly affected. 

In Tomczak-Wandzel’s study (personal communication, February 2012), 
the purpose was to investigate the optimal biogas production from fish 
waste and sludge by using inoculums from different places, and different 
ratios of inoculums to substrate. The final result showed that the ratio of 
inoculums to substrate as 3:2 could get higher MP after 20 days than it as 
2:1. In addition, the flow rate of CH4 in proportion of inoculums to 
substrate as 3:2 is also earlier to reach to the higher value than it in 
proportion as 1:2, even if the ratio as 1:2 contained more organic matter. 
The highest MP was 0.395 Nm3 CH4/kg VS obtained after 20 days from 
the 67 % inoculums VS based on VS content that was from Henriksdal 
WWTP digester where the HRT had only 10-20 days causing much 
degradable sludge remained in the inoculums. 

3.  MATERIALS AND METHODS  

In this chapter, the materials and methods for anaerobic fish wastes and 
sludge are presented. 

3.1. Materials 

The source of inoculums and substrates in this project (Fig. 4) and the 
used instruments and chemical solution are introduced in this section. 

3.1.1. Inoculums 

The inoculums in this project were derived from Tomczak-Wandzel’s 
experiment where the incubation condition was similar to this digested 
condition. These inoculums had strong adaptabilities to the current AD 
condition. In addition, they were also appropriate to decompose the 
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organic matters in the CSTR, which would be used in Simrishamn to co-
digest the fish waste and by-catch in the full-scale. 

The source of inoculums in this project was introduced in the following 
paragraphs (Fig. 5). 

Incubating process  

Before the Tomczak-Wandzel’s experiment, the original inoculums were 
from Hammarby Sjöstadsverk digester and Henriksdal WWTP digester. 
They had been incubated by fish waste, by-catch and sludge for 20 days 
separately. Then these two types of incubated inoculums were mixed as 
equal proportion for the next incubation. The second stage of incubation 
lasted 20 days. 

 Hammarby Sjöstadsverk digester 

The inoculums in Hammarby Sjöstadsverk pilot plant were fed by 
primary and secondary sludge from WWTP there and co-digested 
with other organic materials such as food residuals under the 
mesophilic condition (37 ± 0.5 °C). The total volume of digester is 
10 m3 and the recirculation of dewatering the digested sludge was 
conducted in order to increase the efficiency of biogas production 
(Fig. 6). Therefore the SRT in this digester was relative long, over 
200 days, which could reduce the risk of slow growth rate of 
methanogens, even if the HRT was short, only around 10-20 days. 

 Henriksdal WWTP digester 

The inoculums were taken from the Henriksdal digesters which were 
used for digesting the primary and secondary sludge from its WWTP 
(Fig. 7), under the temperature around 35-37 ºC. The total volume of 
seven digesters in Henriksdal is 39 000 m3. The HRT and SRT both 
were approximately 19 days. 

Incubation of inoculums in Tomczak-Wandzel’s experiment 

The incubated inoculums from the incubating process as one type of 
inoculums were used in the Tomczak-Wandzel’s studies (personal 
communication, February 2012). In addition, the other two types of 
inoculums were from the Hammarby Sjöstadsverk and Henriksdal 

Fig. 4 Materials 
in this project, 
i.e. 

①  inoculums, 
②  cod 
intestine, 
③  cod meat 

④ secondary 
sludge from 
Simrishamn. 

①
 

②
 

③
 

 

 

④
 

①
 

②
 

③ ④ 
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respectively. All the inoculums were incubated by fish waste, by-catch 
and sludge under mesophilic condition for 20 days.  

Inoculums in this project 

The inoculums in the Test I were derived from Tomczak-Wandzel’s 
experiment by mixing its three types of incubated inoculums as equal 
proportion. It had been stored for 7 days before they were used. After 
13 days digestion of Test I, the inoculums had been stored for 3 days 
before they were used in the Test II. 

3.1.2. Substrates 

Substrates are used to provide organic matter to produce biogas. In this 
project, co-digested substrates are fish wastes, by-catch and sludge which 
are introduced in this section. 

Fish waste 

The cod intestine was mainly studied in this project which was the most 
caught and treated in the fisheries of Simrishamn. Under the analysis of 
Bechtel (2003) on the properties of pollock, cod and salmon, the protein 
and fat content of cod viscera without the cod roe and milt were around 
13 % and 8.1 % separately. But, they varied based on the fish size, time 
of harvest, gender and other environmental factors. In addition, in this 
project, the roes were contained in the cod intestine which had richer 
protein (Intarasirisawat et al, 2011). So the protein content of cod viscera 
should be higher than it in the analysis of Bechtel (2003). Moreover, the 
cod intestine as one of the feedstocks also provided an enormous benefit 
from high content of enzymes contained (Shahidi & Jana-Kamil, 2001), 
which could promote the speed of hydrolysis process. 

By-catch 

In this project, the cod meat from Simrishamn would be used to be the 
substitute of by-catch to simulate the real condition. According to 
Bechtel (2003), a cod contained around 18.2 % protein content and 
0.5 % fat content, which were also affected by some environmental 
factors and cod itself such as size and gender. Such high protein content 

Fig. 5 The time line for incubating of inoculums used in this project. 
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should be taken into consideration in the AD process due to high risk of 
ammonia inhibition to the methanogenesis process. 

Secondary sludge in Simrishamn municipal WWTP 

The secondary sludge from the Simrishamn municipal WWTP was 
selected as the supplementary substrate mixed with fish intestine and by-
catch to reduce the total concentration of ammonia (Almkvist, 2012). In 
addition, the use of sludge was similar to the reality. In Simrishamn 
municipal WWTP, the activated sludge was used in the biological 
denitrification and nitrification processes for removing nitrogen and 
organics (County Administrative Board of Skåne, 2010) (Fig. 8). 
Therefore, the secondary sludge after thickening from Simrishamn 
treatment plant contained less complex organic matter and more aerobic 
bacteria which were better for decomposition of long-chain organic 
components only in oxygen-rich condition. 

3.1.3. NaOH solution 

The 3 mol/L NaOH solution was needed to be prepared before the 
experiment start. It was used for fixing the CO2 and H2S to obtain the 

Fig. 6 The digestion system in Hammarby Sjöstadverk. 
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pure CH4 (Fig. 9). The volume of this solution in each vial was 80 ml at 
least. The 0.4 % thymolphthalein was added into the NaOH solution as 
chemical indicator. The solution needed to be changed when its blue 
color turned into colorless. 

3.1.4. Instrument 

The biological methane potential test was conducted by AMPTS II in 
this project, which was composed by three units (Fig. 10). The Unit A is 
a thermostatic water bath with 15 bottles as reactors for incubation. 
Each reactor contains the amount of substrate and inoculums which are 
stirred by a rotating agitator in every one minute at the expected 

Fig. 7 The scheme of Heriksdal WWTP. 

Fig. 8 The scheme of Municipal WWTP in Simrishamn. 
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temperature. The condition in each reactor is free oxygen established by 
the rubber stoppers sealing the bottle. The produced biogas from the 
reactor could flow into the Unit B through the connected tube. The 
Unit B consists of 15 vials filled with NaOH solution, which are used to 
fix CO2 and H2S based on the acid-base neutralization. Therefore, the 
pure CH4 passes through the vial and goes into the Unit C from the 
connected tube. The Unit C is the measuring device of gas volume. The 
principle of its work is liquid displacement. As the defined volume of 
CH4 is accumulated, the flow cell will lift up so that the bubble of gas 
will be emerged in the water. Then the flow cell will click back down in 
the form of a digital pulse, which is recorded in the computer program. 
Eventually, the data is collected, analyzed and displayed automatically by 
the pre-set program. When the computer is connected with AMPTS II 
and linked with the specific internet, the result will be shown directly on 
the computer’s interface such as the chart of accumulated CH4 
production and the chart of the flow rate of CH4 yield. All the 
procedures are controlled by the connected computer like the condition 
of the experiment. 

Other auxiliary instruments were also needed to support the experiment 
working smoothly. 

 Two weighing devices were used to measure the weight of object, i.e. 
less than 200 g and more than 200 g (Fig. 11). 

 The pH meter 330i was used to measure the pH value of each bottle 
before and after the experiment (Fig. 11). 

 Two ovens were heated in different temperature, i.e. 105 ºC and 
550 ºC, to obtain dry matter represented by TS content and burned 
matter represented by VS content, respectively (Fig. 11). The 
operation procedure was completely following the Standard Methods 
(APHA, 1998). 

3.2. Experimental design 

In this project, the solution of enhancing biogas yield would proceed 
from adjusting the proportion of substrates based on previous studies 
and real condition. 

Fig. 9 The NaOH 
solution in 3 mol/L. 
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According to the outcomes in Tomczak-Wandzel (personal 
communication, February 2012), 40 % substrate VS based on VS content 
was the first choice in this project to promote the biogas yield due to its 
short digested time and relative high efficiency. In addition, the digested 
condition was set in the mesophilic condition (37 ± 0.5 ºC) with slowly 
stirring in every one minute. 

The most important part of this project design was to determine the 
proportion of mixtures in order to obtain high biogas yield. Fish 
intestine and by-catch contained much nitrogen source, causing low C:N 
ratio. It could lead to ammonia inhibition of the digestion process. 
Therefore, the proportion of substrates in this project was determined 
based on the wet weight of sludge in order to increase the C:N ratio, 
which were mainly divided into two groups, i.e. mixing with 33 % sludge 
and mixing with 50 % sludge. In addition, for researching the influence 
degree of fish intestine and by-catch on the AD process respectively, 
each group was separated into five small groups again, which contained 
0 %, 33 %, 50 %, 67 % and 100 % of fish intestine relative to the 
content of by-catch based on the wet weight (Table 3). The expected 
result would be obtained according to the combination of both 
considerations.  

In the light of the design of the mixtures, there were 10 small groups 
needed to be analyzed to figure out the optimal outcomes. Each group 
needed 2 bottles to simulate the digestion process at least. In addition, 
the blank test for inoculums was also needed to be conducted to 
measure the CH4 production from inoculums itself. The average of CH4 
production from blank tests could be subtracted from it produced from 
samples in order to get the CH4 yield from mixed substrates. However, 
the AMPTS II had limitation of reactors in the water bath which at most 
6 groups and three blank tests could be run each time. Therefore, there 
were two experiments had to be performed to analyze the biogas yield 
from 10 groups, i.e. A2, A3, A4 and B2 were in Test I and the rest were 

Fig. 10 AMPTS II setup. 
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in Test II. In addition, with a view to the wastage of inoculums during 
the measurement of the TS and VS content of samples before and after 
Test I, 5 % of total inoculums from Hammarby Sjöstadsverk digester 
were mixed with the inoculums before Test II in order to reach the 
demand of inoculums in Test II. The reason for choosing inoculums 
from Hammarby Sjöstadsverk instead of Henriksdal was that its longer 
SRT could bring higher content of microorganisms which was favorable 
for the increase of biogas production. The effect of 5 % additional 
inoculums on the final result was neglected in this project, due to its low 
content. 

Table 3 The composition of mixtures based on the wet weight. 

Group 
The proportion 

of sludge in the 
mixtures 

Small 

Groups 

The 

proportion of 
by-catch 

The 

proportion of 
fish intestine 

Test 

A 33% 

A1 0% 67% II 

A2 22% 45% I 

A3 33.5% 33.5% I 

A4 45% 22% I 

A5 67% 0% II 

B 50% 

B1 0% 50% II 

B2 16.5% 33.5% I 

B3 25% 25% II 

B4 33.5% 16.5% II 

B5 50% 0% II 

①
 

②
 

③
 

④
 

⑤
 

⑥
 

Fig. 11 The auxiliary instruments ① weighing under 200g object, ② weighing 
above 200g object, ③ pH meter 330i, ④ oven heated till 105ºC, ⑤ & ⑥ oven 
heated till 550ºC. 

① ② ③ 

④ ⑤
 

⑥ 
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3.3. The procedure of the experiment 

The specific procedure in the operation of experiments is illustrated in 
this section. In addition, some auxlliary equations are introduced during 
this process. 

3.3.1. The characteristics of inoculums and substrates before experiment 

The mixtures of cod meat, cod intestine and sludge with the certain 
proportion were prepared based on their wet weight. In the light of 
Standard Methods (APHA, 1998), the TS and VS content of samples 
could be worked out (eq. 1 & 2). The pH values of samples were 
measured by pH meter 330i (Table 4).  

       
      

    
         (eq. 1) 

      
              

    
       (eq. 2) 

Where, 

mdried  is the amount of dired sample (g) 

mwet  is the amount of wet sample (g) 

mburned is the amount of burned sample (g) 

3.3.2. Calculation of the demand of substrate and inoculums in each reactor 

The designed inoculums to substrate ratio in this project was 3:2 
(40 % substrate VS) based on VS content and the total mass of samples 
was 400 g occupied 80 % of total volume of a bottle which could avoid 
foaming problem. According to them, the wet weight of substrates and 
the needed mass of inoculums in each reactor was calculated out by 
eq. 3 & 4 or equivalent to eq. 5 & 6. Those were quite essential for 
setting up tests (Table 5).  
                      

                      
           (eq. 3) 

                               (eq. 4) 

Where, 

minoculums is the mass of inoculums (g) 

VSinoculums is the percentage of VS content of inoculums (%) 

msubstrate is the mass of substrate (g) 

VSsubstrate is the percentage of VS content of substrate (%) 

 Those two equations could be re-written into eq. 5 & 6 which could 
calculate the amount of inoculums directly, as follows. 

Table 4 The initial characteristics of inoculums and substrate. 

Name TS (%) VS (%) pH 

Test I 

Inoculums 1.21 0.73 8.14 

A2 18.98 14.64 8.16 

A3 18.37 14.54 8.13 

A4 18.71 13.81 8.14 

B2 19.16 15.10 8.18 

Test II 

Inoculums 2.86 1.66 8.47 

A1 20.97 17.37 8.49 

A5 20.01 17.30 8.43 

B1 21.44 17.46 8.45 

B3 21.47 18.58 8.47 

B4 22.39 18.31 8.41 

B5 21.18 16.83 8.45 
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     (eq. 5) 

                               (eq. 6) 

3.3.3. Setup the batch-test 

The 500 ml sealed bottles with rubber stoppers containing the certain 
substrates and inoculums were marked and put into the water bath with 
the temperature 37 ± 0.5 ºC and stirring in every one minute. The tube 
was connected one of openings on the rubber stopper of the reactor 
with the corresponding vial filled up with NaOH solution. The other 
two openings on the rubber stopper were used to flush the reactor and 
insert the bent mixing stick connected with a motor directly. The pure 
CH4 would pass through NaOH solution and enter into the Unit C 
lifting the flow cell. The gas volume was recorded in the data logging 
program by digital pulse generated from the back click of lifted flow cell. 
The duration of both experiments was 13 days. 

3.3.4. BMP 

The accumulated MP was calculated by the accumulated CH4 production 
from substrate divided by the mass of substrate VS content (eq. 7). It 
was the key point to analyze the digestibility of substrate. In addition, the 
daily MP could be calculated in the same principal as accumulated MP, 
but the difference from it was calculated based on the flow rate of CH4 
production, instead of accumulated value. It was obtained from the data 
logging program directly. The unit of MP was Nm3 CH4/kg VS. 

   
                                 

                 

                

             
  (eq. 7) 

Where, 

MP is the normalized volume of gas produced per kilogram VS of 
substrate (Nm3/kg VS) 

Vsubstrate & inoculums is the accumulated volume of gas produced from the 
reactor with both inoculums and substrate (m3) 

Vinoculums is the mean value of the accumulated volume of gas produced 
from three or two blanks (m3) 

Table 5 Volumes of inoculums and substrates added into reactors (l/S ratio based 
on VS content). 

Name 

Total 
liquid 

amount   
(g) 

l/S ratio 

(VS/VS) 

Ino. 
(Blank) 

content 
(%VS) 

Sub. 
content 

(%VS) 

Ino. 
amount 

(g) 

Sub. 
amount 

(g) 

Ino. 

(gVS) 

Sub. 

(gVS) 

Test I 

Ino. 400.00 0.0 0.73 0.00 400.00 0.00 2.92 0.00 

A2 400.00 1.5 0.73 14.64 387.13 12.87 2.83 1.88 

A3 400.00 1.5 0.73 14.54 387.05 12.95 2.83 1.88 

A4 400.00 1.5 0.73 13.81 386.38 13.62 2.82 1.88 

B2 400.00 1.5 0.73 15.10 387.51 12.49 2.83 1.89 

Test II 

Ino. 400.00 0.0 1.66 0.00 400.00 0.00 6.64 0.00 

A1 400.00 1.5 1.66 17.37 376.04 23.96 6.24 4.16 

A5 400.00 1.5 1.66 17.30 375.95 24.05 6.24 4.16 

B1 400.00 1.5 1.66 17.46 376.16 23.84 6.24 4.16 

B3 400.00 1.5 1.66 18.58 377.51 22.49 6.27 4.18 

B4 400.00 1.5 1.66 18.31 377.20 22.80 6.26 4.17 

B5 400.00 1.5 1.66 16.83 375.32 24.68 6.23 4.15 

Notes Ino. — Inoculums;                   Sub. — Substrates 
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3.3.5. VSR 

The characteristics of final digestate were analyzed by calculating  TS and 
VS content with eq. 1 & 2 and measuring pH value with pH meter 330i 
(Table 6). To compare with the VS content at the beginning and the end 
of experiment, the VSR was calculated (eq. 8). It could explain the 
degradability of substrate to some degree. 

       
          

    
            (eq. 8) 

4.  RESULT  

The results of this project are presented in several aspects: VSR, the 
effect of by-catch and fish waste and the effect of sludge on AD process 
in this chapter. In addition, all the results were obtained based on the 
detailed database from AMPTS II (Appendix I).  

4.1. VSR 

The removed VS content could reflect the degradability of substrates 
and the efficiency of the digestion process to some degree. The slower 
growth of microorganisms did affect the decomposition of organic 
substances leading to lower VSR. In the analysis of this project (Table 7), 
all kinds of substrate compositions had over 87 % of VSR, especially the 
VSR in A1 and B3 up to 90 %, which were 8 % higher than the highest 
VSR (82 %) in the Almkvist (2012) studies. This stronger degradability of 
substrates represented few organic digestate left in the reactors during 
the digestion process. In addition, such high VSR was obtained only in 
13 days less than 20 days normally, indicating higher efficiency of co-
digestion in these compositions of substrates. 

4.2.  The effect of by-catch and fish waste on co-digestion process 

The content of by-catch or fish waste had an effect on the biogas yield 
under the certain amount of sludge mixed. In this section, analysis of its 
effect degree would be conducted from Group A and Group B 
separately due to containing the same content of sludge in each Group. 
The MP was used to measure the efficiency of the digestion process. All 
the percentages of substrates compositions were based on wet weight. 

 

Table 6 The final characteristics of Inoculums and Substrate. 

Name TS (%) VS (%) pH 

Test I 

Inoculums 2.74 1.47 7.61 

A2 3.05 1.79 7.60 

A3 2.98 1.74 7.64 

A4 2.92 1.71 7.62 

B2 3.03 1.78 7.58 

Test II 

Inoculums 3.05 1.65 7.73 

A1 2.91 1.73 7.67 

A5 2.94 1.74 7.70 

B1 3.03 1.80 7.64 

B3 3.00 1.69 7.67 

B4 3.14 1.86 7.64 

B5 3.08 1.80 7.68 
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4.2.1. The result of Group A 

In Group A, the 33 % sludge was mixed with different ratios of cod 
meat and cod intestine to be digested, and the biogas was produced until 
ceasing the methanogenesis process. There were two ways to analyze the 
CH4 productivity, i.e. based on accumulated CH4 production (Fig. 12) 
and daily CH4 production (Fig. 13).  

The maximum MP in the Group A after 13 days (Fig 12) was 
0.533 Nm3 CH4/kg VS from A4 which was 45 % cod meat mixed with 
22 % cod intestines, and the minimum MP came from 67 % cod meat 
without any intestine, only 0.309 Nm3 CH4/kg VS.  

It could be easily observed (Fig. 13) that all the compositions of 
substrates reached the first peak in the third or fourth days, and the 
second small peak was appeared after 5 or 6 days later. In the 13th day, 
the CH4 productions of most small groups were decreased except A4 

Table 7 VSR of each small group. 

Substrate 
composition 

VSin (%) VSout (%) VSR (%) 

A1 17.37 1.73 90.04 

A2 14.64 1.79 87.77 

A3 14.54 1.74 88.03 

A4 13.81 1.71 87.62 

A5 17.30 1.74 89.94 

B1 17.46 1.80 89.69 

B2 15.10 1.78 88.21 

B3 18.58 1.69 90.90 

B4 18.31 1.86 89.84 

B5 16.83 1.80 89.30 

Fig. 12 Methane potential of Group A (containing 33% sludge) based on 
accumulated gas volume. 



Chen Shi TRITA LWR Degree Project 12:37 

 

22 

which still had a little bit increasing trend. The highest peak was achieved 
in the 3rd day from A4 (45 % cod meat mixed with 22 % cod intestines), 
i.e. 0.121 Nm3 CH4/kg VS. 

In the light of the analysis of the relationship between cod meat content 
and biogas yield (Fig. 14) corresponding to the fish intestines which had 
the opposite curve, the content of cod meat around 47.5 % relative to 
33 % sludge could bring the highest biogas production. In addition, 
extremely contained high content of cod meat would reduce the biogas 
yield. For example, the CH4 production from 67 % cod meat without 
any intestine was decreased by 42 %, to compare with the maximum 
CH4 yield in Group A. 

4.2.2. The result of Group B 

In Group B, the 50 % sludge was mixed with different ratios of cod 
meat and cod intestines, digested for 13 days. The highest gas volume 

Fig. 13 Methane potential of Group A (containing 33% sludge) based on flow rate. 

Fig. 14 The relationship between cod meat content and biogas yield in the 33% 
sludge mixed substrates. 
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collected in this group was 0.406 Nm3 CH4/kg VS from B2, which 
included 16.5 % cod meat with 33.5 % cod intestines. The value of the 
lowest biogas production was 0.285 Nm3 CH4/kg VS produced from B4 
containing 33.5 % cod meat (Fig. 15). 

The daily MP in Group B (Fig. 16) was shown similar to it in Group A, 
which had two peaks, i.e. higher peak happened in the 3rd day and lower 
peak appeared in the 9th day. The stronger adaptability of micro-
organisms accelerated the speed of digestion. The highest daily MP was 
obtained, i.e. 0.106 Nm3 CH4/kg VS, at the 3rd day from the 16.5 % cod 
meat mixed with 33.5 % cod intestine. 

In Group B, it was clear to observe that less content of cod meat, i.e. 
large content of cod intestines, mixed with 50 % sludge could improve 
the CH4 production (Fig. 17). However, in the comparison of the highest 
production in Group B, the extremely lower cod meat led to the 
reduction of CH4 yield by 16 %, and the overabundance of cod meat 
would cut more CH4 yield down up to 30 %. Therefore, the content of 
cod meat was kept around 16.5 % that could be the best proportion for 
substrates mixed with 50 % sludge. 

4.3. The effect of sludge on co-digestion process 

The purpose of mixing with sludge was to adjust the alkalinity condition 
in the range of pH value between 7.0 and 8.0, due to high concentration 
of ammonia produced from cod meat and intestine. There were two 
different sludge contents mixed with cod meat and intestine that were 
analyzed, i.e. Group A contained 33 % sludge content and Group B 
contained 50 % sludge content separately. The comparison of additive 
sludge effects on the CH4 production in both groups was based on the 
same proportion of cod meat and cod intestine themselves except sludge 
content, such as A2 compared with B2, which both had the same ratio of 
cod meat and cod intestine as 1:2. All the mixtures in Group A had 
higher MP than the corresponding mixtures in Group B after 13 days 
(Fig. 18). Moreover, A4 had the highest MP (0.533 Nm3 CH4/kg VS) 
among all the mixtures which still had the trend to increase the CH4 yield 
later. 

Fig. 15 Methane potential of Group B (containing 50% sludge) based on 
accumulated gas volume. 
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In order to make the result analysis more clear and accurate, three typical 
ratios of cod meat and cod intestine in both groups were chosen to be 
analyzed. Those were digested in the same test, so the errors in the 
preparation works between two tests could be avoided (Fig. 19). After 
13 days digestion, all MP in the chosen ratios of cod meat and intestine 
were showed that mixed with 33 % sludge had higher capability of CH4 
yield than mixed with 50 % sludge especially for the comparison of A1 
and B1. In addition, the difference of MP between A1 and B1 after 
13 days was 0.131 Nm3 CH4/kg VS larger than it between A5 and B5. 

The 33 % sludge mixed with substrates had higher flow rate of CH4 and 
obtained more CH4 production to compare with Group B mixing with 
50 % sludge (Fig. 20). 

All in all, the final optimal proportion of substrate was 33 % sludge 
mixed with 45 % cod meat and 22 % cod intestine, which had the 
highest MP, i.e. 0.533 Nm3 CH4/kg VS (Table 8). 

Fig. 16 Methane potential of Group B (containing 50% sludge) based on flow rate. 

Fig. 17 The relationship between cod meat content and biogas yield in the 50% 
sludge mixed substrates. 
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5.  DISCUSSION  

In this chapter, the availability of VSR to evaluate the biodegradability of 
substance is discussed. In addition, the analysis of results including 
comparison to other literature and pre-studies is decribed likewise. Last 
but not least, the weakness in the experiment is also mentioned. 

5.1. VSR 

The value of VSR depends on the initial and final VS content. But, when 
the initial VS content was measured, some organic materials contributed 
to produce CO2 and the easily volatile substance like alcohol were also 
included in the VS content. So VSR could not represent the capability of 
CH4 production accurately. In addition, if the final VS content was too 

Fig. 18 Methane potential of Group A and Group B based on accumulated gas 
volume. 

Fig. 19 Methane potential of typical ratios in Group A & B based on accumulated 
gas volume. 
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less due to long time biodegradation, it would lead to inaccurate 
measurement (James et al, 1990). Moreover, the easily volatile 
component would probably diffuse into the atmosphere before 
measuring the VS content of samples, if many degraded organics left in 
the digestate after digestion. It would cause that the VSR of samples was 
larger than the actual value. Therefore, VSR could not measure the 
biodegradability of substance alone. It should combine with other 
methods such as the measurement of dissolve organic carbon and 
microorganism activity to assess the biodegradability of substrate in the 
AD. 

The TS and VS content of inoculums blank in the final measurement of 
both tests were higher than the initial value. It might be due to water 
vapor production during AD process. More water vapor it was 
produced, the less wet weight of samples it would be measured. 
According to eq. 1 & 2, the lower value it was in the wet weight of 
samples, the higher TS and VS would be calculated. 

 

Table 8 Final result of this project. 

Group Small groups 
The optimal proportion of cod meat 

and intestine 

A (33% sludge) 

A1 

A4 (0.533 Nm
3
CH4/kgVS) 

(45% meat & 22% intestine) 

A2 

A3 

A4 

A5 

B (50% sludge) 

B1 

B2 (0.406 Nm
3
CH4/kgVS) 

(16.5% meat & 33.5% intestine) 

B2 

B3 

B4 

B5 

The optimal 

proportion of sludge 
A (33% sludge) 

The final optimal result:  A4  

(0.533 Nm
3
CH4/kgVS) 

Fig. 20 Methane potential of typical ratios in Group A & B based on flow rate. 
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5.2. Biomethane Potential 

In this section, the analysis of results and the comparision to other 
literatures are presented in detail. 

5.2.1. Result analysis of this project 

The initial pH values ranged between 8.13 and 8.49 (Table 4) and after 
digestion the pH value was dropped till the range from 7.58 to 7.73 
(Table 6). It indicated that the quantity of acid produced from hydrolysis 
or acidogenesis did not inhibit the AD process. In the other words, this 
pH values were conducive for CH4 production. 

As it was mentioned before (3.1.2 section), the fish intestine contained 
lots of enzymes promoting the hydrolysis of organics. Without it, the 
slow hydrolysis process could be one reason for less CH4 production, 
such as the group A5 & B5 only containing fish meat mixed with sludge. 
In addition, the difference of MP between A1 and B1 after 13 days was 
0.131 Nm3 CH4/kg VS larger than it between A5 and B5. It could prove 
that the presence of cod intestine had a strong influence on the 
digestibility of substrate. Therefore, cod intestine is the necessary 
substrate in the co-digestion of fish waste. 

The proportion of cod meat and cod intestine was determined by the 
quantity of additive sludge. For example, in Group B, the sludge was 
mixed in the substrate occupied a half amount of total substrate, which 
contained abundant organics. Many enzymes were required for 
degradation, which were produced from cod intestine. In the light of the 
comparison of Group A and Group B, less sludge it was added, the 
higher MP it could be obtained. The reason for that could be 
characteristic of secondary sludge from Simrishamn which was 
constituted by microorganisms embedded in a matrix of extracellular 
polymeric substances causing difficult degradation (Mcswain et al, 2005). 
From the observation of pH value in Group A, 33 % sludge mixed with 
cod meat and intestine did not bring the ammonia inhibition in the 
digester. Therefore, in the further study, maybe 25 % sludge or much 
less could be tried in order to discover the critical point of ammonia 
inhibition (Ward & Slater, 2002). 

The reason for two peaks in the digestion process could be the different 
growth rates of different types of bacteria and their distinctive working 
times. In addition, long retention time and the same incubation 
condition as the AD situation created a stronger adaptability of bacteria 
to the current situation. It made methane flow rate reach to the first 
highest peak much earlier. 

5.2.2. Comparison analysis with other studies 

The optimal MP in this project is 0.533 Nm3 CH4/kg VS digested from 
A4. To compare with Almkvist (2012) which had the highest MP 
0.503 Nm3 CH4/kg VS, it had improved the CH4 yield by 6 %. But, it 
should be noticed that the retention time in this project was less than 
Almkvist study, and the curve of MP from A4 still had the trend to go 
up later. In addition, the primary sludge was used in Almkvist study, 
which contained many easily degradable organic compounds than the 
secondary sludge used in this project. As to compare with the best result 
in Tomczak-Wandzel (personal communication, February 2012), the 
25.6 % was increased by this project. Adjusting the proportion of 
substrate in this project indeed brought the improvement of biogas 
production from the co-digestion of fish waste and sludge. 

The digestion of fish waste could only produce scarce CH4 due to 
excessive nitrogen production. In the Mshandete et al (2004) study, the 
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MP from fish waste was only 0.39 Nm3 CH4/kg VS which was decreased 
by 37 %, to compare with this paper. Moreover, the MP of A4 was 
increased by 78 % relative to digestion of sludge only (Rodriguez, 2011). 
Therefore, co-digestion of fish waste and sludge was a win-win situation 
to digestion of them separately. The fish waste could supply missing 
nutrients for sludge digestion, and the sludge could provide VFA to 
neutralize the condition of fish waste digestion. In the light of 
Mshandete et al (2004) study, the MP from the co-digestion of fish waste 
and sisal pulp which contained many organics and had the same function 
as sludge, varied from 0.30 to 0.77 Nm3 CH4/kg VS depending on the 
proportion of fish waste and sisal pulp. To compare with the study by 
Mshandete et al (2004), the result in this paper was in the normal range. 

5.3. Error analysis of this experiment 

In the operation of two tests in this project, some errors truly affected 
the result a little bit. 

 The heterogeneity of the chosen substrate in two tests would lead to 
variations in the concentration of carbon, nitrogen and other 
elements. It would directly affect the quantity of CH4 production. 

 The times of incubation were not the same. Since the condition was 
limited, two tests could not be conducted parallel so that the 
inoculums in Test II were from Test I. The stronger adaptability of 
inoculums in Test II improved the efficiency of digestion. In 
addition, the storage time of inoculums in both tests were different, 
i.e. 7 days in Test I and 3 days in Test II, which made the VS content 
of inoculums in Test II twice larger than it in Test I. The reason for 
that was prolonged time in the delivery of cod intestine and cod meat 
from Simrishamn to Stockholm.  

 Weight errors in the measurement of wet, dry and burn samples and 
pH values. 

 Uneven mixing cod meat, cod intestine and sludge as the certain 
proportion gave rise to inaccurate sampling before the test. The 
reason was that the cod intestine always tangled the agitator, resulting 
in failed mixing. 

 The problems in the AMPTS II instrument would also bring so many 
errors in the final results, such as the choke of nozzles under the flow 
cell, the leakage of the tube and not changing the NaOH solution in 
time. 

6.  CONCLUSION  

The experiments in this project were conducted with AMPTS II 
instrument which saved a lot of labor work and made the measurement 
of methane gas volume more accurate. All the digestion processes were 
under the mesophilic condition (37 ± 0.5 ºC) with slow stirring in every 
one minute. The ratio of inoculums to substrate was 3:2, applied to all 
groups. 

In the light of the analysis of result, the optimal MP in Group A and 
Group B were 0.533 Nm3 CH4/kg VS and 0.406 Nm3 CH4/kg VS from 
the proportion of sludge, cod meat and cod intestine as 33 %, 45 % and 
22 %, as well as 50 %, 16.5 % and 33.5 % respectively. According to pH 
values of the final digestate ranged from 7.58 to 7.73, it was indicated 
that no inhibition of AD in the reactors. In addition, there was an 
interesting point that cod intestine was the necessary substrate in the 
mixtures which contained lots of the enzyme to promote the speed of 
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hydrolysis. Without it, the MP would be dropped to the lowest point 
making the co-digestion inefficient.  Besides, more additive sludge in the 
reactor needed more cod intestine to decompose. 

In the comparison of the results in Group A and Group B, less sludge 
could improve the MP, but the critical point to the quantity of sludge 
should be studied further.  

All in all, the final optimal MP was from the composition of 33 % sludge 
mixed with 45 % cod meat and 22 % cod intestine. The highest daily MP 
in this composition was 0.12 Nm3 CH4/kg VS per day on the 3rd day. It 
indicated that the incubated inoculums had already had stronger 
adaptability to the current condition in order to improve the efficiency of 
the whole process.  

The obtained optimal MP in this project was 6 % higher than Almkvist 
(2012) study and 25.6 % more than Tomczak-Wandzel (personal 
communication, February 2012) study. In addition, to compare with 
literatures, this optimal MP was at the normal range. If to compare with 
digestion of fish waste or sludge alone, the best outcome in this project 
increased CH4 yield by 37 % and 78 % separately. 

However, there were still some errors exist during the operation of the 
experiment, such as weight errors and different incubating times of 
inoculums. Furthermore, the VSR could not be used alone to evaluate 
the biodegradability of substrate, due to its overestimation and 
inaccuracy when made the analysis of less digestate. 

7.  FURTHER STUDY  

In this paper, the biogas production from fish waste and sludge had 
already been optimized. In addition, the understanding of varied 
substrates effects on AD had been improved, which could be the strong 
foundation for the further study. 

According to the outcomes of this project, the use of less sludge could 
give a plenty room for improvement of CH4 productivity. However, the 
reduction of the sludge quantity is limited to the level of produced 
ammonia inhibition. Therefore, the critical point for determination of 
the sludge quantity is needed in the further study to neutralize the 
alkaline condition exactly. 

In addition, a number of errors discussed in this paper should be avoided 
as much as possible. One idea for elimination of evitable errors, such as 
different inoculums and substrates, is to repeat the experiment of the 
valued result and keep the digestion in the same condition and 
strengthen the maintenance and monitor of the equipments.  

Moreover, the proportion of mixed substrates was based on the method 
of trials and errors which could not provide a certain proportion of 
carbon to nitrogen source, due to fund constraint and time limit. The 
C:N ratio is one of the main factors to understand the composition of 
substrates in the co-digestion process clearly (Chen et al, 2008). Low C:N 
ratio will bring the inhibition problem of nitrogen-rich, whereas high 
ratio could cause nutrients deficiency (Kayhanian, 2010). The optimum 
C:N ratio is hard to be determined due to variation of the substrates and 
adaptability of inoculums. Kayhanian and Hardy (1994) suggested that 
the optimal C:N ratio is between 25-30, but Nyns (1986) and Kivaisi and 
Mtila (1998) argued that the ratio around 16-19 and 16.8-18 respectively, 
could be suitable for methanogenic performance. 

Furthermore, the analysis of methods for the further digestate use 
should be carried out. The digestate contains many valuable nutrients 
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which is good for the soil. However, there are also maybe including 
some toxic elements in the digestate. Therefore, the composition of 
digestate is needed to be analyzed in order to satisfy the criteria of the 
fertilizer or other purpose. 

Last but not least, the final destination of this research is to take this 
outcome into action as the full-scale. Therefore, some operating 
parameters like OLR, retention time and utilization of equipment should 
be analyzed in order to make sure the digestion process smoothly. In 
addition, the way of upgrading biogas should be taken into consideration 
further to obtain the relative pure CH4 as alternative fuels of ships. 
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APENDIX I  –  RAW DATA FROM THE AMPTS II  PROGRAM 

 

  

Table 9 Raw data from AMPTS II Program for Test I. 

Time 

(days) 

Accumulated Methane Gas Volume [Nml] Flow Rate of Methane Production [Nml/d] 

Test I Test I 

Inoculums 

blank 
A2 (1) A2 (2) A3 A4(1) A4(2) B2(1) B2(2) 

Inoculums 

blank 
A2 (1) A2 (2) A3 A4(1) A4(2) B2(1) B2(2) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 25.7 125 131 129.3 131.7 141.5 109.4 111.3 25.7 125 131 129.3 131.7 141.5 109.4 111.3 

2 56.1 312.9 326.7 315.2 320.4 343.6 303.6 301.9 30.3 187.9 195.7 185.9 188.7 202.2 194.3 190.6 

3 96.3 557.4 570 568.2 587.9 608 548.6 535 40.2 244.4 243.4 253 267.5 264.4 245 233.1 

4 126.1 720.9 734.6 748.2 792.5 809.1 682.2 664.6 29.8 163.5 164.6 180 204.6 201.1 133.6 129.6 

5 153.7 781.8 793.6 817.4 875.7 911.5 735.7 707.9 27.6 60.9 59 69.2 83.2 102.3 53.6 43.3 

6 180.4 831.2 832.4 857.7 912.3 956.8 778.8 742.2 26.7 49.4 38.8 40.3 36.7 45.3 43 34.2 

7 199 878.9 879.1 904 952.3 995.9 830.6 784.8 18.7 47.7 46.7 46.2 39.9 39.1 51.9 42.7 

8 212.5 940.7 941 964.7 1006 1046.6 887.5 841.2 13.5 61.8 61.8 60.8 53.7 50.7 56.9 56.4 

9 219.3 1010.3 1012.7 1035.4 1079.3 1116.4 946.5 902 6.8 69.6 71.8 70.7 73.4 69.8 59 60.8 

10 223.9 1044.1 1050.2 1073.6 1142 1186.9 970 929 4.6 33.9 37.5 38.2 62.7 70.6 23.5 27 

11 226.1 1065.1 1070 1092.8 1162.5 1212.3 992.4 944.8 4.6 21 19.7 19.2 20.4 25.3 22.4 15.9 

12 234.1 1089.7 1096.8 1119.3 1183.1 1234 1012.7 971.6 5.2 24.5 26.8 26.5 20.6 21.7 20.3 26.7 

13 241.5 1096.6 1104.8 1133 1209.2 1262.1 1018.7 981.4 7.4 6.9 8.7 14.7 26.1 28.2 10.5 13.1 
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Table 10 Raw data of accumulated methane gas volume from AMPTS II Program for Test II. 

Time 

(days) 

Accumulated Methane Gas Volume [Nml] 

Test II 

Ino. 

blank (1) 

Ino. 

blank (2) 

Ino. 

blank (3) 
A1 (1) A1 (2) A5 (1) A5 (2) B1 (1) B1 (2) B3 (1) B3 (2) B4 (1) B4 (2) B5 (1) B5 (2) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 7.5 12.7 7.4 158.8 157.5 181.8 168.6 170.6 165.8 160.3 161.6 165.5 156.4 170.6 165.8 

2 9.6 14.9 9.5 356.3 363.1 382.9 364.4 374.4 367.2 385.7 392.7 390.3 374.9 374.4 367.2 

3 12 23.6 11.9 660.6 665.1 669.7 653.7 674.9 662.7 653.8 673.3 689.9 678.7 674.9 662.7 

4 15.4 27.9 15.3 1004.4 971.8 906.9 872.7 896.0 884.8 855.7 883.3 907.4 874.4 896.0 884.8 

5 20.6 35.4 21.2 1316.9 1212.1 1037.7 983.3 1000.6 992.4 1022.7 1052.3 1017.6 957.0 1000.6 992.4 

6 28 42 27.0 1550.3 1389.6 1123.0 1064.5 1068.1 1062.7 1134.4 1162.3 1078.1 1002.9 1068.1 1062.7 

7 35.9 56 35.0 1688.9 1519.3 1174.4 1115.0 1117.3 1110.6 1222.6 1245.4 1142.5 1054.1 1117.3 1110.6 

8 42.2 62.3 39.0 1774.1 1615.3 1229.0 1169.0 1176.9 1166.2 1296.6 1327.8 1211.0 1117.8 1176.9 1166.2 

9 46.4 66.7 43.6 1856.5 1700.6 1294.7 1235.1 1247.6 1234.2 1320.8 1366.7 1247.5 1176.9 1247.6 1234.2 

10 50.8 74.1 48.5 1943.5 1753.8 1347.0 1277.2 1281.7 1276.5 1340.7 1379.9 1262.7 1195.1 1281.7 1276.5 

11 55.5 78.2 52.4 1979.4 1773.5 1362.2 1289.6 1297.7 1290.9 1353.1 1389.9 1272.3 1206.1 1297.7 1290.9 

12 61.4 82.5 56.8 1999.2 1790.4 1377.8 1306.4 1315.6 1308.1 1363.0 1399.7 1281.4 1214.1 1315.6 1308.1 

13 66.1 86.9 61.1 2017.2 1800.3 1393.6 1317.6 1324.4 1318.3 1370.5 1407.2 1289.1 1220.5 1324.4 1318.3 

Notes Ino. — Inoculums 
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Table 11 Raw data of flow rate of methane production from AMPTS II Program for Test II. 

Time 

(days) 

Flow Rate of Methane Production [Nml/d] 

Test II 

Inoculums 
blank (1) 

Inoculums 
blank (2) 

Inoculums 
blank (3) 

A1 (1) A1 (2) A5 (1) A5 (2) B1 (1) B1 (2) B3 (1) B3 (2) B4 (1) B4 (2) B5 (1) B5 (2) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 7.4 7.4 7.4 158.8 157.5 181.8 168.6 165 164.4 160.3 161.6 165.5 156.4 170.6 165.8 

2 2.1 2.1 2.1 197.5 205.5 201.1 195.8 226.8 211.8 225.4 231.2 224.9 218.5 203.9 201.4 

3 2.4 2.4 2.4 304.3 302 286.7 289.3 306.5 326.9 268.1 280.6 299.5 303.8 300.5 295.4 

4 3.4 3.4 3.4 343.9 306.7 237.2 219 271 279.3 201.9 210 217.5 195.7 221 222.2 

5 5.9 5.9 5.9 312.4 240.3 130.8 110.6 186.2 123.7 167 169 110.2 82.6 104.6 107.6 

6 5.9 5.9 5.9 233.4 177.5 85.3 81.2 109.7 63.8 111.7 110 60.5 45.8 67.5 70.3 

7 7.9 7.9 7.9 138.6 129.7 51.4 50.5 83.9 50.8 88.2 83.1 64.4 51.2 49.2 48 

8 4.1 4.1 4.1 85.2 96 54.6 54 83.5 59.5 74 82.4 68.5 63.7 59.6 55.6 

9 4.6 4.6 4.6 82.4 85.3 65.7 66.1 54 70.9 24.2 38.9 36.4 59.2 70.7 67.9 

10 4.8 4.8 4.8 87 53.3 52.3 42.1 24.8 36.3 19.9 13.3 15.2 18.2 34.1 42.3 

11 3.9 3.9 3.9 35.9 19.6 15.2 12.4 11.9 13.9 12.4 10 9.6 11 16.1 14.4 

12 4.4 4.4 4.4 19.8 16.9 15.6 16.8 11 15.7 9.9 9.8 9.1 7.9 17.9 17.2 

13 4.3 4.3 4.3 18 9.9 15.8 11.3 9.9 12.5 7.5 7.5 7.8 6.4 8.8 10.1 


