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Summary 

The world’s energy supply is still very dependent to the fossil fuel reserves (crude 

oil, coal, and natural gas). Fossil fuels undeniably provides high energy content and 

can be converted into diverse energy forms, such as electricity, heat, and transport 

fuels. Despite of its utility, dependence of fossil fuel has to be shifted to the more 

efficient and sustainable energy forms since the fossil fuel reserves are limited. 

Moreover, fossil fuel extraction, refinement, and usage requires processes that 

promote severe climate change. Fossil fuel based refinement and usage are mainly 

accomplished through combustion or fired at a high temperature process. When 

fossil fuels are combusted, some of the carbons in the fuels are converted into carbon 

dioxide and carbon monoxide. Carbon dioxide as well as carbon monoxide are few 

of many greenhouse gases that are reflecting back to the earth and cause global 

climate change. The rising temperature can melt the ice caps and flood countries, 

and on another hand can cause long drought on dessert lands. Not to mention the 

extinction of various species of plants and animals due to extreme climate change. 

As a steady renewable energy technology, biogas is a viable alternative to reduce our 

dependency to fossil fuels. Biogas potential can be improved through combining 

different types of substrate and inoculum, as well as through substrate pre-

treatments. This study aims to observe and explore the potential of marine 

macroalgae biomass as a promising new source in renewable energy technology. 

Previous studies [10, 13] discovered that mechanically pre-treated macroalgae or 

added waste paper resulted in higher biomethane potential up to 65%. In this study, 

the effect of the addition of waste paper and thermal pre-treatment of the biomethane 

potential yields using macroalgae as the substrate was tested. 

To assess the biomethane potential of macroalgae S. latissima and its co-digestion 

with waste paper, the study is conducted through a quantitative BMP test up to 25 

days of incubation. In the experiment, the ratio of 3 : 1 for gr VS inoculum : gr VS 

substrate is used. The substrate was pre-treated mechanically (blended) into slurry 

and thermally through pre-heating at high temperature (130°C, 45 minutes) before 

digested by the inoculum. In this study, it is expected to observe the effect of given 

thermal pre-treatment to the macroalgae substrate, in regards to addition of waste 

paper, how it can affect the biomethane potentials of the macroalgae. 

In the end of incubation period (at STP, 0°C and 1 atm), the highest cumulative 

methane yield of 260.91 ml CH4/gr VS substrate was achieved by the sample (Var – 

I), while the control has cumulative methane yield of 50.52 ml CH4/gr VS. 

Thermally pre-treated macroalgae resulted in lower BMP yields than the ones which 

were not thermally pre-treated (Var – II vs Var – I, respectively). On another hand, 

the thermally pre-treated sample with additional waste paper has higher cumulative 



  
 

 3 

BMP yield than the thermally pre-treated sample without waste paper addition (Var 

– IV vs Var – III, respectively). The results indicated that thermal pre-treatment 

might not effective to improve biomethane production from macroalgae, but the 

waste paper addition might have positive effect to the biomethane production 

increase.   

Through the experiment, the biomethane content higher than 80 % was able to 

achieved during the first week of incubation. However, the ANOVA t-test results of 

the methane volume and the BMP yields concluded that the thermal pre-treatment 

did not increase the methane yields significantly. The waste paper addition also did 

not contribute significantly to the produced methane amount. In this study, thermal 

pre-treatment might accelerate the biogas production but on another hand thermal 

pre-treatment also consumed more energy, in term of heat provision. Greater energy 

consumption in biogas production than the energy produced at the end of the biogas 

process results in energy loss, evident in the negative energy gain of the thermally 

pre-treated samples. 
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Abstract 

As a steady renewable energy technology, biogas is a viable alternative to reduce our 

dependency to fossil fuels and to prevent severe climate change. Biogas potential 

can be improved through combining different types of substrate and inoculum, as 

well as through substrate pre-treatments. This study aims to observe and explore the 

potential of macroalgae Saccharina latissima as a promising new source in 

renewable energy technology. The biomethane potential of macroalgae in mixture 

with additional substrate of mixed waste paper will be studied as a mean to improve 

the biogas yield. It will also compare the biomethane results of the macroalgae and 

the mixed substrate (macroalgae plus waste paper) exposure to non-thermal and 

thermal pre-treatment. 

In the experiment, the ratio of 3 : 1 for gr VS inoculum : gr VS substrate is used in a 

quantitative BMP test up to 25 days of incubation. The substrate was pre-treated 

mechanically (blended) into slurry and thermally through pre-heating at high 

temperature (130°C, 45 minutes) before digested by the inoculum. In the end of 

incubation period at STP (0°C and 1 atm), the highest cumulative methane yield of 

260.91 Nml CH4/gr VS substrate was achieved by sample in Var – I, while the 

control has cumulative methane yield of 50.52 Nml CH4/gr VS. Thermally pre-

treated samples resulted in lower BMP yields than the ones which were not 

thermally pre-treated. Through the ANOVA t-test of the methane volume and 

biomethane potential (BMP) yields, it is concluded that the thermal pre-treatment 

and waste paper addition only give little effect to biomethane production from 

macroalgae.  

 

Keywords : Biomethane potential, Macroalgae, Saccharina latissima, mechanical 

pre-treatment, thermal pre-treatment. 

 

 

 



  
 

 5 

Preface 

As our dependency to depleting fossil fuel keeps increasing over time, an alternative 

energy source from renewable material is greatly needed. Biomethane is one of the 

promising renewable energy technology for the future. The technology to improve 

biomethane quality are developing through time, with different substrates and 

production techniques. Utilizing biomass from the sea is one of the latest 

development in biomethane production. Nevertheless, the studies about its 

improvement are still limited. Stems from this idea, the thesis entitled “The effect of 

thermal pre-treatment and waste paper addition to biomethane potential of 

Saccharina latissima” was accomplished.  

It was one project about biomethane from macroalgae in Sweden conducted by my 

supervisor, Prof. Ulrika Welander, that interest me to do this research. This thesis 

report was written to fulfill the graduation requirements of the Bioenergy 

Technology Master Program at Linnaeus University Växjö, Sweden. I was engaged 

in researching and writing this thesis from February to May 2018. 

The project used algae Saccharina latissima from Seafarm project in Sweden and 

biosludge from Sundet wastewater and biogas plant in Växjö. My research question 

was formulated together with my supervisor, Ulrika Welander, who was also 

involved in the Seafarm project. The research was difficult, but through conducting 

extensive experimentation and literature studies, has allowed me to answer the 

question that we identified. Fortunately, both my supervisor and the biogas expert in 

Sundet, Anneli Andersson-Chan, were always available and willing to answer my 

queries. 

I would like to thank my supervisor and the experts in biogas production for their 

excellent guidance and support during this process. I also want to thank our 

laboratory supervisor, Charlotte Parsland, for her helpful advices during the 

research, my friend and lab-partner, Julie Farinacci, for all the discussions and 

supports during the research. Also to Alexander Jonsson, for his support and love. 

Last but not least, my parents deserve a particular note of thanks: your kind words, 

and thoughts and prayers, as always, served me well. 

I hope you enjoy your reading. 

Gadis Tandiyoputri 
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1. Introduction 

1.1. Background 

 

The world’s energy supply is still very dependent to the fossil fuel reserves (crude 

oil, coal, and natural gas). Fossil fuels undeniably provides high energy content 

and can be converted into diverse energy forms, such as electricity, heat, and 

transport fuels. Despite of its utility, dependence of fossil fuel has to be shifted to 

the more efficient and sustainable energy forms since the fossil fuel reserves are 

limited. IEA report from 2016 [1, 2] stated that the world’s total energy supply has 

been increased to 60 % from the 1970’s, with a direct proportional to the energy 

demand. The total energy demand increase rate from year to year is about 1.5 %, 

with a significant raise of electricity from 9 % in the 1970’s to 18 % in 2015. 

While the demand of fossil fuel keeps growing, it’s reserves are finite. The global 

fossil fuel reserves are predicted to run out in less than 200 years with the current 

consumption rate [1, 2]. Moreover, fossil fuel refinery and use promote severe 

global climate change. 

 

Before it can be used as an energy source, fossil fuel needs to be refined through 

combustion based refinement which required high temperature process. Gasoline, 

diesel fuel, wax, asphalt, and jet fuel are few of other petroleum by products from 

fossil fuel refinery. Fossil fuel use also required combustion to create energy. 

When fossil fuels are combusted or fired at a high temperature process, some of 

the carbons in the fuels are converted into carbon dioxide, carbon monoxide, and 

other green house gases. In the atmosphere, the greenhouse gases absorbs and 

emits radiant energy within the infrared range. Some of the gas could escape the 

atmosphere, while the rest is reflecting back to the earth. The existence of 

greenhouse gases in high amount within the atmosphere will emit more radiation 

to the earth and cause global climate change [3, 5]. The global climate change 

leads to the rising earth atmospheric temperature. When the global temperature is 

rising, it can melt the ice caps and flood countries, and on another hand can cause 

long drought other parts of the world. Extreme climate change can dramatically 

alter the habitats and ecosystems of plants and animals, leading to species 

extinction in the long run.  

 

One kind of sustainable energy forms is biomass, and the energy extraction from 

biomass can be obtained through either thermochemical or biochemical 

conversions. Thermochemical conversion relies on high temperature process and is 

suitable to extract energy from woody biomass. Meanwhile, the biochemical 

conversion use enzymes and microorganisms activity as a precursor to break down 

biomass and obtain energy. Biochemical conversion is suitable to treat frail 
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biomass (e.g. agricultural residues, wastewater, manure, etc.) into diverse energy 

forms, and one of them is biogas [3]. Biogas composed mainly of methane (CH4) 

and carbon dioxide (CO2) through the anaerobic digestion, a decomposition 

process of organic matter with the absence of oxygen. The anaerobic digestion 

process in making biogas encompasses sequential steps, that are hydrolysis 

(fermentation), acidogenesis, acetogenesis, and methanogenesis.  

 

Biogas potential can be improved through combining different types of substrate 

and inoculum [4], as well as through substrate pre-treatments and varying the 

growth parameters [5, 6]. To optimize the biogas potential, the process has to be 

efficient and sustainable. An efficient energy system has to suit the energy balance, 

meaning that the process to produce the biogas (consumed energy) does not exceed 

the energy product (produced energy) [7, 8, 9]. Former research shown that 

mechanical pre-treatment such as grinding or beating of macroalgae into smaller 

size could enhance the biogas yield in a more energy efficient method, as 

compared to thermal pre-treatments [10].  

 

The sustainability of the biogas production can be achieved through the utilization 

of renewable sources, or using waste material. One kind of potential substrate to 

make biogas is brown macroalgae such as Saccharina latissima that acclimatized 

and has been cultured in the North Sea [11]. Macroalgae have shorter cultivation 

period than other terrestrial energy crops, free from lignin, and enriched with 

degradable organic materials [5, 12]. However, macroalgae could have low 

number or carbon/nitrogen ratio (C:N ratio) compared to other energy crops, and 

low carbon concentration may reduce the biomethane quality during the process.  

In another hand, waste paper (office paper, newspaper, etc.) is a waste material that 

rich in carbon content and has been freed from lignin and hemicellulose. Previous 

research shown that the combination of waste paper with microalgae as biogas 

substrate could improve the biomethane quality [13], but it’s effect in combination 

with macroalgae has not been tested nevertheless. The effect of mechanical and 

thermal pre-treatments to the combined substrate are also interesting to study, as 

these pre-treatments may shorten the hydrolysis stage and enhance the biogas 

production. 

1.2. Purpose and objectives 

As a steady renewable energy technology, biogas is a viable alternative to reduce 

our dependency to fossil fuels. Its process utilize organic and waste materials, and 

concurrently provides a sustainable solution in domestic waste management. 

Macroalgae is a potential biomass resource as biogas substrate, due to its high 

energy content and its short cultivation rotation compare to other energy crops.   
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This study aims to observe and explore the potential of marine algae biomass as a 

promising new source in renewable energy technology. The biomethane potential 

of macroalgae in mixture with additional substrate of mixed waste paper will be 

studied as a mean to improve the biogas yield. In this study, the thermal 

pretreatment effect on the biomethane potential of the pure macroalgae substrate 

and mixed macroalgae substrate (with waste paper addition) will also be tested. 

The expected result is to obtain methane concentration up to or higher than 65% in 

the raw biogas, with CO2 content lower than 20%. Previous studies with 

mechanical and thermal pre-treatments to macroalgae biomass (Ulva spp., 

Laminaria spp., etc.) could reach up to 65-70% of methane content and 35-40% 

CO2 content [10, 16, 20]. Lower CO2 content will result in less effort of CO2 

scrubbing in methane purification, and therefore make the biogas production more 

profitable. 

1.3. Limitations 

The study will compare the biomethane potential of brown algae Saccharina 

latissima in regards to mechanical blending pre-treatment and short exposure to 

thermal pre-treatments. Co-digestion with waste paper as a mean to increase 

carbon ratio in the process was conducted, both by using the mechanical and 

thermal pre-treatments. A biomethane potential (BMP) test in batch experiment is 

used to determine the biomethane quality of the samples during incubation period. 

The produced biogas is not treated furthermore (e. g. CO2 scrubbing), therefore the 

measured biomethane is only represent its natural occurrence in the biogas, based 

on the pre-treatments and its co-digestion with the waste paper. 

Several chemical analysis were used, such as volatile fatty acids (VFA), 

ammonium, chemical oxygen demand (COD), total organic carbon (TOC) and 

total nitrogen (TN), total phosphorus (TP), as well as pH measurement, to maintain 

the process and to gain explanation of chemical reactions happen during the 

anaerobic digestion.  
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2. Theory 

2.1. Bioenergy role in the world’s energy supply and demand 

Bioenergy is the renewable energy that derived from biological sources (biomass). 

It is a sustainable methods due to its renewable properties with high energy yield. 

The biomass can be sourced from energy crops, agricultural residues, domestic 

waste, and on of the most recent one is the algae biomass [4, 12]. To made 

available, bioenergy can be obtained from two pathways : thermochemical and 

biochemical conversions. The first pathway relies on high temperature and it is 

suitable to obtain energy from woody, lignin-rich biomass. The second pathway 

uses enzymes and or microorganisms as a precursor to break down biomass and 

obtain energy. It is suitable to treat biomass with less rigid structure such as 

manure, wastewater, herbaceous agricultural residues, and algae biomass [3]. 

Anaerobic digestion and fermentation are the basic biochemical methods to 

convert biomass into energy, such as biogas. 

Biogas is a mixture of gas (mainly consisting of methane/CH4, and CO2) that 

produced through biochemical breakdown series of organic compounds in absence 

of oxygen (anaerobic digestion/AD) [3]. In the literature about Biogas Energy by 

Abbasi et al. (2011), it is explained that biogas has been known for centuries. In 

the seventeenth century, Van Helmont documented the flammable gases produced 

from decaying organic material. Since then, its technology has been developing 

with different techniques and substrate [14]. During the nineteenth and twentieth 

century the technology in making biogas has developed rapidly. Omelianski 

isolated the microorganisms involved in the biogas process in 1890s and later in 

1910 Sohngen supported Omelianski finding, added the demonstration of the 

reaction between hydrogen and carbon dioxide to form methane [14]. Biogas 

started to found its purpose in the energy sector when Cameron built the first septic 

tank to manage wastewater treatment process in 1895 where the gas produced 

during the process was used for heating and lighting purposes at the disposal 

works [14]. Since then, many research and findings about improving biogas 

process and quality has been orchestrated, and the application of anaerobic 

digestion to treat industrial wastewater into alternative energy became important 

due to the strident rise of fossil fuel price in the early 1970s. Until now, biogas still 

has great relevance to provide inexpensive energy supply in many developing 

countries and remote area, mainly in India, China, and South-east Asia [14].  

To date, the main energy production in the world is still sourced from fossil fuels, 

which include petroleum, coal, and natural gas. The high demand for electricity, 

heat and transportation fuels, led to the exploitation and production of large fossil 
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energy magnitudes. Data trends from 1990 to 2016 show an increase in energy 

production by 60%, directly proportional to energy consumption. According to the 

global energy statistics [1, 2], the global energy supply in 2016 was estimated to be 

± 13 800 Mtoe while in the 1970’s it was ± 6 000 Mtoe, and in the 1990’s it was ± 

8 000 Mtoe. On the other hand, in accordance to the world population growth, the 

global energy demand is also rising from ± 7 000 Mtoe in 1990’s to ± 13 500 Mtoe 

in 2016, with the increase rate of 1 – 1.5 % each year (Figure 1 and 2). Significant 

change in energy consumption is in the electricity part (from 9 % in the 1970’s to 

18 % in 2015). 

  

Figure 1 – The world total primary energy supply (TPES) (a), and the world total 

energy consumption (b) by fuel types in 1973 and 2015 from IEA energy report 

2016. [1] 

 

Figure 2 – The trend of energy consumption according to countries region in the 

world from 1990 to 2016 from the World Energy Statistics 2017. [2] 

The increasing need for fossil energy is not proportional to its availability. The 

fossil energy resources in the world are diminishing and with the current rate of 

energy consumption, its reserve is predicted to run out in less than 200 years [1, 2]. 

Renewable and sustainable energy production is the best solution to overcome the 

(a) (b) 
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future energy crisis. According to IEA report in 2015 [1], the energy supply from 

biofuels and waste has 9.7% shares, higher among other renewable energy forms 

(hydropower 2.5 %, and nuclear 4.9 %). The net energy from biofuels and waste 

can provide 1052.21 Mtoe, after 20 % cut for refinery and losses. Considering 

these facts, biogas can be the comprehensive way to produce renewable energy 

and at the same moment managing the waste. 

Biogas will also eradicate our dependence of fossil fuel in the future. The 

production and usage of fossil fuel promote severe climate change. Although high 

in energy content, fossil fuels mainly requires combustion with high temperature in 

their refinement and use (e. g. petroleum refineries and gasoline use as car fuel). 

When fossil fuels are combusted, some of the carbons in the fuels are converted 

into carbon dioxide and other greenhouse gases. In the atmosphere, the greenhouse 

gases absorbs and emits radiant energy within the infrared range. Some of the gas 

could escape the atmosphere, while the rest is reflecting back to the earth, emit 

more radiation to the earth and cause global climate change [3]. 

The process of making biogas begins with the hydrolysis step where organic 

polymers of carbohydrates, protein, and lipid are breakdown into sugar, amino 

acid, and fatty acid monomers respectively. The following stage is acidogenesis, 

the catabolisation of monomers by fermentative microorganism into volatile fatty 

acids (VFA), ammonia, and hydrogen sulfide (H2S). After that, acetogenic 

microorganism digests the fermented monomers into acetic acid and the process 

release hydrogen and CO2 [15]. The last stage of anaerobic digestion is 

methanogenesis, where the methanogenic microorganism digest acetic acid 

furthermore and produce methane (CH4), carbon dioxide (CO2), water, and 

nutrient-rich digestate [3]. The purified methane can be used to fuel vehicle 

engines, or combusted to generate electricity and heating, while the water can be 

recirculated back into the anaerobic digestion process and the CO2 can be used for 

microalgae cultivation for instance. The nutrient-rich digestate can be returned as 

top soil or fetilizer to farmland. 



  
 

 13 

 

Figure 3 – Stages of anaerobic digestion process. 

The purified methane can be used to fuel vehicle engines, or combusted to 

generate electricity and heating, while the water can be recirculated back into the 

anaerobic digestion process and the CO2 can be used for microalgae cultivation for 

instance. The nutrient-rich digestate can be returned as top soil or fertilizer to 

farmland.  

2.2. Biogas from brown macroalgae Saccharina latissima 

To make biogas, one can use different types of biomass. One of the latest 

innovations in biogas production technology is by using algae biomass as the main 

source of biogas substrate [16]. Compared to the first and the second generation 

energy crops, algae has better energy potential and more benefits. Algae has higher 

photosynthetic rate (6 – 8 %) than other terrestrial plants (2 %), therefore they can 

produce and store more chemical energy. They have higher productivity rate and 

potential energy, almost free from lignin, and can utilize nutrients obtained from 

waste (e.g. co-cultivation with the wastewater) [17, 18, 19, 20]. According to 

Hughes et al. (2012) [12], macroalgae have high energy potential up to 200 GJ/ha 

per year compare to other energy crops (e.g. maize to methane 150 GJ/ha per year 

in Figure 4).  
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Figure 4 - The energy production of biofuel crops ha-1 based on macroalgal 

production of 200 t ww ha-1, terrestrial biofuel cropestimates are from Shilton and 

Guieysse (2010) in Hughes et al., 2012 [12]. 

Algae biomass can be divided into two types, the microalgae and the macroalgae 

(kelp and seaweed). As refer to their types, the microalgae has microscopic size 

and mostly unicellular. Meanwhile, the macroalgae has leaf-like appearance and 

can be both unicellular or multicellular [21]. Macroalgae or seaweed has long been 

harvested, both wild or from aquaculture cultivation, as food source in many 

countries in the world. As the largest seaweed harvester, in 2013 China harvested 

13.5 Mt of seaweed. Meanwhile Norway and France have the biggest harvests in 

European context, with 120 000 tons Laminaria for Norway and 50 000 to 70 000 

tons per year for France. In Europe, the use of macroalgae is more diverse. It was 

collected and used primarily for fertilizer, cattle fodder, human consumption, and 

medical applications [22, 20, 23]. Among macroalgae types, brown seaweeds are 

the most harvested with twice the volume of red seaweeds, while the green 

seaweeds are the least harvested. Most of the harvested seaweeds in the world are 

aqua cultured with the total harvest in 2000 of 11 350 000 wet tons (1 219 028 wet 

tons wild and 10 130 448 wet tons from aquaculture. The rate of seaweed harvests 

has been increased 129 % in 13 years, with harvest yield of 19 million tons in 2010 

[24] and 26 million tons in 2014 [22, 25].  
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Figure 5 - Saccharina latissima [61]. 

The highest biomethane yield achieved was higher than 300 L CH4/kg VS [26, 27] 

for brown algae Saccharina latissima. The species contains up to 55% dry weight 

of carbohydrates such as laminarin and mannitol which can be hydrolyzed 

furthermore into simple sugar monomers (glucose and fructose) [28]. The species 

can grow up to 60 m long and it inhabits the Atlantic Ocean, Pacific Ocean, and 

the Northern Sea [29]. It is also quite abundant in the Baltic Sea along the Sweden 

coastline, although a study in 2012 stated that its abundance along the west coast 

of Sweden up to Norway is declining [11]. S. latissima plays important role in the 

marine ecology as the primary producer and providing habitat for other marine 

organisms. Re-introducing the species through profound cultivation can help 

restoring the northern marine ecosystem as well as to capture and recycle 

greenhouse gases in the ecosystem [30, 31].  

2.3. Pre-treatments importance, other crucial parameters & methodology 

The biomethane potential of macroalgae can be enhanced through different pre-

treatments, in regard of its essential parameters. S. latissima from West Cork, 

Ireland, achieved its highest biomethane potential (342 L CH4/kg VS) when it is 

macerated [26]. Another study by Vanegas and Bartlett (2013) [27] shown that S. 

latissima in co-digestion with bovine slurry can yield 335 L CH4/kg VS. However, 

the biomethane quality is highly affected by the place and the season where the 

seaweeds are collected, and the method used in the biogas process. The 

biomethane yield of S. latissima collected from the northern sea has broader range 

of yield from 180 – 400 L CH4/kg VS, depending on various pre-treatments, 

inoculum used, and biogas production methods [32, 33].  

To produce biogas with good methane content, one must consider the 

carbon/nitrogen ratio (C/N ratio). The ratio determines the mass of carbon to 

nitrogen in the substrate. High carbon content in a biomethane feedstock may slow 
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down the anaerobic digestion due to higher amount of polymer to break down [3, 

15]. On the other hand, higher nitrogen content may cause ammonia saturation 

which may lead to methanogenesis inhibition [3]. High amount of nitrogen 

(protein) in the substrate could form high level of ammonia formed which 

correspond to the alkalinity [34, 35]. If the alkalinity is high, the pH will raise and 

could cause a fouling in the methane production. In general, seaweeds contain low 

carbon than nitrogen and saturated level of nitrogen could cause ammonia 

accumulation [36, 32]. 

The usual C/N ratio in biogas production is ranging from 20 – 30, while in the 

anaerobic digestion of algae the C/N ratio will be around 10 due to high nitrogen 

content in the algae, especially during their growth in autumn to winter period or 

when the macroalage grows in a colder temperature. In this period, the sunlight 

intensity is lower than the spring to summer period and the temperature is lower. 

This condition decrease macroalgae photosynthesis activity and result in lower 

C/N ratio [20]. Low C/N ratio may inhibit the anaerobic digestion process and it 

can be solved by adding other carbohydrate source such as comminuted 

agricultural residues or pulp and paper residues to increase the C/N ratio.   

Temperature and pH also play roles in the biomethane quality. To keep the 

production occurs smoothly, it is important to keep the pH within the neutral range 

(pH 7 – 8). Temperature higher than 50°C could accelerate the hydrolysis [32] and 

acidogenesis process during anaerobic digestion and this may lead to pH decrease 

(more acidic). Faster catalytic reaction and lower pH level (pH 4 – 6) in microbial 

processes will speed up the production rates of soluble organic matter, such as 

volatile fatty acids (VFA). Accumulation of VFA caused by organic matter 

overloading could hinder the methanogenesis and consequently decrease the 

biomethane yield. VFA accumulation may also caused by high level of ammonia 

which correspond to the pH activity [34, 35]. The level of ammonia also 

profoundly related to the C/N ratio of the substrate. In general, seaweeds contain 

low carbon than nitrogen and nitrogen accumulation higher than 3700 ppm could 

cause ammonia accumulation [36, 32, 56]. 

To measure the biomethane potential, a biomethane potential (BMP) test can be 

used to measure the methane potential in a biogas substrate. BMP test uses small 

digestion vessel less than 2 L in volume with an inoculum [15]. The test may take 

incubation time of 15 days or longer depending on the substrate [15]. In the BMP 

test, the mass volatile solids (VS) inoculum ratio should be larger than the ratio of 

the mass VS substrate. Volatile solids (VS), as well as total solids (TS), reflect the 

quality of a substrate used in a biomethane production. TS determines both organic 

and inorganic substances in a substrate. Meanwhile the VS determines the organic 

substance exist in the substrate that is volatile at 550°C. Higher VS content 
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generally describes the more nutrient exist in the substrate [15, 37]. The 

biomethane yield from BMP test is recorded as specific methane yield (SMY) in L 

CH4/kg VS, and the methodology in the test may vary. The ratio of inoculum to 

substrate shall be more to prevent organic matter overload which can hamper the 

methanogenesis process. 

2.4. Co-digestion with domestic sewage and waste paper 

In 2014, statistic [38] reported that nearly 407.5 million metric tonnes of paper 

consumed globally. More than half of the produced and consumed paper was 

attributed from packaging paper and one third was attributed from graphic paper. 

The rest of the production is attributed for household consumption (paper towel, 

toilet paper, etc.). As a renewable resource, paper waste recycling rate is among 

the highest. In 2015, the paper recovery rate in the US was 66.8 %.  

In the case of biogas production, waste paper can contribute as a useful additional 

substrate. Paper has high cellulose content which can rise the C/N ratio in the 

biogas substrate. Yen & Brune (2009) [13] study showed that with an addition of 

25 % and 50 % gr VS of paper to microalgae slurry can raise the methane 

production rate nearly 45 %. The study performed under mesophilic temperature, 

therefore it was economically competitive to the energy lost on the heat pre-

treatment. However, another study [39] found that treating the biosludge from the 

pulp and paper industry wastewater treatment with thermal pre-treatment can 

increase the BMP result from 39 – 88% within the temperature range of 105 - 

134°C. The hydrolysis is the limiting step to start the anaerobic digestion, and 

higher temperature can overcome this problem since the heat broke down the 

cellulose faster. In a previous research by Schwede et al. (2013), it was confirmed 

that thermal pre-treatment also shorten the retention time from 14 to 10 days after 

the paper pulp is exposed to 120°C heat for 2 hours [42]. The waste paper added to 

the macroalgae substrate has a high TS content, celllulose fibres and may contain 

bleach and other chemicals similar to the pulp and paper waste. Therefore, thermal 

pre-treatment within the temperature range of 100 - 120°C could be a good 

solution to break down the paper fibres and chemical properties to make it more 

digestable in the biogas production. 

Addition of cellulosic material could also hinder the fouling caused by ammonium 

and VFA accumulation, especially when the algae is co-digested with domestic 

sewage sludge. Domestic sewage usually contains high nitrogen and fat from 

households, food waste, and restaurants [15, 42, 51]. 
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3. Research methodology 

Biomethane potential test scheme  

To assess the biomethane potential of macroalgae S. latissima and its co-digestion 

with waste paper, the study is conducted through a quantitative BMP test up to 25 

days of incubation. In the experiment, the ratio of 3 : 1 for gr VS inoculum : gr VS 

substrate is used. S. latissima has relatively high C/N ratio value of 22 – 30 [40, 

15]. Therefore such ratio of inoculum to the substrate is estimated to be sufficient 

in maintaining the biogas production during BMP test. 

Four variables with two types of pre-treatments to two types of macroalgae 

substrate types are tested. Variable I (Var – I) used macroalgae slurry as the 

substrate. Variable II (Var – II) used macroalgae slurry mixed with waste paper 

pulp as the substrate. Variable III (Var – III) used pre-heated macroalgae slurry as 

the substrate, and Variable IV (Var – IV) used pre-heated macroalgae slurry mixed 

with paper pulp as the substrate. Meanwhile the control of the experiment will only 

consist of inoculum. All tested variables and control are done in triplicate (Figure 

6). 

 
Figure 6 – Experiment scheme. 

In this study, the BMP method is based on the BMP test performed by Yargeau 

2014 [41], with few technical adjustments to the inoculum and substrate 

composition as performed in previous studies [15, 20, 13]. Waste paper is chosen 

as the additional substrate to raise the carbon ratio in the process. The waste paper 

consist of different printed graphic paper (printing paper and newspaper), and 
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household paper (toilet paper and paper napkins). Adding 50 % gr VS of waste 

paper to the substrate was claimed to increased the biomethane potential from 

microalgae slurry two times, compared to the sole microalgae substrate [13]. 

However, the waste paper effect to biomethane potential of macroalgae has not 

been tested yet. In this study, an addition of 30 % gr VS macroalgae will be tested. 

The amount of waste paper added is chosen to prevent fouling during the 

anaerobic digestion. 

Ensuing mechanical and thermal pre-treatments as performed by Montingelli et al. 

2016, Kinnunen et al. 2015, and Schwede et al. 2013 [10, 39, 42], the substrate is 

comminuted into slurry and furthermore pre-heated before digested by the 

inoculum. The previous study performed by Menardo et al. 2012 [43] suggested 

that comminution of substrate to smaller pieces generally will increase the surface 

area for anaerobic microorganisms to digest it. Meanwhile, thermal pre-treatment 

could make the catabolism of complex substances in the substrate goes faster, and 

therefore increased the gas production and biomethane potential about 30 – 50 % 

[39, 42]. In reflection to those studies, it was decided that this experiment will test 

a combination between mechanical and thermal pre-treatments to the macroalgae 

slurry as biogas substrate. The experiment will also study how does the given pre-

treatments affecting the methane yields with waste paper addition to the substrate.  

To see the significance of the collected data, a Tukey’s pairwise statistic test (t-

test) is used. Through t-test, a significancy of the thermal and co-digestion of 

waste paper with S. latissima in their reference to the biomethane potential 

increase can be determined. T-test relies on the p-value to determine whether the 

null hypothesis (H0) is rejected or not [44]. An energy balance calculation during 

the pre-treatments and the batch experiment will be done following the method 

described in Montingelli et al. 2016. The energy balance will take into account the 

electricity consumed during these process and the energy gain will be calculated. 
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4. Implementation 

4.1. Inoculum and substrate preparation 

The inoculum was collected from the digester Sundet Avsloppreningsverket 

(Sundet Wastewater Treatment Plant) in Växjö, Sweden. Meanwhile, the substrate 

consist of pure macroalgae for Var – I and Var – III, and a mix between 

macroalgae and waste paper for Var – II and Var – IV. The macroalgae S. 

latissima was collected from the Seafarm project site at Skagerrak coast on the 

Swedish West Coast, approximately 20 km from the Norwegian border [33].The 

fresh sample was cut and froze in a plastic bag, and thawed before used. The waste 

paper addition sourced from the daily newspaper, printed graphic paper from 

Linnaeus University, and household papers (paper napkins and toilet paper).  

The pure algae substrate In the substrate mix, the macroalgae contributed 2/3 part 

of its gr VS (1.8 gr VS) and the waste paper contributed 1/3 part (0.33 gr VS 

newspaper, 0.33 gr VS printed paper, and 0.33 gr VS household paper).  

The TS content of the inoculum was ± 4.93 % wet weight and VS content 69.87 % 

dry weight. TS content of S. latissima was 12.92 % wet weight, and VS content  

76.95 % dry weight. The waste paper has average TS of  95.5 % wet weight and 

VS of 99.5 % dry weight. The TS and VS analysis followed the method by 

Angelidaki (2009) [15]. TS analysis was done by drying S. latissima at 105°C in 

an oven to constant weight (dry weight). VS analysis was done by igniting the 

known weight of the dried sample at 550°C for three hours in Nabertherm oven. 

TS and VS analysis were carried out in triplicate. 

4.2. Pre-treatment methods 

Mechanical and thermal pre-treatments were applied to the substrates (only algae, 

and algae - waste paper mix). The mechanical pre-treatment for Var – I and Var – 

III, 30.5 gr of fresh S. latissima mixed with 120 ml of distillated water with a 

counter top Moullinex blender (200 Watt) for 3 minutes to obtain macroalgae 

slurry form (2.8 gr VS). Meanwhile, for Var – II and Var – IV a 20.2 gr of fresh S. 

latissima (1.8 gr VS) and 1 gr of mixed shredded waste paper (1 gr VS) were used, 

the papers were not de-inked neither treated chemically beforehand. The algae and 

the waste paper were blended in 130 ml distilled water with blender for 3 minutes. 

In the end, Var-II and Var-IV have 2.8 gr VS substrate, same as Var-I and Var- III. 

The reason why only 2/3 part of algae were used in Var-II and Var-IV substrate 

was to maintain the 1 : 3 proportion of substrate to the inoculum. An estimation of 

methane yields of the gr VS algae will also presented in the results part. 
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Thermal pre-treatment applied to the substrates in Var – III and Var – IV (Figure 

7). The substrates were put into wide borosilicate plates and heat up in the hot air 

oven (Venticell) at 130°C for 45 minutes. The method applied to both substrate 

types, algae only slurry and alga-waste paper slurry respectively, without the 

inoculum. The thermal pre-treatment reduced the slurry volume around 20 %. The 

substrates were let to cool down to room temperature before added to the reactor 

bottles. All pre-treated substrates were put into the reactor bottles and distilled 

water was added to each bottle to reach 400 ml working volume. 

 

Figure 7 – Thermal pre-treatment set-up for the algae slurry and algae + paper 

slurry using hot air oven at 130°C for 45 minutes. 

4.3. Biomethane potential (BMP) batch experiments 

Before the batch experiment started, the inoculum were degassed by incubating 

them in the flasks for 1 day (control) and 2 days (variable samples) [15]. 

Degassing was done to remove methane residues from the former anaerobic 

digestion. The degassing and the BMP test were carried out at 37°C.  

The BMP was conducted in a batch experiments using sealed DURAN glass flasks 

of 600 ml max. volume capacity. To achieve the inoculum : substrate gr VS ratio 

of 3 : 1, each flask filled with 250 ml inoculum (8.5 gr VS) and 150 ml substrate 

(2.8 gr VS), to reach the total working volume of 400 ml. Each bottles connected 

to the secured plastic gas bag from Supelco through airtight tubes. As for the 

control, 250 ml of inoculum (8.5 gr VS) was added into the reactor bottles and 

distilled water was added to reach maximum working volume of 400 ml. The BMP 

was performed in triplicate. 
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Var. Inoculum Substrate algae Substrate paper Total gr VS 

I 8.5 2.84  11.34 

II 8.5 1.89 0.945 11.34 

III 8.5 2.84  11.34 

IV 8.5 1.89 0.945 11.34 

Control 8.5   8.5 

Table 1 – Volatile solids mass of each samples and inoculum according to 3 : 1 

mass proportion. 

After the inoculum and substrate added into the bottles, the pH of each variable is 

measured using Metrohm precision pH meter. The pH values of the samples before 

and after the digestion can be seen in Table 2. They were found to be between 7.5 

– 8, and no pH adjustment was applied. The whole system was purged with 

nitrogen flow for 5 minutes to achieve anaerobic conditions. All bottles were 

incubated in a water bath with a shaker at mesophilic temperature of 37°C for 25 

days (Figure 8). 

 

Var Initial pH pH after digestion 

I 7.4 7.56 

II 7.7 7.44 

III 7.5 7.46 

IV 7.6 7.48 

Control 8 8.36 

Table 2 – Substrate pH before and after the BMP test. 

 

Figure 8 – Biomethane potential (BMP) experimental set-up in air tight condition 

at 37°C for 25 days incubation. 



  
 

 23 

The biogas from the bags collected securely at day 5, 10, 15, 20, and 25, after the 

incubation started. Collected biogas was measured using gas sampling tubes and 

the CH4, CO2, and H2S level were measured with micro GC Varian model P-4900. 

The biogas volume of each collection was recorded accumulatively from each 

measurement to calculate the BMP yield. The total volume of biogas consist of the 

gas collected from the gas bag and the headspace in the bottle (200 ml). After that, 

they were calculated with the following formulas: 

First measurement 

V bt = V bag + V head (1) 

V bt · X GC = V bag · X gas (2) 

X gas = (V bt · X GC) / V bag (3) 

V bt (ml) is total volume of biogas produced at one measurement. X GC (GC area, 

%) is the measured methane concentration through micro GC. V bag (ml) is 

volume of biogas in the gas bag, and X gas (%) is the real amount of methane 

concentration in the whole produced biogas. V head (ml) is the constant volume of 

biogas in the headspace, that is 200 ml.  

Second and the next measurements 

V bt 2 = V bag 2 + V head (4) 

V bt 2 · X GC 2 = V bag 2 · X gas 2 + V head · X GC (5) 

X gas 2 = ((V bt 2 · X GC 2) – (V head · X GC )) / V bag 2 (6) 

At the second and the following measurements, the previous volume of V head and 

methane concentration (X GC 2) were added to the new measurement with an 

assumption of the gas flowed into the gas bag and were not recorded at the 

previous measurement. 

BMP calculation 

V CH4 = (X gas sample · V bt sample) - (X gas control · V bt control) (7) 

BMP = V CH4 / (gr VS substrate) (8) 

The V CH4 (ml) and the BMP yield (ml CH4 / gr VS) were calculated at each 

measurement time and also the total after all measurement (cumulative yields). X 

gas is the methane content (%) and V bt is the volume of produced biogas in each 
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variable sample or control. The results were represented in a logarithmic graph to 

see the biomethane production growth during the anaerobic digestion. 

4.4. Parameter analysis 

During the experiment, the pH fluctuation was recorded every week, as well as the 

VFA levels of the samples and control. At the beginning and the end of 

experiment, the C/N ratio of each substrates and inoculum was determined by total 

organic compound (TOC) and total nitrogen (TN) method. The other parameters 

such as chemical oxygen demand (COD), ammonium, and total phosphorus were 

recorded at the end of the BMP test. All chemical parameters were measured using 

Hach Lange kits. 

4.5. Statistical analysis 

The biomethane potential data were analyzed with t-test to determine the 

significant correlation of the pre-treatment methods to the biomethane yield 

average. The t-test compared the averages between samples with and without pre-

treatments and additional waste paper, in their accordance to the CH4 yield in the 

raw biogas.  

In t-test analysis, the differences among the methane yields of the treatments 

explained by the p-values. If the p-values were found to be less than 0.05, then the 

treatments used in the experiments had significant effect to the recorded methane 

yields. Meanwhile, when the p-values were more than 0.05, the different 

treatments used in the experiments did not significantly affect the methane yields. 

4.6. Energy gain analysis 

To know the energy gained from the algae digestion, we need to take into account 

the electricity consumed during the pre-treatments between the variables with and 

without the thermal pre-treatment. The net energy gained was calculated through 

subtracting the consumed energy to the energy produced in the process as referred 

to Montingelli et al. 2016 [10]. 

Bs = % CH4 · (9.67/97) (9) 

 

The energy content of the biogas depended on the percentage of methane. Previous 

studies [36, 37] reported a value of 10.49 kWh for 1 Nm3 of CH4 at 95% methane 

content, while others [38, 39]reported 9.67 kWh as the energy content of 1 Nm3 of 

biogas at 97% content of methane. 
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Ep = Bp * Bs  (10) 

 

Ep is the energy generated from the methane produced per gr VS (Wh/gr VS). 

Meanwhile Bp is the amount of methane produced per gr VS (m3/gr VS). 

 

Ec = Ept / VSm (11) 

 

Ec is the energy consumed during the pre-treatment process in order to process 1 

gr VS substrate. Ept (Wh) is the energy consumed during the pre-treatment 

process, for example blending or drying. VSm is the amount of VS (gr) put into 

the machine. 

 

Net Ep = Ep – Ec  (12) 

 

Energy gain = ((Net Ep)pretreatment – Ep untreated) / Ep untreated . 100 % (13) 

 

The Net Ep (Wh/gr VS) is energy produced by each gr VS of substrate treated. In 

the case of Ec untreated, the accounted electricity use is only for the mechanical 

pre-treatment. The energy gain (%) is the difference in percentage between the 

biogas produced with both mechanical and thermal pre-treatments, and the biogas 

produced by only mechanical pre-treatment. The energy gain is negative if Ep 

untreated > (Net Ep) pretreatment, meaning that the pre-treatment caused energy 

loss. 
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5. Results and analysis 

5.1. Biomethane potential yield and CO2 levels 

 

During the incubation period of 25, the total biogas is calculated from the collected 

biogas of each gas bag plus the estimated volume in the headspace (200 ml). This 

applies for all the samples and the control (Appendix – 1). Every 5 days, the 

methane volumes were collected and measured with micro GC. Through the 

measurement, the methane contents (conversion, %) were calculated. The results 

of collected methane volumes and methane contents at each measurement 

recalculated at standard temperature and pressure (STP) condition are reported in 

Figure 9 and Table 3.  

 

 
Figure 9 – Measured methane volumes (Nml CH4) at each measurement point 

during 25 days of incubation at STP (0°C and 1 atm). 

 

Variable Net methane volumes (Nml CH4) and net methane content (%) at 0 C and 1 atm   

 V CH4  % CH4 V CH4  % CH4 V CH4 % CH4 V CH4  % CH4 V CH4  % CH4 

Total 

Volume St 

 

d-5 

(Nml)  

d-10 

(Nml)  

d-15  

(Nml) 

d-20 

(Nml)  

d-25  

(Nml) 

CH4 

(Nml) 

Dev 

(Nml) 

I 655.53 81.59 0 0 77.64 70.36 0 0 0 0 733.16 59.64 

II 636.48 80.59 80.67 47.99 0 0 0 0 0 0 717.14 32.85 

III 547.92 84.41 89.46 46.61 43.79 42.30 0 0 0 0 681.18 19.48 

IV 584.02 78.46 118.66 56.26 22.66 39.44 0 0 0 0 725.33 36.16 

Control 126.50 42.00 126.24 52.13 80.38 31.87 96.28 43.27% 0 0 429.40 10.25 

Table 3 –Measured methane volumes (Nml CH4) and methane content (%) over 25 

days of incubation at STP (0°C and 1 atm). 
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During the first week of incubation, the methane percentage of the samples were 

ranging from 78.46 – 84.41%, while the control has methane percentage of 42%. 

All measured methane volumes reported in Table 2 are the net methane volumes of 

each samples. It means that the baseline methane volumes from inoculum/control 

have been subtracted from them. In the next incubation weeks, the methane 

percentage of the samples were reducing while the methane percentage of the 

control was increasing. The control produced methane until day-20, while the 

methane production of the samples stopped at day-10 (Var-II) and day-15 (Var-I, 

III, and IV). A production gap at Var-I day-10 was caused by a very low amount of 

gas produced. In total, Var-I produced the highest methane with 733.16 Nml CH4 

at STP. 

 

The biomethane potential (BMP) yields are calculated based on the methane 

volumes (Nml CH4) per mass of substrate (gr VS substrate) at each collection and 

in the end of incubation period (cumulative BMP) at STP. The cumulative 

biomethane potential yields are presented in Figure 10 and the biomethane 

potential values at each measurement are reported in Table 4.  

 

  
Figure 10 – Cumulative biomethane potential (Nml CH4/gr VS) of each samples and 

control over 25 days incubation period at STP (0°C and 1 atm). 
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Table 4 – Biomethane volume and potential (Nml CH4/gr VS) of each samples and 

the control over 25 days incubation period at STP (0°C and 1 atm). 

 

As reported in Table 3 and 4, generally all sample variables produced methane in 

high volumes during the first week. In the first week, an amount of 655.53 Nml 

CH4 was recorded from Var – I, resulting a BMP yield of 233.28 Nml CH4/gr VS 

substrate. During the same period, the control produced 126.5 Nml CH4 and 

resulting a BMP yield of 14.88 Nml CH4/gr VS. In the end of incubation period, 

Var – I also has the highest cumulative methane yield of 260.91 Nml CH4/gr VS 

substrate, while the control has cumulative methane yield of 50.52 Nml CH4/gr 

VS. All results have been recalculated to the STP condition (0°C and 1 atm).  

 

Variable Volume CO2 over time (Nml/day) and CO2 content in biogas (%) Total Vol 

  0 d-5 % CO2 d-10 % CO2 d-15 % CO2 d-20 % CO2 d-25 % CO2 CO2 (Nml) 

I 0 165.79 17.20% - - - - - - 24.03 27.00% 189.82 

II 0 184.76 20.71% - - - - - - - - 184.76 

III 0 125.42 17.45% 1.21 9.25% - - - - - - 126.63 

IV 0 205.86 26.37% - - - - - - - - 205.86 

Control 0 7.88 35.17% 29.47 12.17% 13.23 5.25% 25.41 11.42% - - 75.98 

Table 5 – Carbon dioxide volume (Nml/day) and carbon dioxide content (%) of 

each pre-treatment and the control over 25 days of incubationat STP (0°C and 1 

atm). 

 

Measured carbon dioxide levels were relatively low. The highest CO2 contents 

produced by the control (35%) and Var – IV (26.3%) and during the first week. 

After that, the CO2 volumes and content were decreasing. The low CO2 contents 

seemed barely affecting the pH of the substrate as it can be seen in Table 2. 

5.2. Chemical parameters  

 

During the experiment, several chemical parameters were measured to maintain 

the biomethane potential yields. The measured parameters are volatile fatty acids 

(VFA), chemical oxygen demand (COD), ammonium, alkalinity, and pH. The total 

Var Biomethane potential (Nml CH4/gr VS) Cumulative 
gr 

VS 

  

V CH4 

d-5 
(Nml) 

BMP 

d-5 

V CH4 

d-10 
(Nml) 

BMP 

d-10 

V CH4 

d-15 
(Nml) 

BMP 

d-15 

V CH4 

d-20 
(Nml) 

BMP 

d-20 

V CH4 

d-25 
(Nml) 

BMP 

d-25 

BMP (Nml 
CH4/gr VS) 

(gr) 

    

I 655.53 233.28 0 0 77.64 27.63 0 0 0 0 260.91 2.81 

II 636.48 228.13 80.67 28.91 0 0 0 0 0 0 257.04 2.79 

III 547.92 194.99 89.46 31.84 43.79 15.59 0 0 0 0 242.41 2.81 

IV 584.02 209.33 118.66 42.53 22.66 8.12 0 0 0 0 259.98 2.79 

Control 126.50 14.88 126.24 14.85 80.38 9.46 96.28 11.33 0 0 50.52 8.5 
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carbon and total nitrogen of the algae, the inoculum, and the sample mixtures were 

also measured in the beginning of the experiment, as well as their total solids (TS) 

and volatile solids (VS). The samples and the inoculum characteristics, as well as 

the ammonium and alkalinity are reported in Table 6. The VFA results are reported 

in Figure 11, COD in Figure 12, and the pH is reported in Table 7. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

*measured after the experiment is finished.  

Table 6 – Samples and inoculum chemical characteristics  

 

 

Figure 11 – Volatile fatty acids fluctuation of each samples and control during 

incubation time. 

 

7 14 21 28

I 461 839 679 533

II 569,0 1080 687 1160

III 504 1120 1000 1270

IV 423 879 588 616

Control 531 1170 783 632
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 Fresh algae Sludge Var I Var II Var III Var IV 

TOC (ppm) 57000 41200 36500 38300 60000 63800 

TN (ppm) 2165 2313 1410 1725 2270 2345 

C/N ratio  26.33 17.81 25.89 22.20 26.43 27.21 

 Fresh algae Sludge Waste paper   

TS (% wet weight) 12.91 4.94 95    

VS (% dry weight) 76.95 69.87 98    

 Var I Var II Var III Var IV Control  

Ammonium (ppm)* 1124 1524 1248 1544 1228  

Alkalinity (ppm)* 6000 6000 5000 4000 6000  
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Figure 12 – Chemical oxygen demand of each samples and control during 

incubation time. 

 

Variable Time (day) 

 0 7 14 21 28 

I 7.4 7.5 7.7 7.6 7.56 

II 7.7 7.5 7.6 7.5 7.44 

III 7.5 7.4 7.5 7.5 7.46 

IV 7.6 7.37 7.5 7.5 7.48 

Control 8 8.1 8.2 8.2 8.36 

Table 7 – pH range of samples and inoculum from day 0 – 28.  

 

The fresh S. latissima has C/N ratio of 26.33, while the inoculum (sludge) has C/N 

ratio of 17.81. After the mixture, the samples have C/N ratios ranging from 22 – 

27. These are the ideal ratio for producing biogas according to Murphy et al. 

(2015) [13]. By the end of the incubation, the samples and the control have 

ammonium levels ranging from 1124 – 1544 ppm, with Var – IV as the highest. 

The alkalinity are within range of 4000 – 6000 ppm, and the pH are ranging 

between 7 – 8. 

 

Volatile fatty acids (VFA) and chemical oxygen demand (COD) were measured 

from extra sample bottles that treated the same way as the gas sampling bottles. 

They were kept at 37°C and shaken twice a day. When it was not sampling time, 

the liquid sampling bottles also connected to gas bags to release pressure from the 

bottle. Liquid sampling were done air tightly (Figure 13).  Measured VFA were 

7 14 21 28

I 4470 4080 2790 2560

II 4080 5380 2780 2450

III 4580 5520 3890 3640

IV 4680 4600 2760 2640

Control 3870 6140 3540 2380
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rising at the second measurement (day-14) and causing the pH to decrease a little. 

However, at the next measurement (day-21), the VFA level reduced to normal and 

the pH also rose. This could be caused by the alkalinity rise that balanced the pH, 

or because of the methane production already stopped due to low organic material 

left in the substrate. Thus the remaining VFA stayed in the substrate was 

measured. 

 

     
 

Figure 13 – Liquid sampling bottles set up: (a) each liquid sampling bottle 

connected to gas bag securely and treated the same way as the gas sampling 

bottles. (b) During sampling time, the gas bag was removed and replaced with 

airtight syringe to get the liquid sample from. 

5.3. T-test analysis 

 

One tailed T-test analysis was performed to conclude whether the given pre-

treatments are significantly increase the biomethane potentials. The test based on 

the data means and produce p-value that accept or reject the null hypothesis (Ho). 

If the p-value is less than α (0.05), the null hypothesis, which is “the pre-treatments 

does not affecting the BMP significantly”, is rejected. The T-test analysis between 

samples and inoculum is reported in Table 8. 
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 p-value α Conclusion 

C vs I 0.005168 0.05 Ho rejected 

C vs II 0.001561 0.05 Ho rejected 

C vs III 0.000738 0.05 Ho rejected 

C vs IV 0.005997 0.05 Ho rejected 

    
I vs II 0.416964 0.05 Ho accepted 

I vs III 0.053258 0.05 Ho accepted 

I vs IV 0.195767 0.05 Ho accepted 

    
II vs III 0.085415 0.05 Ho accepted 

II vs IV 0.200807 0.05 Ho accepted 

    
III vs IV 0.088823 0.05 Ho accepted 

Table 8 – One tailed T-test analysis results on the samples and inoculum. 

 

The inoculum were degassed for 2 days and the control degassed for 1 day to 

remove residual methane from its previous reaction before used in the experiment. 

Therefore all samples show positive statistical result to the control (Ho rejected). 

According to the result, it can be concluded that neither the thermal pre-treatment 

and the waste paper addition affecting the produced methane amount. The p-values 

between Var-I and Var-III was 0.053 and between Var-II and Var-IV was 0.2, 

while α 0.05. Therefore the null hypothesis (Ho) is accepted.  

 

Waste paper addition also did not give significant effect to the methane yield. The 

p-values of Var-I vs Var-II, and Var-III vs Var-IV are 0.416 and 0.088 

respectively. Those values are higher than α 0.05, therefore the null hypothesis 

(Ho) is accepted and it can be settled that the waste paper addition does not 

significantly increase the methane amount.  

5.4. Energy gain analysis  

 

The energy gain from the biogas produced shows positive result only for Var – I 

and Var – II during the first week (measurement day 5). The results can be seen in 

Table 9. After the first week, all energy gain results are negative. 
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d-5 % CH4 Bs (Wh) 
Bp (ml 

CH4/gr VS) 

Ep (Wh/gr 

VS) 

Ec (Wh/gr 

VS) 

Net Ep 

(Wh/gr VS) 

Energy 

gain (%) 

I 81.59% 0.081342 265.277 21.57816 4.480287 17.09788 79.23694 

II 80.59% 0.080345 259.1942 20.82496 4.448399 16.37656 78.6391 

III 84.41% 0.084144 221.7334 18.65755 255.3763 -236.719 -1197.03 

IV 78.46% 0.078217 237.8332 18.60258 253.5587 -234.956 -1228.24 

C 42.00% 0.041873 16.90018 0.707669 0 0.707669 100 

Table 9 – Energy gain (%) from biogas produced from pre-treated samples and 

untreated control. 

 

As it can be seen in Table 9, methane produced from samples without thermal pre-

treatment Var – I and Var- II has positive net energy production result (17.09 Wh/ 

gr VS and 16.37 Wh/ gr VS), and can gain 79.23% and 78.63% energy from the 

produced methane. Meanwhile, the results for samples with thermal pre-treatment 

(Var-III and Var-IV) shown negative energy gain. The results show that the heat 

pre-treatment consumed high amount of energy, resulting a deficit in the energy 

gain in spite of high methane production. 
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6. Discussion and conclusion 

6.1. Biomethane production and pre-treatments influence 

 

In this experiment, the biomethane potential of pre-treated macroalgae Saccharina 

latissima were observed. The pre-treatments used are mechanical and short-time 

thermal pre-treatment, as well as the addition of waste paper. The mechanical pre-

treatment was done through blending the macroalgae with a counter top blender. In 

the previous study by Montingelli (2016) [10], mechanical pre-treatment, for 

example, beating, milling, or blending, could increase the methane yield up to 35% 

compared to the untreated one.  Thermal pre-treatment was done through heating 

the blended macroalgae at 130°C for 45 minutes. In the previous studies [39, 42], 

it was suggested to heat the substrate (algae or paper slurry) for 1 – 2 hours at high 

temperature (T > 100° C) for 500 gr – 2 kg substrate. The given thermal pre-

treatment in previous studies claimed that it could raise the methane production up 

to 35%. However, since the substrate used in this experiment were smaller than in 

the previous studies (250 gr or lower), an exposure time of 45 minutes was chosen 

to prevent the essential nutrients in the substrate from damage.  

 

Waste paper was added to the substrate to observe its possibility to be used as a 

substrate to improve biomethane potential, especially when a thermal pre-

treatment was used. In previous study [13], adding printed paper to microalgae 

slurry was proven to improve the biomethane potential. The high increase of 

biomethane potential were recorded with 50% addition of printed paper of its gr 

VS substrate. In this experiment, the waste paper used were a mix of printed paper, 

newspaper, and household paper, and proportion of 30% was used to prevent the 

formation hydrogen sulfide gas (H2S). Pulp and paper industry and the process of 

making recycled paper (e.g. newspaper) usually contains hydrogen sulfide. Even in 

the small amount, hydrogen sulfide is lethal to bacteria. Therefore the waste paper 

addition was added in a smaller proportion. 

 

Based on the given BMP yields (Table 3), the results indicate that mechanical pre-

treatment (blending) gave the highest biomethane yields in a shorter incubation 

period (shorter retention time). Thermal pre-treatment might help the catabolism 

process of substrates to go faster, but in general did not contribute significant 

effect to increase BMP yields. In the previous study by Montingelli et al. (2016) 

[10], different pre-treatments were applied to study the biomethane potential of 

Laminaria spp and S. latissima (mixed macroalgae substrate). Through that study, 

it was proven that the biomethane production from mechanically pre-treated 

(beating) mix macroalgae substrate resulted in higher yield of methane per gr VS 

of substrate, compared to other pre-treatments (Table 10). The beating method as a 
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mechanical pre-treatment could increase the BMP in the first measurement (d-3) 

up to 36%. Untreated macroalgae produced BMP of 93 Nml CH4/g VS, while the 

one with beating pre-treatment could achieve 127  Nml CH4/g VS.  

 

Pretreatment BMP d-3  CH4% d-3 BMP d-13 CH4% d-13 BMP d-25 CH4% d-25 Cumulative BMP 

 (Nml/g VS)  (Nml/g VS)  (Nml/g VS)  (Nml/g VS) 

Untreated 93 ± 4 41 ± 2 212 ± 2 67 ± 4 23 ± 3 60 ± 1 328 ± 9 

Beating 127 ± 3 44 ± 1 178 ± 4 65 ± 2 30 ± 1 50 ± 2 335 ± 8 

Ball mill 1 

mm 71 ± 2 43 ± 2 147 ± 1 58 ± 1 23 ± 1 41 ± 4 241 ± 4 

Ball mill 2 

mm 64 ± 5 43 ± 0 148 ± 9 60 ± 2 48 ± 2 51 ± 1 260 ± 15 

Microwave 99 ± 7 46 ± 1 68 ± 2 61 ± 4 77 ± 2 55 ± 2 244 ± 11 

Table 10 – Cumulative biomethane potential yield of mixed macroalgae substrate 

(Laminaria spp. and S. latissima) at 3, 13, and 25 days of digestion from 

Montingelli et al. (2016) [10]. 

 

As performed in the previous research, similar case also happened in this study, 

where the BMP values in the first week of digestion was the highest among the 

rest during the incubation period. In this study, all sample variables had blended S. 

latissima as the substrate, and during the first week of incubation the BMP values 

of the samples are ranging from 195 – 233.38 Nml CH4/gr VS substrate. The 

results were higher to the BMP results in Montingelli et al. study. However, the 

cumulative BMP of all pre-treated samples in this study ranging from 242.41 – 

260.91 Nml CH4/gr VS substrate in 5 – 15 days (at STP), which was lower than 

the cumulative BMP result in the previous study (335 Nml CH4/gr VS). Both 

mechanical pre-treatments (beating and blending) to comminute the macroalgae 

into smaller size is confirmed to increase the BMP values of macroalgae substrate 

in shorter incubation period. The result of this study and Montingelli et al. study 

also settled the resemblance with the BMP yield achieved in other previous studies 

ranging from 200 – 350 Nml CH4/gr VS [45, 46, 47, 48].  

 

According to the results, the digestion using S. latissima as the substrate increase 

the methane content up to 84 %, about 25 % higher than the usual methane 

production from the domestic sludge in the wastewater treatment plant that is 

around 65%. The BMP yields of the samples are five folds higher than the 

inoculum/control (50.52 Nml CH4/gr VS at STP) that used only the sludge from 

Sundet biogas digester. The sludge obtained from Sundet biogas digester has 4.9% 

TS and 69% VS. The control produced total methane volume of 429.4 Nml CH4 

for 8.5 gr VS inoculum, while the samples produced total methane volumes of 

547.92 – 665.53 Nml CH4 for 2.8 gr VS substrate. Before the experiment was 

started, the inoculum for the samples was degassed for 2 days and 1 day for the 

control, to remove methane residues and side products from previous digestion 
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[15].  In 2016, Sundet biogas plant produced 3500 Nm3 CH4/day with 10% TS and 

84% VS. Their BMP yield was 467.93 Nm3/ton VS/day (Table 11) [49, 50, 62].  

 

 
Active reactor 

volume 

(Nm3/day) 

Biogas 

(Nm3/day) 

TS 

(%) 

VS 

(%) 

Mass 

inlet 

(ton) 

Vol CH4 

(Nm3/day) 

CH4 

content 

(%) 

CH4 

yield 

(Nm3/tonVS) 

Sundet ± 1500 5500 10 84 91 3575 65% 467.93 

biogas (2016)         

Table 11 – Biomethane potential yield of Sundet biogas plant (2016) [49, 50, 62]. 

 

The biomethane potential of the control, which was using the same biosludge from 

Sundet, can only produce BMP of 50.52 Nml CH4/gr VS (degassed for 1 day). In 

comparison to Sundet methane yield, the biomethane potential in the experiment 

was rather low. This possibly caused by the difference in the sludge quality 

received from the plant as well as it was also been degassed for one day to remove 

former biogas residues. The sludge taken from the biogas plant that used as 

inoculum has 4.9% TS and 70% VS. Meanwhile the biogas plant has 10 % TS and 

84% VS in a larger digesters. Also, the inoculum was degassed for 1 day (control), 

and 2 days (variable samples) befor it was used in this batch BMP experiment. 

Degassing was done to clear the methane residues from the previous process (in 

biogas plant). The suggested degassing time was 3 – 5 days or longer if the lipid 

content is higher [15]. However, considering the lower TS and VS content in the 

inoculum, the degassing time was lowered to one and two days.  

 

The results from this experiment support the results from the previous study by 

Montingelli (2016) [10] that comminuting the algae into smaller size can improve 

the methane quality. Blending algae into slurry breaks down the polymers in the 

algae and make them more digestible in shorter period. However, the thermal pre-

treatment did not increase the methane yields significantly. The one tailed t-test 

analysis between Var – I and III has p-value = 0.053, and between Var-II and IV 

the p-value = 0.2. Both p-values were exceeding α (0.05).  

 

It was known that temperature higher than 60°C may disrupt the enzyme activity 

and possibly caused non restorable damage to the enzymes. Therefore, to prevent 

the enzymatic damage in the methanogenic bacteria, the high temperature pre-

treatment was performed only to the substrate after they were blended, without the 

inoculum. Thermal pre-treatment might affect the chemical characteristics of the 

substrate and make the process go faster, but had little effects to the methane 

yields [51]. Thermal pre-treatment could caused excessive loss in VFA and 

formation of inhibitory products, resulting in low methane yield. Unfortunately, no 

assay to detect other inhibitory products than VFA were conducted in this 

experiment. Therefore we could not know if inhibitory products are responsible in 
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methane production inhibition, because the VFA levels in this experiment were 

within the allowed range (non-inhibitory) [54].  

 

Other reasons why the thermal pre-treatment may not be efficient are because of 

the thermal pre-treatment techniques used and the thermal exposure time. Few 

studies show increased in methane yield through long exposure of heat [42, 39]. 

Another previous study has significant increase in methane yield with short 

exposure of heat, less than 30 minutes [52]. All of them also used different 

techniques of thermal pre-treatment (e.g. oven drying, steam, hydrothermal, etc.). 

Different techniques and exposure time to different types and size of substrate and 

inoculum may have different methane production results. 

 

Addition of waste paper also could not raise the methane yields significantly. The 

p-values between Var – I, and Var-II, and Var-III to Var - IV are 0.416 and 0.088. 

Both p-values are exceeding α (0.05). Lower amount of fresh algae mass used in 

the mix substrate for Var-II and Var-IV. However, they still could produce similar 

amount of methane to Var-I. Since the waste paper contained some bleach and was 

not de-inked, consequently there is a possibility that the remaining ink in the paper 

is toxic to the bacteria and a possibility to form hydrogen sulfide [53, 39]. 

However, no hydrogen sulfide was detected in the micro GC during the gas 

sampling.  

 

During the incubation process, the carbon dioxide content was slightly higher than 

expected in Var-IV (26%) and the control (35%). The expected carbon dioxide 

content was 20% or lower (achieved by Var-I, Var-II, and Var-III). Lower carbon 

dioxide in biogas indicated that the biomethane content is higher. On another hand, 

the lower the carbon dioxide level in biogas will make it easier for the biomethane 

purification. Carbon dioxide scrubbing process from the biogas requires more 

energy and cost. Therefore, if the CO2 level can be lowered, the CO2 scrubbing 

cost could be reduced and therefore the biomethane produced will be more 

profitable.  

6.2. Limiting parameters in biomethane production 

 

According to previous studies [16, 26, 20], increased methane yields could be 

caused by higher carbon to nitrogen (C/N) ratio in the substrate. The ideal C/N 

ratio for biogas production ranging from 20 – 30 : 1, and C/N ratio lower than 15 : 

1 may caused fouling in the biogas production due to high amount of ammonia. In 

this experiment, the C/N ratio of the inoculum was ± 18 : 1 while the samples C/N 

ratio with algae as the substrate were around 22 -27 : 1. The Saccharina latissima 

used in the experiment was harvested in late summer of 2017 and has been kept 



 

 38 

frozen for more than 6 months before used. Nevertheless, it’s C/N ratio was 

remained high (C/N ratio algae 26 : 1).  

 

The algae could have high C/N ratio due to the seasonal variation of algae 

cultivation and harvest time. Algae that cultivated during spring time and 

harvested in May could have higher nitrogen content due to colder temperature and 

less sunlight intensity during the day [20]. These conditions may reduce the algae 

photosynthesis ability and hence produce less carbohydrates (less carbon content). 

 

Biomethane production is a complex process since it involves bacteria activity to 

produce methane. To achieve proper methane yields, we need to maintain the 

chemical parameters during the process. In this experiment, pH and VFA are the 

essential parameters in maintaining the methane production. VFA derived from 

fatty acids during the acidogenesis phase. If the VFA formation is too high, the pH 

may turn acidic and when it goes below pH 6 the methanogenesis process could 

stop. However, previous study [54] debated that the amount of VFA not more than 

50 mM (± 4000 ppm), with estimated organic acids molar mass of 88 gr/mol) will 

not disrupt the methanogenesis. The VFA formed may slow down the 

methanogenesis process, but will not entirely deactivate the methanogenic 

bacteria. This could explain why methane was still produced at day-10 and day-15 

even if the VFA levels are increasing rapidly. In the first week (day-7) 

measurement, the VFA levels were ± 420 – 570 ppm, later in the second week 

(day-14), the VFA levels were ± 800 - 1120 ppm (Figure 7). The VFA level 

recorded at Sundet biogas plant is ± 200 ppm while the VFA from the samples 

reported between 423 – 570 ppm by the end of the first week. Nevertheless, the 

samples are still producing methane. 

 

The pH also has important role in biogas production. During the experiment, the 

pH was relatively balanced (pH 7- 8) for all samples and control. No buffer was 

added to adjust the pH during the experiment. pH lower than 6 could lead the 

process to acidogenesis (fermentation) rather than acetogenesis and 

methanogenesis [54, 15, 55]. The formation of VFA is more likely to lower the 

pH. However, despite of the rising VFA from day-7 to day-14 in the experiment 

(Figure 3), the pH remains neutral. As it was previously mentioned, the VFA 

levels in the experiment were considered low enough to not inhibit the methane 

production (VFA < ± 4000 ppm). Later in the third week (day-21) the VFA levels 

were decreasing (Figure 3). This could be caused by the consumption of VFA to 

some extent  by the methanogenic bacteria and raise in the alkalinity, hence 

balanced the pH of digester to the normal state.  
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Other important parameters are ammonium and alkalinity. The alkalinity is the 

result of the release of amino groups (-NH2) and production of ammonia (NH3) as 

protein rich substrate was degraded. The ammonium ions formed when proteins 

and amino acids were degraded, releasing carbon dioxide and ammonia. Alkalinity 

is present primarily in the form of bicarbonates that are in equilibrium with carbon 

dioxide in the biogas at a given pH. When amino acids and proteins are degraded, 

amino groups (-NH2) are released and alkalinity is produced. The changes in 

alkalinity or pH in an anaerobic digester caused by substrate feed or the production 

of acidic and alkali compounds, such as organic acids and ammonium ions, 

respectively, during the degradation of organic materials in the digester. In another 

words, higher formation of ammonia will increase the alkalinity and therefore 

raising and bring the pH into a balance state [63].  

 

Former study by Sheng, et al. (2013) discovered that the total ammonium nitrogen 

(TAN) less than 1500 ppm is preferred to produce the biogas from food waste. 

TAN higher than 3700 ppm will excessively inhibit the methanogenesis [56]. The 

total nitrogen values of the samples and the control were measured between 1100 – 

1524 ppm, while the alkalinity values were between 4000 – 6000 ppm. According 

to previous study [57], ammonia can be toxic and reduce cumulative biogas 

production of 10 % at TAN ± 2500 ppm at pH 7.5 – 8. Since the TAN values of 

the samples and the control were lower than 2500 ppm, it was less likely for 

ammonia toxicity to happen.  

 

The alkalinity of the samples and the control were adequately high. However, they 

were less likely to inhibit the methane production. The alkalinity level at Sundet 

biogas plant was recorded ± 7000 ppm, and their main substrate was food waste. In 

the former study by Chen et al. (2015) [58], it was determined that alkalinity level 

ranging from 5900 – 9500 ppm were still tolerable in the biogas production from 

food and domestic waste. In that manner, since the inoculum was sourced from 

Sundet, it can be settled that the measured alkalinity of 4000 – 6000 ppm was 

suitable – if not, tolerable – and did not inhibit the methane production.  

 

The chemical oxygen demand (COD) of the samples and the control were reported 

± 3800 - 4700 ppm. COD is a the amount of oxygen consumed during oxidations 

in the measured solution. In the wastewater management, COD is measured to 

determine the amount of organics in the water. High COD indicates that the water 

is containing high amount of organic compounds. The biogas production convert 

organic materials from the substrates into methane and carbon dioxide. Therefore 

the process will eliminate some part of organic material in the substrate and reduce 

the COD values. In the end of experiment, the COD values of the samples and the 

control were ranging from 2380 – 3640 ppm. About 40 % COD were removed 
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from Var – I, II, and IV, while the COD removal from the control was ± 30%. The 

COD value for Var – III was slightly reduced until the end of experiment (± 20%). 

It could be caused by the decrease of organic material in the substrate. The thermal 

pre-treatment might make the degradation went faster and after the first week there 

were not much organic material left in the substrate. 

6.3. Energy gain 

 

In accordance to previous study [10, 47, 48], mechanical pre-treatment is the best 

method to treat macroalgae as biogas substrate. The pre-treatment required less 

energy and therefore resulting in positive energy gain. A small counter top blender 

only consumes 200 Watt electricity, while a drying oven (laboratory scale) 

consumes 1400 – 2000 Watt electricity. Thermal pre-treatment has many forms of 

application, for example drying and steam explosion through Cambi process like 

the method adopted in Sundet to pre-treat their biosludge from food waste and 

municipal waste. In few studies [59, 60], thermal pre-treatment proven to be 

beneficial in a large scale anaerobic digestion with food waste and municipal waste 

as the substrate. It can also improve the methane production from agricultural 

residues due to its ability to break down the hemicellulose and cellulose so they 

can be easily digested. 

 

The problem with thermal pre-treatment to be applied in a smaller scale plant or 

laboratory scale experiment, is the energy consumed during the process. It is true 

that the heat might be useful to break down complicated particles and increase the 

methane production (for example alginate in algae and sea biomass, that may slow 

down the hydrolysis).  However, to supply heat consumes huge amount of energy. 

If the energy produced is equal or less than the energy consumed, the biogas 

production is considered non-profitable.  

 

In the case of using macroalgae biomass as biogas substrate, higher biomethane 

yield could be obtained per gr VS macroalgae biomass. Thermal pre-treatment 

could be useful to pre-treat the macroalgae biomass in a biogas plant. However, 

since the thermal pre-treatment could cause energy and economical loss, it would 

be best to implement thermal pre-treatment in co-production with a nearby power 

plant that produce excess heat. It is also interesting to study the effect of steam 

explosion like the one used in Sundet (e. g. Cambi process) to treat the algae 

biomass as biogas substrate in a large scale biogas plant. 
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6.4. Conclusion 

 

In this study, a comparison of two kinds of pre-treatments (mechanical and thermal 

pre-treatments), and additional substrate on methane production through anaerobic 

digestion of macroalgae Saccharina latissima was performed. The cumulative 

biomethane yields from the pre-treated samples were ranging from 242.41 – 

260.91 Nml CH4/gr VS in 5-10 days at STP (0°C and 1 atm). Meanwhile the 

biomethane yield of the control was 50.52 Nml CH4/gr VS at STP.  

 

The highest methane content recorded was 84.5% at Var – III with thermal pre-

treatment to the algae substrate. However, the biomethane yield of Var – III is the 

lowest among other samples (242.41 Nml CH4/gr VS). The second highest 

biomethane  to Var – I (260.91 Nml CH4/gr VS, 81% methane content), without 

thermal pre-treatment using the same algae substrate. The methane content of all 

samples were ranging from 78 – 84.5 %, while the maximum methane content of 

the control was around 52 %. Through the experiment, the targeted methane 

content of 80 % was able to be exceeded during the first week of incubation. 

However, the carbon dioxide content was slightly higher than expected in Var-IV 

(26%) and the control (35%). The expected carbon dioxide content was 20% or 

lower (achieved by Var-I, Var-II, and Var-III). Lower carbon dioxide indicates  

higher biomethane content and make it requires less effort for the methane 

purification process afterwards. 

 

Through the ANOVA t-test analysis, it can be concluded that the thermal pre-

treatment could shortened the biogas production time but did not increase the 

methane yields significantly. The waste paper addition also did not contribute 

significantly to the produced methane amount. Thermal pre-treatment might 

accelerate the biogas production but on another hand thermal pre-treatment also 

consumed more energy, in term of heat provision. The energy consumed for heat 

provision was greater than the energy produced at the end of the biogas process. 

The energy loss is evident in the negative energy gain of the thermally pre-treated 

samples. 
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APPENDIX 1 : Biomethane potential  

BMP d-5       
Replication   I II III IV Control 

  GC area Inoc + Alga Inoc + Alga + Paper Inoc + Heated Alga Inoc + Heated Alga + Paper Inoculum (sludge) 

A CH4 4368.3 4130.5 4021.7 4026.3 870.1 

  CO2 12783.8 13385.5 10195.2 15406.2 2171.3 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 970 835 720 930 120 

B CH4 4175.2 4142.4 4159.8 3935 968.5 

  CO2 11958 13849.6 10800.2 14406.9 1981.6 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 750 960 675 840 150 

C CH4 4155.8 4217.1 4350.8 4056.5 1262.6 

  CO2 8215.5 10799.6 10471.85 15503.8 4751.6 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 945 830 727 715 156 

mean CH4 4233.1 4163.33333 4177.4333 4005.933333 1033.733333 

  CO2 10985.77 12678.2333 10489.083 15105.63333 2968.166667 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 888.3333 875 707.33333 828.3333333 142 

stdev CH4 99.09512 16.6224859 85.27936 47.9270781 82.37497148 

 CO2 2434.393 1643.40944 302.86794 607.0853674 1547.408273 

  Vol. biogas (ml) 111.2097 63.8357267 23.205204 55.63605279 15.53490693 
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BMP Calculation d-5       
 

Var. V meas V head V total Conc. CH4 (GC area) GC standard area X meas % X gas % V CH4 BMP (ml/gr VS) 

I 888.3333333 200 1088.33333 4233.1 20% = 1200 66.600 0.816 744.3671824 265.2769716 

II 875 200 1075 4163.3333 30 % = 1850 65.600 0.806 722.7370109 259.1941654 

III 707.3333333 200 907.333333 4177.4333 40% = 2500 65.800 0.844 622.1839518 221.7334112 

IV 828.3333333 200 1028.33333 4005.9333 50% = 3150 63.200 0.785 663.1742208 237.8332452 

Control 142 200 342 1033.7333 60% = 3800 17.440 0.420 143.6515606 16.9001836 

 

BMP Day 10       
Replication   I II III IV Control 

  GC area Inoc + Alga Inoc + Alga + Paper Inoc + Heated Alga Inoc + Heated Alga + Paper Inoculum (sludge) 

A CH4 3315.2 2811.6 2599.5 4059.75 1104.6 

  CO2 5096.2 4005.3 4605.5 7347.6 2540.8 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 110 135 120 160 105 

B CH4 1846.7 4966.3 4022.1 3693.3 2319.6 

  CO2 5057.8 6881.7 8536.4 7409.1 5389.7 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 90 160 210 175 70 

C CH4 2659.4 3260.7 4156.2 3658.4 1523.9 

  CO2 3604.4 5390.8 8430.8 7185.8 3128.7 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 70 140 200 178 50 
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mean CH4 2607.1 3679.53333 3592.6 3803.816667 1649.366667 

  CO2 4586.133 5425.93333 7190.9 7314.166667 3686.4 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 90 145 176.66667 171 75 

 

 

BMP Calculation d-10 

 

Var. V meas 2 

V 

head  V total 2  

Conc. CH4 (GC 

area) 

GC standard 

area 

X meas 2 

(%) 

X gas 2 

(%) 

V total 2 x X 

meas 2 V CH4 

BMP (ml/gr 

VS) 

I 90 200 290 2607.1 20% = 1200 31.65 

-

0.4601666

67 91.785 

-

207.42333

33 -73.92135899 

II 145 200 345 3679.5333 30 % = 1850 58.2 

0.4799310

34 200.79 

91.601206

9 32.85081297 

III 

176.66666

67 200 

376.6666

67 3592.6 40% = 2500 56.8 

0.4661132

08 213.9466667 

101.59430

82 36.206097 

IV 171 200 371 3803.8167 50% = 3150 60 

0.5625730

99 222.6 

134.73961

99 48.32148181 

Contr

ol 75 200 275 1649.3667 60% = 3800 26.9 

0.5212666

67 73.975 

143.34833

33 16.8645098 

 

BMP Day 15       

Replication   I II III IV Control 

  GC area Inoc + Alga Inoc + Alga + Paper Inoc + Heated Alga Inoc + Heated Alga + Paper Inoculum (sludge) 

A CH4 2004.7 2628 2057 3701.6 1231.4 

  CO2 2509.3 3181.9 2631 5409.35 1799.3 

  H2S 0 0 0 0 0 
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  Vol. biogas (ml) 55 80 120 110 59 

B CH4 2629.5 3035.9 3778 3205.7 1887 

  CO2 2535.3 4874.4 6852.55 5900.9 3528.5 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 25 100 165 85 90 

C CH4 2821.1 2893.1 3805.4 3184 2124.4 

  CO2 3208.9 5301.9 6075.05 5308.9 4620.6 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 85 105 115 95 110 

mean CH4 2485.1 2852.33333 3213.4667 3363.766667 1747.6 

  CO2 2751.2 4452.7 5186.2 5539.7 3316.1 

  H2S 0 0 0   0 

  Vol. biogas (ml) 55.00 95.00 133.33 96.67 86.33 

 

BMP Calculation d-15           
 

Var. V meas 3 

V 

head  V total 3 

Conc. CH4 (GC 

area) 

GC standard 

area 

X meas 3 

(%) 

X gas 3 

(%) 

V total 3 x X 

meas 3 V CH4 

BMP (ml/gr 

VS) 

I 55 200 255 2485.1 20% = 1200 40 

0.7036363

64 102 

88.158799

11 31.41796119 

II 95 200 295 2852.3333 30 % = 1850 45.4 

0.1845263

16 133.93 

-

36.833210

46 -13.20944286 

III 

133.33333

33 200 

333.3333

33 3213.4667 40% = 2500 51 0.423 170 

49.731526

38 17.72328096 

IV 

96.666666

67 200 

296.6666

67 3363.7667 50% = 3150 53.3 

0.3943793

1 158.1233333 

25.730721

79 9.22777284 
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Contr

ol 

86.333333

33 200 

286.3333

33 1747.6 60% = 3800 28.4 

0.3187490

35 81.31866667 

91.268473

62 10.73746748 

 

BMP d - 20       

Replication   I II III IV Control 

  GC area Inoc + Alga Inoc + Alga + Paper Inoc + Heated Alga Inoc + Heated Alga + Paper Inoculum (sludge) 

A CH4 1199.3 1994.7 1722 3095.9 759.75 

  CO2 1626.8 3040.5 2759 5539.5 1791.5 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 50 65 60 75 28 

B CH4 1225.1 1953.4 2527.5 2005.8 1961.6 

  CO2 2092.2 2559.7 5633.7 3758.3 3867.5 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 25 65 65 65 65 

C CH4 1746.1 1794.7 2633.3 1834.2 3111.6 

  CO2 2617.5 2541.1 3882.2 3196.4 5527.5 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 40 65 65 65 65 

mean CH4 1390.167 1914.26667 2294.2667 2311.966667 1944.316667 

  CO2 2112.2 2713.8 4091.6 4164.7 3728.8 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 38.33 65.00 63.33 68.33 52.67 
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BMP Calculation d-20           
 

Var. V meas 4 

V 

head  V total 4 

Conc. CH4 (GC 

area) 

GC standard 

area 

X meas 4 

(%) 

X gas 4 

(%) 

V total 4 x X 

meas 4 V CH4 

BMP (ml/gr 

VS) 

I 

38.333333

33 200 

238.3333

33 1390.1667 20% = 1200 22.9 

-

0.6631739

13 54.57833333 

-

267.39075

31 -95.29249931 

II 65 200 265 1914.2667 30 % = 1850 31 

-

0.1330769

23 82.15 

-

144.59968

84 -51.85758443 

III 

63.333333

33 200 

263.3333

33 2294.2667 40% = 2500 36.8 

-

0.0804210

53 96.90666667 

-

130.51184

77 -46.51170622 

IV 

68.333333

33 200 

268.3333

33 2311.9667 50% = 3150 37.1 

-

0.1031463

41 99.55166667 

-

137.01190

54 -49.1363884 

Contr

ol 

52.666666

67 200 

252.6666

67 1944.3167 60% = 3800 31.5 

0.4327215

19 79.59 

109.33430

38 12.86285927 

 

BMP d-25       
Replication   I II III IV Control 

  GC area Inoc + Alga Inoc + Alga + Paper Inoc + Heated Alga Inoc + Heated Alga + Paper Inoculum (sludge) 

A CH4 1603.1 1290.2 1095.1 1995.6 2633.6 

  CO2 2392.6 1851.7 1637.7 3814.6 2400.2 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 40 40 43 35 30 

B CH4 1751.8 1752.5 1756.9 1568.6 704.4 

  CO2 4212.1 2956.9 2553.8 3468.6 1074.2 
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  H2S 0 0 0 0 0 

  Vol. biogas (ml) 20 26 50 40 10 

C CH4 1467.2 1668.2 2009.4 1045.5 0 

  CO2 3302.6 3571.6 3090 2293.2 0 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 15 20 32 15 0 

mean CH4 1607.367 1570.3 1620.4667 1536.566667 1112.666667 

  CO2 3302.4 2793.4 2427.2 3192.1 1158.1 

  H2S 0 0 0 0 0 

  Vol. biogas (ml) 25.00 28.67 41.67 30.00 13.33 

 

BMP Calculation d-25         
 

Var. V meas 5 

V 

head  V total 5 

Conc. CH4 (GC 

area) 

GC standard 

area 

X meas 5 

(%) 

X gas 5 

(%) 

V total 5 x X 

meas 5 V CH4 

BMP (ml/gr 

VS) 

I 25 200 225 1607.3667 20% = 1200 26.3 0.535 59.175 

-

249.33166

67 -88.85661677 

II 

28.666666

67 200 

228.6666

67 1570.3 30 % = 1850 25.7 

-

0.1127674

42 58.76733333 

-

395.49282

17 -141.8350386 

III 

41.666666

67 200 

241.6666

67 1620.4667 40% = 2500 26.5 -0.2294 64.04166667 -425.145 -151.5128297 

IV 30 200 230 1536.5667 50% = 3150 25.2 

-

0.5413333

33 57.96 

-

494.21333

33 -177.2390379 

Contr

ol 

13.333333

33 200 

213.3333

33 1112.6667 60% = 3800 18.7 -1.733 39.89333333 

-

369.70666

67 -43.49490196 
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