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Abstract 

Energy shortfall and air pollution are some of the challenges the human kind is facing 

today. Fossil fuel is still the most widely used fuel, which is a non-renewable resource, 

increasing excess carbon dioxide into the air. To overcome these issues, and reduce the 

carbon footprint, a greater development of renewable energy from green and natural 

resources is required. Compared to fossil energy, renewable energy has the benefit to 

reduce greenhouse gas emissions. There are different solutions available for green and 

renewable energy. Biomass is all biologically produced matter. Through the biological 

breakdown of biomass, biogas can be produced through the process called anaerobic 

digestion. 

 This work was focused on the production of biogas, using algal biomass, sewage sludge 

and coffee grounds in an anaerobic co-digestion system. The main goal of this study was 

to investigate the feasibility of combining these three substrates. Two different types of 

algae were employed; Chlorella vulgaris and Scenedesmus sp. and the investigations 

included even the cultivation and harvesting of algal biomass.  

  

The production of biogas was examined under anaerobic conditions using 5 batch 

reactors in duplicate under constant temperature of 37 °C in 30 days. The result showed 

that co-digestion of algal biomass with sewage sludge led to an enhanced biogas 

production by 75 % compared to that of just sewage sludge. This indicates the synergistic 

effects of co-digestion. However, the addition of coffee ground to the mixture lowered 

the biogas production. All mixtures except the two with coffee grounds were in neutral 

pH. Methanogens, involved in the last step in biogas production are very sensitive to pH, 

and pH around 7 is the optimal for their activity. Furthermore, the presence of caffeine in 

the coffee ground could also inhibit the biogas production.  
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Figure 1: Large scale biogas production 
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1. Introduction   

Human kind is facing a lot of challenges this century; with population rise, energy 

shortfall and air pollution. These are critical issues and among these can the increasing 

pressure on depleting resources also be found.  

 The most widely used traditional fuels are derived from non-renewable resources; i.e. 

fossil fuels. These include oil, coal and natural gas, and their combustion produces large 

amounts of carbon dioxide, sulphur dioxide, volatile organic compounds, nitroxides, 

heavy metals, etc. that are emitted to and pollute the environment. In 2010, the energy 

consumption grew by 5.6 %, which was the highest rate during a period of 40 years, 

based on a study correlating fossil fuel combustion with the increased carbon dioxide 

emission into the atmosphere. (Andres et al., 2011). 

Depending on which kinds of substrates are utilized for biofuel production, the processes 

can be divided as follows. The first generation biofuels are derivided from animal fats, 

starch, sugar, vegetable oils. All these substrates are also suitable for the utilization as 

food or for food production. These eatable crops from first generation compete with 

arable land, that in first place should be growing crops for food. 

The production of second generation biofuels, are not based on eatable crops as 

substrates. In that case substrates as straw and wood can be used, but the utilization of 

these needs more advanced processes for the production of biofuels. Even wastes from 

food utilization or production, as waste vegetable oil and the food waste fraction of 

municipal solid waste or grass waste can be utilized for second generation biofuel 

production. 

Algae have its own category because the cultivation of algae needs only a small land 

area, and there is no need for fresh water. When algal biomass is used for biofuel 

production it is called third generation biofuels. Algae cultivation can also be connected 

directly to the industry and to power plants for a more positive effect, because of the 

utilization of the emitting carbon dioxide to the growth of algae. 
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 In Sweden the goals are very ambitious regarding environmental- and energy politics. 

The goals for climate neutral transports are set to, that in 2030 all vehicles (buses, cars, 

trucks and machines) should be independent from fossile fuels. 

 To be able to achieve these goals and to reduce the carbon footprint, a greater 

development of renewable energy from green and natural resources is required. This 

energy could be derived from solar, wind, geothermal or biomass resources. Biomass 

includes all biologically produced matter. Through the biological breakdown of biomass, 

biogas can be produced within a process of anaerobic digestion. 

 Anaerobic digestion is a biological process that stabilizes organic biomass while 

producing a methane-rich gas. Methane produced through anaerobic digestion is 

categorized as renewable energy. A number of different feedstocks consisting of 

degradable biomass can be employed in anaerobic digestion processes: i.e. municipal or 

industrial sludge, agricultural residues, like manure, forestry residues and energy crops or 

biosolids. These sources all represent stored chemical energy transformed from solar 

energy through photosynthesis. They can be degraded as substrates and co-substrates 

through anaerobic digestion processes, releasing methane. (Li et al., 2012). 

 This work was focused on the production of biogas, using algal biomass, sewage sludge 

and coffee grounds in an anaerobic co-digestion system. The main goal was to investigate 

the feasibility of combining these three substrates for effective biogas production. Two 

different types of algae were employed; Chlorella vulgaris and Scenedesmus sp. 

 Recently, several studies have been conducted on the biogas production from algal 

biomass (Prajapati et al., 2013). A study by Williams (2013) investigating the anaerobic 

digestion of sewage sludge and Chlorella Vulgaris confirmed that algal biomass and 

sewage sludge were beneficial in a co-digestion process (Williams, 2013). However, very 

little work considered combining sewage sludge, algae and coffee grounds to determine if 

this combination would enhance the production of biogas. The goal of this work was set 

therefore to examine the biogas production from various mixture combinations of these 

feedstocks.  

 The production of biogas was investigated under anaerobic conditions using batch 

reactors at constant temperature of 37°C. 
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2. Social and ethical aspects 

Energy is all around us and we use it for heat, for cooking, for driving our cars, for 

industrial processes etc. Today the usage of energy is very high because of the growing of 

population and the way we are living. The major factor is the standard of today´s living 

with big consumption of clothes, food and electrical equipments. The request of two cars 

in a family, several mobile phones, long distance shopping, traveling, no local production 

of food. All these will lead to increasing amounts of waste, as well as source depletation. 

The world energy consumption increases rapidly every year. A lot of institutions need to 

update and publish the energy data very often. Today we are facing a big challenge with 

environmental issues together with the greater demand of energy. Renewable energy 

grew faster today compare to any time in history.  

Today biofuel production is moving to the second and third generation of biofuels. These 

include biofuels produced from non-food crops resources, like microalgae as feedstock. 

Instead of using terrestrial crops, algae are easy to efficiently produce in a large scale. 

But still oil, gas and coal are the most dominant kind of energy of the global consumption  

(Figure 2 and 3). 
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Figure 2: Showing the global energy consumption between different kinds of energy. 

 

Figure 3: Showing the trend over global energy consumption. 
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As it is shown on Figure 2 the growing population increases the energy consumption. 

Furthermore, while the level of oil consumption remains quite constant, the utilization of 

biofuels, geothermal and biomass resources are increasing rapidly during the very latest 

years. 

The growing population with higher consumption and a civilization that have a behavior 

of wasting of resources will cause a global and political issue. We have to have better 

quality and uplift the right behavior. For example in Sweden the government gives 

fundings to actions aiming to decrease for carbon dioxide emissions and fundings to 

renewal energy setups.  The growth must be a possibility for success together with the 

development and implementation of new techniques. The wish is to only use 

environmental friendly, renewable energy resources and also think about the social 

aspects. We need to find solutions to use the resources and upcoming different fractions 

of waste on the best way to fight the environmental issues. We must choose to use sun- 

and biogas energy, buy climate smart from local producers or climate smart countries. 

We should find a secure and healthy way out to meet the demand of energy. This in a 

way to maximize the use of our resources, minimize the waste and find the best waste 

treatments. It is a big responsibility we have for the future.   

The social aspects are different depending on where in the world the technique is 

established. In rural areas the effects are very positive, both in economical, health and 

social aspects. It also has to be considered how to use the equipment and in what scale; 

small- or industrial scale. 

In rural areas biogas is a very good source of energy utilizing for example manure from 

cattle and pigs for its production. Also, this technology provides an effective way for safe 

and healthy disposal of fresh manure to protect the environment from water pollution. 

To use of anaerobic digestion for waste from slaughterhouses is also very good, 

providing a safe and effective treatment. The energy can be used both for electricity and 

for coolers in warm countries. 

Several studies have been performed especially for rural areas to build biogas plants 

connected to hospitals and schools. This technology will lead to a good and hygienic way 

of waste disposal from toilets and kitchens at low-cost. Furthermore, the digested slurry 

can be used as fertilizer in farmland, recycling back the important nutrients, especially 
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nitrogen, phosphorus and potassium for growing crops. Since, fertilizing in several 

countries and areas are very uncommon, the introduction of anaerobic digestion can play 

a very central role for farming. 

 

 

Figure 4. Social Aspects of biogas 

 

Finally, we can conclude, that using anaerobic digestion to produce biogas is very 

positive from many different point of views. Some benefits will be listed below 

especially regarding rural areas: 

 

 Cleaner cooking instead of using for example wood. It is still very common to 

cook by burning wood (Figure 4). Using biogas instead will not contribute to air 

pollution and will give better health particularly for the woman and children that 

mostly are together when cooking. They inhale the smoke indoor when cooking. 

According to WHO more than one million people die from this smoke every year.  
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 Easy method and teqnique to produce energy, together with the utilization of 

different organic material around you, like manure or waste. Which also less 

working compares to wood. 

 Give light in the evening 

 Give fertilizer to the soil 

 Better hygiene when using waste disposal from toilets and kitchen. For example 

in India and other countries it is very common with open defecation.  This could 

of course spread diseases and it is not good for the environment. 

 The process can be monitored easily. 

 Less deforestation, and also no effect on soil erosion. 

 Economic effective to reduce carbon dioxide emissions. (Vinnova, 2008) 

 Create a lot of new job opportunities. 

 A very important part to enhance the quality of air in big cities, especially 

reducing the emission of soot and particles from cars. 

 The material for biogas digestion does not compete with food, like crops. 

 

3. Biogas International and in Sweden 

The biogas producing sector looks very different around the world. Digester plants have 

different sizes, biogas can be produced in small-scale or in bigger-scale. Among the 

substrates utilized house-hold waste, waste from industry and/or agriculture can be found. 

The produced biogas is used for electricity and heat production or directly used for cooking 

and light. Sweden is unique by upgrading the biogas for vehicle fuel. 

Every country has different strategy for energy supply; they support therefore differerent 

different biogas systems. Great Britain and South Korea get the most of the biogas from 

landfills, Sweden and Switzerland from digested sewer sludge. In Denmark is common to 

use manure for biogas production, because of the big problem with eutrophication in the 

country. In Sweden, Germany and Great Britain are common to use food waste as 



8 

substrate. The regulation and laws also dominate what will be utilized. For example in 

Germany a lot of funds go to produce biogas within the agriculture sector. This will 

enhance the biogas sector in this area. China and Germany are also world-leading in small-

scale home farming, similarly to France, Austria and the Netherlands.  

In India and China biogas has been produced for a very long time. Excrement from both 

humans and animals are used as substrate. This is good for both minimizing the spread of 

infections and as fertilizer. It is also better to use biogas for cooking compared to wood for 

the quality of air.  

Several countries help developed countries to implement small scale digestion plants. For 

example Holland has a development organisation, Stichting Nederlandse Vrijwilligers, 

SNV. A foundation of Netherlands Volunteers, which helps with small-scale biogas 

production around the world. 

From the World Bioenergy Association the global potential for biogas production is 10 000 

TWh. However, taking into the account the substrates available this production could be 

increased to an estimated value of 300 to 400 TWh, which shows that there is a lot more 

potential for biogas production. Just for China the potential is around 3 500 TWh. In 2012 

the total global installed electricity based on biogas in Europe 37 TWh (Germany 60%), 

and 10 TWh in USA. Obama declared in the “Climate action Plan” that the production of 

biogas will decrease methane emissions while increasing the safety for energy production. 

(Biogasportalen.se 2016-04-26) 

The law, which prohibited to send organic waste to landfill, was introduced in 2005 in 

Sweden, helped to further develop the biogas sector. In 2014, 277 biogas producing plants 

(total 1784 GWh)  were established in Sweden, among them 139 are treatment plants, 60 

are landfills, 37 are yard biogas plants, 35 are co-digesters, 5 are industry plants and 1 is a 

carburation plant. Furthermore, there were 59 plants connected for upgrading of biogas 

(Energimyndigheten, 2015). In 2015 an economic support was introduced for biogas 

production utilizing manure as substrate. Today, 57% of all the produced biogas was 

upgraded to be used as fuel, and around 24 % was used for heat in Sweden. 

From 2012 liquefied biogas (LBG) is produced in Sweden, used in sector of transport. 
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4. Background 

Anaerobic digestion (AD) is a biological process conducted in the absence of oxygen, 

where microbial mediated reactions can convert organic biomass into biogas, a methane-

rich gas. AD includes several series of biological reaction steps which break down the 

biological material The biomass that could be suitable as substrate are for example, dung 

from cattles, chickens or from other animals on the farm. It could also be waste water, 

plant residues, food waste etc. 

 

Figure 5 below shows a simplified picture over the anaerobic digestion process. First the 

substrates are put in the biogas plant; there the digestion process is performed under the 

absence of air. From the top of the plant the produced gas is collected. The digested slurry 

is also collected which can be used as fertilizer for the garden or to the field. 

Wood and ligneous substances are not a suitable substrate for this process (OEKOTOP, 

2015). 

 

 

Figure 5 Biogas Plant 

4.1. Biogas production, a microbiological process  

Behind an effective anaerobic digestion there is a complicated microbial process. Several 

kinds of microorganism are involved in close interaction between them. All the different 

degradation steps need to be in balance with each other, there products from a previous 
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step usually act as susbtrates for the following steps. Any kind of disturbance could lead 

to a collapse. The microorganisms need substrate to grow and to function. In the case of 

the biogas process they use the organic fraction of waste materials as substrate. A good 

mix of nutrients and trace elements in the substrate will lead to a better degradiation 

process. But the environment around the microorgansims is also important. Variables such 

as temperature, pH, fatty acids play an important role. When the microorganisms use the 

substrate, new cells develop and the substrate is broken down into different metabolic 

products. The waste products formed during the degradation for example fatty acids, 

carbon dioxide and hydrogen are then used further by different set of microorganisms 

within the next step, leading to a final product of methane. An effective fermentation 

process can proceed only in the absense of oxygen.  

 

A number of biochemical reactions take place successively in order to carry out the 

anaerobic digestion process. The four steps involved in the anaerobic digestion process 

include hydrolysis, acidogenesis, acetogenesis and methanogenesis (Figure 3). In 

hydrolysis a group of microorganisms referred to as “acid formers” break down complex 

organic matter. The process begins with the microbial hydrolysis of complex organic 

compounds such as proteins, fats and cellulose in the absence of oxygen. The soluble 

products are biologically converted into short-chain volatile acids, alcohols, and ketones. 

In the next phase, another group of microorganisms referred to as “methane formers” 

break down to output from the first two phases to form biogas The hydrolysis can be rate 

limiting stage especially when compounds with complex difficult to degrade structure, 

like cellulose are presented in the substrate. On the other hand the most sensitive step for 

process disturbances, like changes in temperature, pH or accumulation of intermediary 

products is the last one, the methanogenisis. 

 

 

Figure 6. Four steps in biogas production 
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4.1.1. Hydrolysis 

 

This is the first step in the biogas process. Carbohydrates, fats and proteins are converted 

to smaller organic substances, like simple sugars, fatty acids, amino acids and alcohols. 

This step is very important, because the microorganisms have no chance to use the big 

macromolecules as substrate. The microorganisms use enzymes, e.g. sacharolythic 

enzymes to get sugars, lipases for fats and amylases for proteins, to cut these big 

molecules in smaller parts. The rate of this step depence on the characteristics of the 

substrate, like the degradation of cellulose takes longer time than that for proteins. 

 

4.1.2. Acidogenesis 

 

Different organisms are active in this step; and thera are several reactions performed in 

this step depending on the substrate. Most organic acids as acetic acids, lactic acids, 

propionic acids are formed from in this step, as well as alcohols, ammoniac and 

carbondioxid. Depending on the pH different products can be produced, even though it is 

the same substrate from the beginning. If the pH is above pKa of certain acid, the acids are 

dissociated form like acetate (anjon) in the case of acetic acid, at lower pH they are 

presented in undissociated form. 

 

4.1.3. Acetogenisis 

 

This step depending on a very good co-operation between the organisms responsible for 

anaerobic oxidation and the methane producing organsims. This step is very complex, but 

for the process to continue to the next step the hydrogen level has to be low. Here comes 

the importance of the action of hydrogen consuming  methane builders into the picture, 

which are consuming the hydrogen keeping low partial pressure of hydrogen within the 

system. the cooperation between these two grouos called syntrophy and the transfer of 

hydrogen called “interspecies hydrogen transfer”. 
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4.1.4. Methanogenesis 

 

This step is the last step for the biogas process, which produces methane and carbon 

dioxide by different methane producing microorganisms. Hydrogen, carbon dioxide and 

acetate are the most important substrates during this process.The acetropha methogenes 

breakdown acetate in two parts, uses one carbon for the methane production and the other 

for carbon dioxide.This step is very sensitive, especially for pH changes, heavy metals and 

organic impurities. 

4.1.5. Overall about the biogas process 

 

Following anaerobic digestion, the nutrient-rich solids residue can be used as fertilizer. 

(Carucci et al., 2005; Geradi, 2003).The main product, the biogas contains around 60 %  

methane and 40 % carbon dioxide. The gas also contains small amounts of carbon 

monoxide, nitrogen and minor elements of pollution. The methane content of the biogas 

gives the gas the energy value. Therefor the biogas can be utilized as energy source for 

electricity and heat production when combusted. If the biogas is upgraded to get the 

methane it can be used as renewable natural gas fuel within the transportation sector. 

During the upgrading process the biogas is cleaned from carbon dioxide, and the product 

is also called as biomethane. In Sweden most of the biogas produced today is upgraded to 

biomethane. The uppgrading is performed in a three steps- purification process, where 

water, hydrogen sulphur, particles and carbon dioxide become separated and the gas 

received has a higher content of methane and energy value (Kovac, 2013). The methane 

content will reach 97%. The energy consumption of this process corresponds to around 5 

% of the energy content of the upgraded biogas  (Börjesson, 2003). 

 

In Sweden the biogas is produced by using two different methods, the one mentioned in 

biological process is already discussed above in the text, and the other way the thermal 

gasification process utilizing wood or waste with high level of organic matter in a 

controlled environment. The product is synthes gas mostly containing carbon monoxide 

and hydrogen gas. This synthes gas can later be converted into different fuels e.g. 

biomethane or DME (dimethyl ether). 
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Biogas can also be produced in landfill, där organic matter is broken down in the natural 

anaerobic environment there. The composition of the produced gas depends on what kind 

of waste is treated in the landfill, but this is mostly filled with vapour from water. 

 

For biofuels there is a law of sustainable criteries. This include biodiversity for producing 

the substrate and and requirement of decrease green housegases compare to that of fossile 

fuels (Avfall sverige).  

 

Figure 7 illustrates all the areas there biogas can be uses and the different connecter 

commodities. All these areas of applications give the biogas its strength.  

 

 

 

Figure 7: The biogas process (Biogas Öst)  
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4.2. Digestion Factors  

Anaerobic digestion depends on several different parameters for an optimum 

performance. In order to maximize the performance of microorganisms involved in the 

biogas production it is necessary to maintain balanced conditions inside the reactor and 

between different groups. Furthermore keeping optimal temperature, pH, volatile fatty 

acids, and ratio between carbon and nitrogen are very crucial for the anaerobic digestion 

process. The digestion process is a very slow process, and at least a couple of weeks up to 

three weeks are usually necessary for the bacteria to adapt to a new environment. The 

microorganisms need carbon, and nitrogen source, phosphorous and also other nutrients, 

vitamins and trace elements (see chapter 9.1. culture medium) for their growth. If 

problems occur, these most of the time depends on overloading, i.e. too much susbtrate is 

coming into the system, which the microbial consortium can not handle, or  unsafficient 

nutrient supply, or other technical problems. Also the presence of certain metals could 

give problems or toxic compunds (antiobiotic, detergent or pesticide) found in substrates.  

 

The substrate for the anaerobic digestion is the food for the microorganism working in 

the digester, hence the characteristics of the susbtrate play a major for the stability and 

effectivity of the process. Parameters, important to consider are the TS/VS content, the 

COD content, the C/N ration,  the nutrient compostion, the anaerobic degradability, but 

also if there is any mechanical problem may occur when utilizing the susbtrate or if the 

substrate needs some kind of pre-treatment. 

 

A good test result for a substrate is not only depending on the gas yield, but also on 

practical things, such as, if it is easy to use,  or if there is any problem may occure with 

the microorganism during the digestion. By combining, i.e. co-digest, more than one 

substrate can generate higher gas yield due to synergetic effects. 

 

Furthermore, since the digestate residue is used as fertilizer it could also be relevant to 

control the quality of fertilizer, which of course also depends on the characteristics of the 

susbtrate fed into the digested.  

 

When comparing with the calculated theorethical gas yield from a certain substrate the 

real gas yield depends not only the composition but on a lot of other factors that are hard 
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to predict. These could be the retention time for the substrate in the digestion chamber, 

the stirring effect, the effect of synergy between the different substrate fractions, the 

nutrient composition or the presence of inhibitory substances in the solution. Depending 

on the degradation rate, a longer retention time can give a higher methane yield, but it 

also depends on the pratical size, i.e. how fine the material is. 

The concentration of the solid has too be below 10 percent for the best production of 

biogas in a wet digestion process. Also the size of the particles can effect the gas 

production, so the key is to apply a good method for the pre-treatment if necessary. 

  

4.2.1. Temperature 

 

Temperature is a very important parameter for anaerobic digestion. In a compost, in the 

presence of oxygen heat is developing, but it is not in the case during anaerobic digestion, 

i.e. without oxygen. This is a very important parameter for anaerobic digestion. In a 

compost, in the presence of oxygen heat is developing, but it is not in the case during 

anaerobic conditions, i.e. without oxygen. Temperature around 37˚C (mesophile) and 

55˚C (thermophile) are the most common temperature ranges used for the anerobic 

digestion process.These are optimal for the microorganisms for their growth. During the 

process it is important to keep the temperature constant, maximum +/- 0,5˚C changes, for 

best result. (Javis,2009). If the digestion is very stable difference  a change by +/- 2-3 ˚C 

can be tolerated. If the temperature decreases below 32 degree in a mesophile digestion 

the microorganisms of the second step will be dominated because these are not so 

sensitive for temperature differences leading to production of  fatty acids and alchols, 

which accumulate in the system. This will lower the pH and the digestion will stop. The 

processs is often faster at higher temperature range, i.e. in the thermophilic range, which 

makes the process more sensitive. It is not so many microorganisms that could handle the 

high temperature, so in thermophilic range there is a lower diversity among the microbial 

consortium than that in the mesphilic range.  
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4.2.2. TS- content 

 

The total solid (TS) content referring to the dry soilds left after the subrate has been dried 

at 105°C for 24 h. If the substrate contain a big proportion of grease the TS-content will 

be high, eg. cream: 60 % TS and melass 85%, and pure glycerol 100%. Very often 

substrates with high TS-contant cause trouble in pumping them into the process, so they 

have to be diluted. Sometimes it could be good by mixing different substrates together to 

achieve better mechanical properties, for example add a substrate with low TS-contant to 

a substrate with high TS-content.  

 

4.2.3. VS-content 

 

The parameter of volatile solids (VS) indicates the content of organic material present in 

the substrate. It is determined when the dry substrate is ignited further at a temperature of 

550°C until a constant weight. The organic content will then “disappear” remaining only 

the inorganic matter, the ash. Susbtrates with high VS content give a higer  gas yield, 

since it is the organic part that acutally is degraded in the anaerobic digestion process 

producing biogas. 

4.2.4. COD 

 

Chemical oxygen demand (COD) is also refer to the organic content of the susbtrate. It 

gives the amount of oxygen needed for the decomposition of the organic material.  Hence 

a higher concentration of COD gives a higer gas yield, as it was explained above 

regarding VS.  

4.2.5. C/N content 

 

The relation of carbon to nitrogen is very important for the digestion process. The ratio 

indicates the effectivity of the process, and it is a restrictive factor. The carbon is the 

source of energy for the microorganisms and the nitrogen effects the growth. If the 

nitrogen content is low (high C/N) the population of microorganisms will be restricted 

hence the breakdown of organic material will be slower. If it is the opposite, that is in the 

case where the nitrogen content is too high in the substrate, it could be toxic for the 
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microorganisms due to accumulation of ammonia. A C/N difference of 20:1 is very good 

for the metabolism of the cell. A lower ratio of 10-15, can give a nitrogen surplus with 

ammonia accumulation especially at high pH, is very toxic for the microorganisms. A 

ratio above 30, leads to carbon surplus result in a much slower process.  

Co-digestion can help to optimize the total nutrient content , and the C/N ratio (SGC 200, 

2009). For two different mixture, even though the C/N ratio is the same, the availability 

of both carbon and nitrogen for the microorganisms play also an important roll effecting 

the digestion process differently.  

Materials rich in nitrogen are for example: manure from poultry, sorted food waste, waste 

from slaughteries, urine, while examples for carbon rich residues are glycerol, suger beet 

and straw. 

4.2.6. Mixing 

 

Another essential parameter for biogas production is the mixing. Mixing makes it sure for 

the microorganisms easily to get into a contact with the substrate and also prevent 

sedimentation. It also helps to get an even temperature throughout the working volume in 

the digester. However, both too much mixing and too less could affect the production 

negatively. Too hard mixing can stress the microorgansims and on the other hand, too 

less could leave the slurry unhomogeneaus.     

4.2.7. pH 

 

The pH is also a key factor and should be kept within the neutral range, i.e. around 7. 

pH influences the fermentation process to produce biogas. The methanogens are very 

sensitive to fluctuations in pH. To keep the process at a stable pH it is necessary to 

maintain an even alkaline environment. Alkalinity is a measure for the basic (alkalinity) 

substances in the biogas process. Therefore for higher alkalinity it is suggested to buffer 

the solution, keeping a more stable pH. Especially the bicarbonate ion equilibrium to 

carbon dioxide is important. Nitrogen rich substrate can also increase the alkalinity. 

 

Carbon dioxide in equilibrium with carbonic acid and carbonates. (Gerardi 2003)  

CO2 + H2 ↔ H2CO3 ↔  HCO3
 -
 + H

+
 ↔ CO3 

2-
 + 2H

+
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Moreover, the different steps for the microorganisms and the connection between them is 

important and it is needed, to keep a balance between thedifferent digestion steps 

following each other. Furthermore, the symbiotic relationship between the hydrogen-

producing acetogenic microorganisms and the hydrogen-consuming methanogens were 

already discussed above.  

 

5. Substrates 

During anaerobic digestion  a number of feedstocks can be employed regarding including, 

municipal or industrial sludge, agricultural residues, forestry residues and energy crops or 

bio solids.  

5.1. Different kinds of substrates 

 

In Sweden, around 128 kg per person and year food waste are produced (Linné et al, 

2008). This waste hold a high potential for biogas production. However, the degradation 

of this waste can be very fast leading to the accumulation of fatty acids which can lower 

the pH (SGC 200, 2009). Furthermore, prior to utilization in a biogas process innert 

materials, like  plastics and metals need to be sorted out and this fraction usually needs to 

be diluted. Typically, the TS is around 30-35% and 85 % of this is VS. 

Moreover, several different kinds of waste fractions come from the food industry,  like 

from slaughterhouse,  egg industry, fish industry, bakery, dairy, ethanol and starch 

industry, vegetables and fruit and sugar industry. These types of waste are very popular 

since these give high yields of methane gas. However, for the best result this waste is 

good for co-digestion in first case, hence the high fat content can lead to accumulation of 

fatty acids which lower the pH, and the high protein content in the slaughterhouse waste 

can give high ammoniak concentration and inhibit the methnaogenesis. This waste can 

contribute with its nitrogen content for a better C/N ratio in co-digestion with carbon rich 

residues.  The egg industry generate a lot of waste, around 100 tons of eggshell. This 

waste has high TS content  with nitrogen, calcium, magnesium  and phosporous. But the 

shells can give mechanical problems in the digestion system. For the biogas production 

the fish industry is also important, however the high content of nitrogen and fat can cause 

problems as mentioned above, and moreover sometimes there is a problem with the smell. 
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Waste from bakery has high organic content which gives high biogas production, while 

waste from dairis has to be co- digested because of the low alkalinity. Fruit- and 

vegetables waste has a lot of carbonate, but these could contain toxic compounds in the 

skin. Studies of anaerobic digestion of citrus waste showed that it gave a collaps to the 

system, because of the limonene, as citric oil presented in the waste, which inhibited the 

process.   

In general waste obtained from the food industry is very good for biogas production and 

also the nutrients can be utilized and go back to soil when using the digestate residue as 

fertilizers. 

Additionally biosludge from waste water treatment plants can also be used as a substrate 

for biogas production, it already contains bacteria that initiate the digestion process. The 

VS is around 50 %, because it has previously been decomposed.  From the pulp- and 

paper industry it is best to use the bio sludge when most of the waste contains fiber for 

biogas production. 

5.2. Co-digestion 

 

Co-digestion is a process there two or more substrate are treated together in a homogenous 

mixture.  By mixing different substrates the digestions process can be improved due to a 

more optimal nutrient, minerals and  trace element composition  a more effective and 

stable process can be achieved. This is often also more economically beneficial saving 

transportation costs and due to the utilization of the digester volume more effectively, and 

due to the optimized composition of the mixture it can  sometimes solve technical 

problems in the process, such as pumping and stirring. The biofertilizer could also get a 

better quality, with a better nutrient composition. 
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This work will focus on the production of biogas, using algal biomass, sewage sludge and 

coffee grounds in an anaerobic co-digestion system. The main goal of this study will be to 

investigate the feasibility of combining these fractions. Two different types of algae were 

employed; Chlorella vulgaris and Scenedesmus sp.  

 

Sludge from municipal wastewater treatment plants is widely used as a substrate. It is rich 

in nutrients and has high carbon content which can help to prevent chances of 

accumulation of ammonia. It also helps to facilitate the digestion to produce biogas more 

rapidly since the sludge consists of activated microorganisms.  

 

Algae are can be a desirable substrate in several aspects, it belongs to the third generation 

biofuel, low impact for environment, and it does not use arable land to grow. Algae are 

easy to grow and cultivate since they only require sunlight, carbon dioxide and water.  It 

has high level of volatile solids and high content of lipids, which are desirable for biogas 

production. 

 

Coffee ground also has high level of lipids which is a good feedstock for the biogas 

production. The motivation to use this substrate in the co-digestion is that it is just a waste 

today, every company and household have this waste. Instead of burning this high energy 

waste, it is better to use anaerobic digestion.  
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Figure 8: Algae, sewage sludge and coffee ground 
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5.3. Coffee grounds 

Attempts with coffee grounds to produce have been made, for example at the University 

in Glamgoran (Wales) in 1994. The results showed that coffee grounds had a high level 

of lipids and low contents of hemicellulose, lignin, proteins and ash. The results indicated 

that the biogas could be produced from coffee grounds, the reduction of volatile solids 

was 58 %, but system stability over the long term was a concern. (Dinsable et al., 1995). 

 

In another study undertaken in 2008 between Universities in India, Brazil, North Ireland 

and France, the result demonstrated that coffee grounds could contain constituents, e.g. 

caffeine, that have could have an effect on the degradation process and, hence, the 

production of biogas. The process should work better if it is possible to eliminate the 

caffeine prior to anaerobic digestion. They have concluded that to use a chemical or a 

physical method to remove the caffeine will however be too costly (Pandey et al, 2000; 

Kondamandi et al., 2008). 

 

A recent study, not experimental, was conducted at a company in Sweden, Ericsson in 

Solna (Fors, 2013) there coffee ground was investigated as substrate for biogas 

production or as fuel for a heat plant. 100 tonnes of coffee ground waste from coffee 

machines is produced at Ericsson every year and according to this study, this could result 

in a production of 16 500 Nm
3
 biogas if using anaerobic digestion. The content of energy 

in this case is 163 MWh while by incinerating 100 tonnes of coffee ground will give 

343,5 MWh heat.  

 

This study has also showed that coffee ground has high content of lipid, low content of 

protein and ash. Expect that one car is driving around 25 000 kilometer in one year and 

need 7 Nm
3
 biomethane as fuel a day, which results in that the produced gas can serve 6 

cars a year just by just using coffee ground from 100 tonnes  (Fors, 2013). 
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5.4. Algae 

All over the world, the scientists and the politicians are trying to find solutions to 

decrease the emission of carbon dioxide. The algae have a large availability In nature, 

and are very good for the climate. have a low low impact in the food markets when it Is 

used as raw material for fuel produced. There are more than 30 000 different algae 

species available. (Avfall Sverige, 2009). The algae only need sunlight and carbondioxide 

to live. The algae cultivating industry is growing very fast especially in Japan, USA, 

India and China, producing more than 10 000 tonnes yearly, mostly in open ponds. 

However, harvesting the produces algae is still a big challenging issue. The problem 

today is to harvest the algae in an effective way. 

 

But the positive thing is that the algae grow very fast and it is very simple to cultivate. 

The high lipid content in its biomass makes algae an excellent feedstock for the 

production of biogas, because lipid content has the greatest influence on the amount of 

methane produced, followed by the the protein and then carbohydrate contents (Sialve et 

al., 2009). The high content of volatile solids (VS) also makes it ideal for anaerobic 

digestion (Prajapati et al., 2013). In several studies when the algae were used it was 

shown that the carbon to nitrogen ratio was too low, below 10, which is not favorable in 

the anaerobic digestion process. So co- digestion is good way by adding a substrate with 

high organic carbon content.  

 

The main advantage of using microalgae as a feedstock for anaerobic digestion lies in 

their ability to grow and replicate at faster rates along with the possibility of cultivation 

on non-arable lands. Chlorella Vulgaris is a unicellular green microalga that produces 

substantial biomass, rich in starch and lipids, for growing the algae it is only requiring 

conditions of nitrogen, phosphorus and other minor nutrients in the presence of light and 

carbon dioxide. The Scenedesmus Sp. is widely used in wastewater treatment and is very 

fast growing algae.  

 

Recent investigation has shown that algae have a good potential as a source of organic 

substance in anaerobic digestion. The problem with overproduction of algae due to acidic 

pollution is increasing very rapidly worldwide. The of course will disturb the natural 

environment in water, but also affects the tourism and recreation.   
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Despite some limitations of utilization of algae biomass of anaerobic digestion, it is 

conducted from several studies that algae is a good alternative as a organic substance. 

Algae also have the capacity to take up carbon dioxide, which is a green house gas, from 

the atmosphere during photosynthesis. The biomass grows at a higher rate compare to 

other crops. Algae can also grow in different water sources both in the ocean with saline 

water, or in a lake with fresh water or in wastewater. So algae have a lot of advantages 

compared to other energy crops.  

 

In this report two different microalgae were used, namely C. vulgaris and Scenedesmus 

Sp. Both of them were grown in a lab-scale photo reactor.  These two were used because 

it was easy to cultivate and because of their robustness. These microalgae were collected 

and were concentrated by centrifugation.  Scenedesmus Sp has a rigid cell wall. 

 

 

 

 

Figure 9: Scenedesmus 
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Figure 10: C. Vulgaris 

 

 

5.5. Sewage sludge 

Anaerobic digester sludge (ADS) was taken from the wastewater pilot plant from 

Kingston West WPCP (Water Pollution Control Plant), a full-scale anaerobic digester 

located in Kingston, Ontario, Canada. ADS was used as the inoculum to facilitate the 

process of biogas production, which generally occurs when there are activated 

microorganisms already present and acclimatized to the sludge.  

 

Sludge is a widely used substrate for biogas production; since it is rich in nutrients and a 

maximum possible conversion of organic components into biogas can be achieved. 

Carbon-rich co-substrates, such as sludge can be introduced into algal anaerobic digesters 

to increase the C/N ratio and to reduce the chance of ammonia toxicity (Yen and Brune, 

2007). 

 

Thus, co-digestion with different substrates appears to represent a promising approach in 

the optimization of the process and improving the yield of anaerobic digestion. The 

purpose of co-digestion is primarily to increase the ratio between carbon and nitrogen, 

C:N, in order to avoid ammonia inhibition for the methane microorganisms.(Bharti et al., 

2009). 
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A lot of earlier studies used sewage sludge in co-digestion process to enhance the biogas 

production. Instead of just use sewage sludge, co-digestion has been shown to increase 

the efficiency of biogas production.  

 

  

 

 

Figure 11: Sewage sludge  
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6. Research Objectives 

 

AD is a very old technique and the study of algal systems for energy production was first 

introduced in 1955 (Meier,1955). The technique has relatively small environmental 

impact and has the potential for high energy recovery. Anaerobic digestion has long been 

practices as an efficient technology for bioenergy generation from various wastes such as 

agricultural residues, municipal wastes and industrial effluents. The comparatively higher 

volatile solids (VS) content and favourable biochemical (lipid, protein and carbohydrates) 

composition of algal biomass makes it an ideal substrate for anaerobic digestion 

(Prajapati et al., 2013). By co-digestion the ratio between carbon to nitrogen, C:N,  will 

be increased. This will prevent development of ammonia, and help to carry out the last 

step in the digestion through the methane producing microorganisms. 

 

The main goal of  the present study was therefore to examine the co-digestion system 

using sewage sludge, algae and coffe grounds as susbtrates in different combinations. The 

main objectives were as follows: 

 

1) To understand the fundamentals of anaerobic co-digestion processes.  

 

2) To examine the biogas production as a result of algae, sewage sludge and coffee 

ground co-digestion.  

 

3) To harvest two different strains of microalgae.  

 

4) To identify and assess substrate mixing ratios to produce the optimum biogas 

production. 

  

5) To monitor changes in pH, COD, total Nitrogen, volatile solids (VS) and total solids 

(TS) at mesophilic temperature, 37
o
C.   

 

6) Perform bench-scale batch single-stage anaerobic co-digestions.  

 

7) Determine whether the co-digestion of algae with municipal sludge can improve the 
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yield of biogas from anaerobic digestion. 

 

 

7. Preparation before starting biogas production 

Completed Courses: 

 

Health and Safety in Civil Engineering Research 

 

This non-credit course consisted of a general introductory lecture and modules on:  

(i) specimen & experiment fabrication, (ii) chemical & biohazard safety and (iii) field 

research, as they relate to safety procedures.  

 

 

WHMIS (Workplace Hazardous Material Information) 

 

WHMIS Course was mandatory training before gaining access to laboratory.  This is a 

legal requirement for employees who may be exposed to hazardous materials in the 

workplace. The course was a guide through all aspects of the workplace, which also 

included information about MSDS (Material Safety Data Sheets) classifications. The 

training course explained in detail all risks you have to know about to work safely in the 

lab. After completing this course there was a test before get WHMIS certificate. 

 

Biohazardous Level 2 

 

The Queens University Biohazard Committee requires that all personnel have both 

general and laboratory-specific training in the handling of biohazardous material.  

If you work in laboratory with a Level 2 designation, you have to write a Level 2 

Biosafety Quiz and pass with a satisfactory grade of 80%+, to obtain a Queen´s Biosafety 

Level 2 Certificate. The Quiz was based on Biosafety Cabinets, and the entire Biosafety 

Manual.  
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Biohazardous Level 2 Application 

 

Before install the lab, my supervisor and I were required to write a laboratory-specific 

application to use biohazardous material. To obtain a permit and approval from the 

Queen’s Biohazard Committee prior to initiating work with the material. This included 

filling in a biohazard permit application form, a list of biohazardous materials, and a risk 

assessment and risk mitigation statement and later an inspection, by two members of the 

Biohazard Committee, of the physical set up and operational practices in the laboratory.  

 

Literacy overview 

 

I have received training in literature and library resources, as well as database and 

literature search methodologies at the Engineering Library of Queen’s University for the 

purpose of extensively surveying the research literature on my research topic. I received 

individual training with the designated Civil Engineering librarian; the topics covered are 

outlined below. 

 

 Overview of electronic handbook collections: Knovel , EngnetBase, 

and  SpringerLink 

 Use of Indexing databases: Compendex, Web of Science 

 Overview of specialised collections in Civil Engineering: ASCE Research Library 

 Use of citation Management software: a demonstration of Zotero as an open 

source tool.  

 

Field Work Safety 

 

Learning outcomes of this module dealt with safety information and advice relating to 

work in the field with a special emphasis on Off-Campus Safety Policy (OCASP) forms. 

 

http://www.knovel.com/
http://www.engnetbase.com/
http://www.springerlink.com/books/
http://proxy.queensu.ca/login?url=http://www.engineeringvillage2.org/controller/servlet/Controller?CID=quickSearch&database=3
http://proxy.queensu.ca/login?url=http://isiknowledge.com/wos
http://proxy.queensu.ca/login?url=http://www.ascelibrary.org/
http://www.zotero.org/
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In lab preparation: 

 

How to measure the amount of methane gas 

 

I had to select a method to measure the amount of methane and carbon dioxide produced. 

I had no access to a gas meter. After a lot of research, I chose to use the method of water 

displacement, by simply using a burette with water and a tube from the biogas.  When the 

gas pushes the water and replaces the water, it is easy to read the change in volume. The 

volume of displacement will be the exactly the amounts gas. But because carbon dioxide 

in the biogas dissolves in water, I used ferrous sulphate to make it slightly acidic, around 

pH 3. This allowed me to measure the amount of methane produced every day. 

 

Gas Chromatogrphy (GC) 

 

I received a lot of training and practiced a lot on the GC. The method of Chromatography 

is based on that substances have different affinities between the mobile phase and 

stationary phase, because of several reasons; relative solubility, adsorption, size or 

charge. I also decided what detector to use, TCD detector. It is a PerkinElmer Clarus 680 

GC. I also practice the approach to develop a reliable calibration curve.  

 

 

 

Figure 12: GC 
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8. Methods  

The algae species Chlorella vulgaris and Scenedesmus Sp., was harvested in the lab at 

Queen’s University. The wet algae paste is highly perishable and needs immediate 

processing to get the valuable products out of it. Alternatively, it can be frozen and then 

freeze-dried. Before using, the algae were grinded and drained in order to reduce its size 

and remove the water.  

 

For laboratory studies, it is usually more common to apply bench-scale batch digester 

testing. Batch reactors have been used by many researchers to study the basic 

characteristics of the anaerobic digestion of various wastes. In this study, therefore batch 

reactors were also used. This is a good and easy way to compare the digestions rate and 

reaction contents of co-digestion of algae and sewage sludge. 

 

For most industrial and research projects, digestion occurs initially in at mesophilic 

temperature range 30-38
o
C, and then when conditions have reached an equilibrium, 

testing at thermophilic temperature can take place. Therefore, for this research a 

mesophilic temperature range was employed to determine the best mixture of algal 

biomass and sewage sludge.   

 

The inoculum (I) used for initiating the digestion was anaerobic digester sludge (ADS) 

from the mesophilic anaerobic digesters at the Cataraqui Bay Wastewater plant in 

Kingston (Ontario, Canada). It was necessary because it accelerated the digestion process, 

as it already had acclimated microorganisms responsible of the biological reactions. The 

Wastewater plant in Cataraqui Bay was operated at 37°
 
C, which was also the temperature 

used for the incubation of the samples. The collected amount was frozen to preserve its 

characteristics. 

 

From the literature, some studies used 135 mL serum bottles with 75 mL biomass addition 

(Gunaseelan, 2004), and another used 250 mL serum bottles capped with natural rubber 

sleeve stoppers with a total volume of 100 mL inoculum and organic wastes, (Isci and 

Demirer, 2007) to examine the biogas potential of cotton waste, or 2 L glass bottles with a 

thick rubber septum were used as the reactors with 100 mL diluted (10%) organic waste 

and 400 mL inoculum in the work by (Hansen et al. 2004). 
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For the anaerobic digestion conducted in this study, glass bottles with rubber septa were 

used as the reactors, the volumes of the bottles were 250 mL in volume. Initially, a 

mixture of inocula and substrates (based on S/I- ratio) was transferred in to 250 mL 

septum top glass bottles. The inocula amount was fixed. The amount of substrates and 

water inside the reactors was calculated based on concentration of volatile solids of each 

sample. This left a headspace volume of 50 mL. The amount of sludge was the same in all 

bottles. Bottles with inoculum only (without substrate) were used as controls. All bottles 

were flushed with high pressure N2 gas for 30 seconds prior to sealing to ensure anaerobic 

conditions in all bottles. The flushing method was modified from the methods of Owen et 

al. (1979) and Hansen et al. (2004). The bottles were incubated in a VWR incubator under 

controlled temperature at 37º C and stirred with a magnetic stirrer.  

 

It is important to consider the organic waste loading rate to the anaerobic digester. This is 

critical for gas production. The characteristics of the organic substance and inocula can 

vary considerably (Gelegenis et al., 2007). Hence, it is important to determine the ideal 

ratio of substrate (S) to inoculum (I) or I/S ratio. Chynoweth et al. (1993) pointed out that 

I/S ratio of 2 may be required for maximum methane production. The best ratio between 

I/S were 2:1 in the study of anaerobic batch experiments were a mixture of microalgae 

and sewage sludge was investigated (Dererie et al., 2011).Therefore, in all experiments 

conducted in this study, the inoculum was added in a two-to-one ratio with the substrates 

based on volatile solids (VS), for all co-digestions. Each experiment was performed in 

duplicate. 
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Figure 13: Coffee ground 

 

 

 

Anaerobic digestion was operated for 30 days and then assumes to be at steady-state at 

that time. Biogas samples were collected from the headspaces of the bottles. As 

previously noted, the method of water displacement was employed.  
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8.1.  Liquid displacement gas measurement  

Most of the work in the laboratory to measure gas volume use method based on liquid 

displacement gas measurement. Because this method is simply constructed method with 

equipment like plastic or glass cylinder. To use liquid displacement for gas measure there 

is almost no need for maintenance over long period, it is very simply and cheap. In this 

experiment the liquid was slightly acidic water. The lower pH prevent the methane gas to 

dissolve in the water. 

 

The volume is measured by the amount of space the gas takes up. To simply use a 

cylinder to see how much the gas pushes the water out of the way. The water level 

increases in the cylinder compared from start point, it will show the amount of gas 

produced. 

 

In co-digestion experiments, different parameters can influence biogas productions, such 

as pH both initial and final, total solids (TS), volatile solids (VS), and chemical oxygen 

demand (COD), therefore these must be assessed during the experiments.  

 

Table 1 below shows all the mixture contents, all based on VS. All mixtures were 

examined in duplicate. 

 

 

Table 1: Mixtures 

Mixture number: 

 

Sewage sludge  

(%) 

C. Vulgaris 

(%) 

Scenedesmus 

Sp. (%) 

Coffee ground 

(%) 

1 67 16 0 16 

2 100 0 0 0 

3 67 0 16 0 

4 67 33 0 0 

5 67 0 0 33 
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8.2. Pre-treatment 

Pre-treatment can be introduced for different reasons, depending if you need to pump the 

substrate or because of the stirring during the digestion or just give the substrate better 

contact area with microorganisms to make its degradation much better. Some substrates 

also need some kind of thermal or themical treatment. But pre-treatment also include 

separation of unwanted materials such as plastics, sand, glass, branch etc. Mechanical pre-

treatment is important as it reduces the size of the particles; hence, making the substrate 

more readily available for the anaerobic digestion process leading to more biogas 

production, as it makes the accessible surface area bigger. Some substrate also need to 

hygienize before the anaerobic digestion starting. 

Pre-treatment techniques would be beneficial to enhance anaerobic digestion using algal 

biomass with sludge and coffee grounds for all experiments, I used a mechanical method 

of pre-treatment, which is both cost-effective and better for the environment (Li, 2012). 

All substrates were grinded in a mortar and pestle. 
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Figure 14: Show the tube of nitrogen that was used to make the flasks anaerobic.
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Figure 15:  Show the flasks with the rubber stopper. 
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9. Algae cultivation and harvesting 

 

Chlorella vulgaris is a very small microalga. It grows quickly and it is relatively easy to 

cultivate. It is also a well-researched and well-known microalga. The figure 16 shows 

these microalgae. 

 

 

 

Figure 16: Chlorella Vulgaris 

 

 

C.vulgaris has been shown to exhibit a high methane yield.  In the literature, methane 

yields in the range of 0.63-0.79 L CH4 per g VS were reported (Sialve et al., 2009). 

Besides carbon, nitrogen, and phosphorus which are major components in microalgae 

composition (Singh and Olsen, 2011), oligo nutrients such as iron, cobalt and zinc are 

also found (Grobbelaar, 2004) and are also known to stimulate methanogenesis (Speece, 

1996). Algal biomass has a high content of volatile solids and good biochemical 

composition (lipid, protein and carbohydrates), which is perfect for anaerobic digestion. 
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9.1. Cultivation of algae 

 

The picture below shows the algae cultivation in the laboratory at Queen´s University. 

 

 

 

Figure 17: Algae cultivation at Queen´s University 

A 2 L chemostat was utilized to grow Chlorella Vulgaris under continuous illumination 

in the Civil Engineering Laboratory at Queen’s University under the following cultivation 

conditions: 24-hour using cool fluorescent lighting and 2.5% CO2 and atmospheric 

pressure. In order to prevent the unwanted or premature settling of the algal biomass, 

mixing was providing using continuous mechanical stirring (stir bar). After two weeks, 

the stirring was stopped and the algal biomass was allowed to settle by gravity settling 

prior to harvesting.  
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Culture medium: Bold´s Basal Medium (modified).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Stock solution 

 

This medium is considered to be highly enriched and is recommended for the cultivation 

of many green algae. The modified recipe employed in this study is outlined below in 

table 2 shows the stock solution and table 3 the trace metal solution (Stein, 1980). 

 

 

Trace metal solution Concentration 

Substance g/L 

H3BO3 2.86 

MnCl2.4H2O 1.81 

ZnSO4.7H2O 0.22 

Na2MoO4.2H2O 0.39 

CuSO4.5H2O 0.079 

Co(NO3)2.6H2O 0.0494 

 

Table 3: Trace metal solution 

Reagents Concentration Amount added per L of solution 

KH2PO4 8.75 g/500 mL 10 mL 

CaCl2.2H2O 12.5 g/500 mL 1 mL 

MgSO4.7H2O 37.5 g/500mL 1 mL 

NaNO3 125 g/500 mL 1 mL 

K2HPO4 37.5 g/500 mL 1 ml 

NaCl 12.5 g/500 mL 1 mL 

Na2EDTA.2H2O 10 g/L 1 ml 

FeSO4.7H2O 4.98 g/L 1 mL 

KOH 6.2 g/L 1 mL 

FeSO4.7H2O 4.98 g/L 1 mL 

H2SO4 concentrated 1 mL 

Trace Metal solution   1 mL 

H3BO3 5.75 g/500 mL 0.7 mL 

F/2 Vitamin Solution   1 mL 
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F/2 vitamin solution 

 

1. Vitamin B12 

(Cyanocobalamin) 

2. Biotin 

Tap water medium having pH 6.8 

 

Photoperiod: 24 hrs.  

Temperature: Room temperature  

mixing: Facilitated by stir at 500 rpm, and aeration 

 

9.2. HARVESTING PROCEDURE 

1L of mature microalgae culture (settled culture) was removed or harvested from the 

chemostat. The optical density was measured using a wavelength of 680 nm (OD680).  

Labelled (batch number and date) 50 mL Corning Centrifuge Tubes were used to 

centrifuge the culture for 10 min. All tubes were immediately stored in the refrigerator at 

4
o
C.  

After harvesting, the algal biomass was dried overnight at 65°C–70°C and ground using a 

mortar pestle to make a fine powder in preparation for analyses. The volatile solids (VS) 

and ash content of the algal biomass were determined through standard methods, (APHA, 

1995). 
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Figure 18: The setup in the incubator
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Figure 19: Me in the laboratory, harvesting algae. 
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10. Analysis 

Standard methods were used to analyze the pH, TS, and VS, all of the measurements 

were analyzed in the laboratory at Queen´s University (APHA, 1995). The equipment for 

pH was Fisher Scientific XL60 and for TS/VS was QL, Quincy Lab Inc. Model 20. After 

the digestion, the pH was measured, see table 4, which should be optimal bacterial growth 

conditions for biogas production. See table 5 for TS and VS before digestion. 

Except for the nitrogen and phosphorous, several trace elements are needed for the anaerobic 

digestion. Like iron, cobalt and nickel. These were not included in this report. 

 

 

10.1. pH 

pH is a factor that is very important and has a big influence on the fermentation to 

produce biogas. The most favorable pH is around neutral, pH 7. The last step in the 

anaerobic digestion, the methanogenic bacteria are very sensitive to pH fluctuations 

above and under 7. Which is the step producing methane gas. 

Table 4: pH after digestion 

 

 

10.2. Nitrogen Analysis 

Nitrogen measurements were performed using a Hach method as Nitrate as Nitrogen 

Standard. The samples were digested with the appropriate reagent for 30 minutes and 

then analyzed using a spectrophotometer; DRB 200 Nitrogen is a very important nutrient 

in biogas production. The nitrogen content for algae; C. Vulgaris was 2.1 g/kg, and for 

Scenedesmus Sp. 1.2 g/kg. The nitrogen content of the coffee grounds was 0.9 g/kg, while 

the sewage sludge and nitrogen content of 1.8 g/kg. Which also means it is low amount of 

ammonia, which is good when ammonia inhibit biogas production. 

 

Column1 Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5

pH 5.1 7.7 7.1 7.8 5.1
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10.3. Ammonia 

In a water solution ammonia is always in equilibrium with the ion of ammonium (NH₄⁺).  

Depending on the temperature and pH the equilibrium will shift to one direction. High 

protein content in the substrate gives high content of ammonia in the digester, which also 

high for fertilizer. With higher temperature, for example in thermophile ( 55°C), it is 

more ammonia, which is even more toxic for the methanogenous bacteria. But sometimes 

the bacteria could get used to the environment.  

The ion as ammonia is not as toxic for the microorganisms in the anaerobic digestion as 

the ammonia. The equilibrium between ammonia and ammonium can be determined by 

factors as acidity, pH and temperature.  The equilibrium can shift to ammonium if the pH 

is higher or the temperature is higher. This will result in a toxic environment for the 

bacteria and lower the gas production or kill the microorganisms. This will of course give 

no methangas at all. 

 

 

 

10.4. Alkalinity 

This measure the capacity of buffering that is how good the process is to neutralize an 

acid to avoid low pH. Manure and sludge are substrates with high alkalinity.  
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10.5. Total Solids and Volatile solids 

 

The total solids (TS) and volatile solids (VS) are determined for all substrates. The 

alumina dishes, crucible, were weighted before putting into the oven with the 

different samples. All samples were drying in 105°C in 24 h. Dishes were weighed 

(A) then the sample was added and the dish was weighed again (B) to provide the 

mass of wet sample (B-A). Then the sample was placed in the oven at 105°C After 

this time the crucible and dried samples were weighed (C) and the dry mass of the 

sample was obtained (C-A). The crucible and samples were then ashed in a muffle 

furnace at 550 C for 20 minutes. The samples were then allowed to cool to room 

temperature in a desiccator for 10 minutes, and a final weight was recorded (D) to 

provide the ash content (D-A). The percent total solids (TS) and volatile solids (VS) 

contents were of the samples were then computed using Equations 2 and 3 

respectively. The moisture content could be obtained by computing the difference in 

weight between the wet sample (B) and the dry sample (C), with the % moisture 

content calculated based on Equation 4 (B-C)/B*100%.They were all weighed to 

determine the percent of total solid (TS). To determine the Volatile Solid (VS) they 

were put into the furnace in 550°C for 45 minutes. After cooling in a desiccator to 

room temperature, they were weighed. (APHA, 1995) The higher volatile solids the 

more organic material and higher ability to produce biogas.  

 

A=Weight of crucible (g) 

B= Weight of sampling before drying (g) 

C= Crucible and dried sample (g)  

D= After ashing weight (g) 

 

The results from the total solids (TS) and volatile solids (VS) are shown in Table 4 

below, every sample were in duplicates.  
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Table 5: TS and VS 

Sample  A B C D 

TS 

 (%) 

VS  

(%) 

1 (algae) 1,01 10,68 1,56 1,12 5,68 4,51 

2 (algae) 1,00 11,48 1,61 1,12 5,83 4,64 

3 (coffee ground) 0,98 2,91 2,25 0,99 65,98 65,15 

4 (coffee ground) 1,01 2,73 2,14 1,03 65,89 65,02 

         (mg) (mL)  (mg)  (mg) 

 

  

7 (sewage sludge) 58,66 10,00 58,75 58,68 50,80 10,30 

8 (sewage sludge) 43,10 10,00 43,18 43,12 50,90 11,10 

 

 

10.6. Chemical Oxygen Demand (COD) 

COD was determined using colorimetric method and the use Hach Method 8000 in the 

range of 20-1500 mg/L, by using Hach vials. Briefly, 2 mL of sample, standard, or 

diluted sample were pipetted into a Hach high range COD reagent vial, inverted, and 

digested for 2 hours at 150°C. Once the temperature had cooled to 120°C, the vials were 

removed from the digester, inverted one time, and allowed to cool to room temperature. 

Optical density readings were measured with a spectrophotometer at 620 nm. 

 

 

10.7. C/N ratio 

 

The optimal ratio between carbon and nitrogen should preferable be 20-35. If the ration is 

below this range, it means that the substrate has high protein content and nitrogen content 

is high. This will result in releasing of more free ammonia development, which is toxic 

for the microorganisms producing biogas. 

(Samson and Leduyt, 1986). 
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Table 6 shows the C:N ratio of the different substrates. 

Table 6: C:N ratio 

Substrate: 
(%) VS/TS Total COD Total-N Ratio 

 
(g/kg)  (g/kg) COD/N 

1 (C.Vulgaris) 
0.79 

 
13 2,1 6.2 

2 (Scenedesmus Sp.) 
0.73 

 
7 1,2 5.8 

3 (Coffee ground) 
0,98 

 
18 0.9 20.0 

4 (Sewage Sludge) 0.19 17 1,8 9.4 
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11. Result and Discussion  

The biogas potential was estimated from five different mixtures, in different 

combinations and all in duplicate. From table 1, it is shown how all mixtures were set up. 

They were all in mesophilic temperature, at 37˚C, and progress in an anaerobic digestion 

environment. All setups were in I/S ratio 2:1, based on VS. The first and the fifth mixture 

was co-digestion with coffee ground and sewage sludge, but to the first one the alga 

C.Vulgaris was also added. Furthermore, to the third setup the alga, Scendesmus P was 

added to the sewage sludge. The fourth mixture was co-digestion with sewage sludge and 

C.Vulgaris, and the second one was only sewage sludge as a reference, for comparison. 

Table 7: Mixtures 

Mixture number: 

 

Sewage sludge  

(%) 

C. Vulgaris 

(%) 

Scenedesmus 

Sp. (%) 

Coffee ground 

(%) 

1 67 16 0 16 

2 100 0 0 0 

3 67 0 16 0 

4 67 33 0 0 

5 67 0 0 33 

 

Table 6 shows the different carbon to nitrogen ratios for all substrates. It indicates that 

coffee ground has a very high ratio of C:N above 20.  Hence, the co-digestion with coffee 

ground would help to balance the C:N ratio and prevent ammonia accumulation, which in 

turn will result in an increased biogas production. 
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Figure 20: Accumulated biogas production obtained under 30 days of digestion 

 

The biogas production started for all mixture after approximately 5 days (Figure 20). The 

algae (Scenedesmus Sp.) combined with sewage sludge appeared to provide the best co-

digestion mixture and yielded the highest biogas production, of 289.6 mL accumulated 

under 30 days; see table 8 and Fig 20. Also mixing the sludge with C.Vulgaris gave a 

promising yield of 209.2 mL for 30 days. Addition of algae to the sewage sludge 

improved the production of biogas by up to 75%, especially in case of adding 

Scenedesmus Sp. Since the C/N ratio was still quite low for these mixtures it was 

advantageous to conduct the digestion at the mesophilic range instead of, thermophilic 

one, as the high content of protein in the substrates could lead to higher releases of 

ammonium at higher temperatures, which is toxic for the methanogens (Samson and 

Leduyt, 1986). On the other hand the blending of sewage sludge together with indicates 

that the mixing with coffee ground was not a favorable blend. All mixes except the 

mixtures with coffee ground were in a neutral pH- range. It was a significant decrease of 

pH with coffee ground. The reason could have been overloading; too much substances, 

but not in this case, when all mixes had the same VS. More likely, there were inhibition 
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substances, acids that were accumulated from previous steps to methanogenesis. 

The C/N ratio was very high for coffee ground although the biogas production was low. 

The reason could be the low content of protein in coffee ground. Another explanation 

could also be the compact mixture when blended coffee ground to other substrate. The 

bacteria had too little area to play in and to enter into the mixture. Some toxic substances, 

like detergent, pesticide and heavy metals can inhibit the process. In this case it could 

also have to do with the caffeine in the coffee ground, which could inhibit the production 

of biogas. This caffeine might have a negative influence on the microorganisms, even 

though the concentration is low.  

 

Recent and earlier studies have shown that co-digestion increase the anaerobic digestion 

process, for example with sludge, oil- grease, different waste food, algae, papers etc. This 

increases the content of carbon and increase the carbon to nitrogen ratio, which inhibit the 

chance to of ammonia toxicity. 

The gas yield could increase as much as 50 percent by co-digestion, from the report by 

Yen and Brune the co-digestion of algae and waste paper increase by double because of 

the high carbon content and the very active microorganisms. 

 

The co-digestion of microalgae and sludge was previously investigated in several studies 

showing an enhanced biogas production. Previously study by Samson & LeDury (1986) 

obtained over 4 times more biogas production by adding algae to the sewage sludge, 

compared to that from just sewage sludge. These results are in accordance of those 

obtained in the current study. In contrast, there are also studies found in the literature 

which show that the addition of the algae does not enhance the biogas production. Wang 

et al, (2013) explain this with the fact that the cell walls in algae are very hard, making 

the degradation difficult. So in that case it is more suitable to introduce a pre-treatment, 

using chemicals or heat. 
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Table 8. Accumulated biogas production in mL obtained along the 30-day long digestion 

period 

 

Day Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5 

5 7,5 15,9 21,7 22,4 0 

7 15,5 48,4 34 66 14 

9 25,5 60,9 57,1 88,5 20,6 

11 27,8 69,3 100,1 114,2 24 

12 29,4 90,3 141 141,4 28 

14 31,25 97,3 164 165,1 33 

16 31,25 99,4 186,7 172,2 47,1 

18 31,25 101,9 209,1 180 51,1 

20 31,25 103,9 231,1 188 54,9 

22 31,25 104,9 250 197,1 58,8 

24 31,25 104,9 268,6 201,1 59,8 

26 31,25 104,9 276,1 204,1 60,8 

28 31,25 104,9 283,1 206,4 61,8 

30 31,25 104,9 289,6 209,2 61,8 

 

 

Several studies report that a mixture of substrates in the fermentation will improve the 

production of biogas compare to that using just a single substrate. This was proved by the 

results obtained in this study as well. However, not all of the mixtures showed an 

improved effect, since the addition of coffee ground to the sludge caused inhibition 

resulting in lower gas production than that of the sludge alone. In coffee ground the 

presence of tannin and caffeine could have a severe effect on the anaerobic digestion. It is 

reported that both of these substances had a repressive effect on the digestion process 

(Pandey et al, 2000; Kondamandi et al., 2008). Also the amount of coffee ground used in 

the mixture should be investigated further to be able to determine the inhibition effects in 

the biogas reactor more carefully. Additionally, the option of introducing a suitable pre- 

treatment step when using the coffee ground as substrate for biogas production is worth 

to evaluate.  
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From previous attempts investigating biogas production from sludge alone the 

accumulated ultimate volume potentials of biogas was between 188 to 214 mL/gCOD 

obtained in batch assays (Atals.S et al., 2013).  

Results from this experiment show that we was not able to obtain the maximum biogas 

potential from sludge. However, the results also indicate that sludge with algae as co-

susbstrate can be beneficially utilized in a co-digestion process. 

 

Several microorganisms are interacting with each other within the anaerobic digestion, 

and their interplay is very important, so it is very difficult to identify the problems 

exactly.  However, typical disturbances can be like the presence/accumulation of toxic 

substances, (e.g. ammonia), temperature and pH changes, overloading, which is caused 

by the slower consumption of intermediary products by methanogens, than their 

production rate during the earlier occurring digestion steps.  

Some of the recommendations to prevent the system from these problems are good 

mixing, not too much organic loading, stable temperature and pH, well mixed finely 

divided substrate composition and control over the C/N ratio  (SGC 207, 2009). 
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12.  Conclusions and Future Work 

According to the literature higher ratio of carbon to nitrogen, i.e. 20 and above, is better 

for biogas production. But the conclusion of these experiments is that it is not always so. 

Several factors are influencing the biogas production process. Even though the coffee 

ground has a C:N ratio above 20 its co-digestion with substrate having lower C:N ratios 

were not optimal. The pH in the end of the digestion including coffee ground as susbtrate 

was around 5, which is indicating the accumulation of VFAs in the system, resulting in 

too low pH for the methane producing bacteria. The optimal has to be a pH around 7. The 

ratio of substrate to inoculum was too high when coffee ground was added to the system 

causing overloading. Also the consistence of the mixture was not optimal, it was too 

compact, which could cause problems. So for future investigations it is necessary to apply 

a stronger stirrer setup, the magnetic stirrer used during the present study could not 

achieve effective mixing. Additionally, lower amount of coffee ground should be 

introduced during co-digestion.  

 

Co- digestion can provide a lot of benefits to overcome problems in anaerobic digestion 

like, ammonia inhibition, and low biogas yields, also lacking of nutrients, instable pH and 

C/N ratio. Besides this it has economical benefits by providing the possibility to treat 

different substrate fractions together available on site. Moreover, it is easy to use algae as 

co-susbtrate, it is a promising substrate to consider, among others because it is cheap.  

 

However, the results of the present study showed that further investigations needed work 

it is preferable to calculate an approximate to see how the composition, i.e. the amounts 

of fat, carbohydrates and proteins, within the total mixture will effect the digestion. Both 

high protein and carbon content can generate long chain fatty acids which will lower the 

pH during the process. This is toxic for the microorganisms (SGC 200, 2009). 

 

The setup and the way to measure the amount of producing biogas used during this study 

was relatively simple aiming to find out which one of the mixtures investigated was the 

most optimal one. Hence for future work, it is recommended using this setup to test the 

best mixture compositions, before to go further in larger scales. 
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To make sure that the caffeine in the coffee ground will not inhibit the biogas production, 

it would be better to try with decaf coffee ground. The coffee ground is a promising 

substrate and should produce a lot more when utilizing it at the right conditions. This 

fraction is still a waste; hence when investigated further it can be a valuable raw material 

for producing biogas by anaerobic digestion in the future. 

 

Further research should also be performed regarding the utilization of the digestate 

residue as fertilizer.  

 

From an environmental perspective the biogas production give a lot of benefits. For 

example, to produce biogas from decay products and waste will lower the greenhouse gas 

emissions. But to increase the biogas production in the world different factors are 

important to consider, as energy supply and governmental goals. It has to be a political 

goal to support the development of biogas production. Meanwhile other alternatives 

should also be considered, for ex. coffee ground can also be utilized for biodiesel 

production, since the extraction of oil from coffee ground is possible. The produced 

biodiesel then can be utilized replacing the fossile diesel. The nutrients can go back to 

farmland closing the cycle.  
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