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ABSTRACT 
 

While biogas stands a greater chance in substituting fossils fuels and contributing to the 

reduction of GHG emissions, its major setbacks still rely on its effective price compared to that 

of fossil fuels in the world market. Its production efficiency and related operational cost can 

give it a true competitive meaning to fossil fuels regarding upgrading and logistic cost of 

handling digestate. This study was aimed at investigating the possibility and the extent to which 

biochar could be used in optimising biogas production with biochar as a pyrolysis product. 

Two separate experiments were conducted during which the additions of varied quantities of 

low temperature (500°C), wood-based-biochar were added to anaerobic digestion of 

lignocellulose biomass (Phragmites australis) at the same inoculum to substrate ratio. It was 

observed that biochar additions at ratios of 1:1, 1:2, and 1:3 [inoculum: biochar] l/g had a 

positive effect in stimulating microbial activity which increased biogas production and methane 

concentrations. The additions were found to improve specific methane yields compared to 

normal feedstock mixed with inoculum. Furthermore, the biochar addition with the highest 

effectiveness was 0.5g (1:1) while the dose of 2g and 4g generally limited production of biogas 

with 4g resulting in a higher inhibition compared to 2g additions of biochar.  It was concluded 

that biochar could play an effective role as a microbial growth stimulating agent (MGSA) in 

anaerobic digestion. It was also proposed that reusing biodigestate in biochar-based pyrolytic 

systems to enhance post biochar products could offer solutions to logistic and storage costs of 

biodigestate to add value in commercialisation of digestate.   

 

Keywords: Biochar, Biogas, GHG emissions, Microbial growth stimulating agent, Pyrolysis  
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PREFACE 
 

The basis of his work originally steamed from my passion to develop better methods and 

strategies in reducing the cost of biogas production via anaerobic digestion technology and 

biochar production via pyrolysis technology. The biogas production process still faces 

enormous challenges mainly in the running cost of production and as a result would not fully 

compete with fossil fuels with lower prices nowadays when considering its capacity in reducing 

global emissions. In the same manner, the cost of producing biochar and availability of non-

competing feedstock are the major setbacks to the biochar production technologies especially 

in large scales. However, the processes and products from both technologies could significantly 

probe the world into a “smart climate era” with current global challenges. In this work, we take 

a critical look on an approach to blending two anaerobic technologies with synergistic impacts 

with the aim of lowering prices of both which thereafter forms the title of this work “a value-

added mechanism in optimising biogas and biochar pyrolysis products”. – Only the first part 

of this work is performed looking at the effect of the pyrolytic product-biochar as additive in 

biogas production meanwhile the rest of work is given as perspective for further work. 
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Chapter 1-General introduction 

Biochar is a carbonaceous material obtained from biomass pyrolysis or gasification 

process. Biochar has long been used as one of the alternatives to the non-environmentally 

friendly and expensive chemical fertilizers. Previous findings have demonstrated numerous 

reasons for the use of this product including its capacity to improve soil fertility, immobilize 

trace metals, recycle nutrients, retains water in the soils thereby minimizing leaching and 

reducing the cost of water use for irrigation (especially in the tropics and arid regions) as in  

[1] It also stabilizes soil pH and contributes in the reduction of greenhouse gases like carbon 

dioxide and methane via carbon negative sequestration processes.  

Biochar production process has the capacity to generate biofuels (mainly methane and 

hydrogen), and heat energy for sustainable district heating all of which are more clean and 

renewable source of energy compared to fossil fuels and other heat sources like that obtained 

from incineration. One major challenge still faced by both developed and developing nations 

is the sustainable management of organic waste when considering global trends and responds 

to strategies put in place via international and national frameworks [2] In response to such 

frameworks, this report considers biogas and biochar production processes as a synergistic and 

appropriate strategy for the management of organic waste. This can help in the mitigation of 

climate change indirectly by recovering energy from waste, reducing industrial energy use and 

emissions due to recycling and reduction of waste, decreasing methane emissions from 

landfills, decreasing energy used in long distance transport of waste (one major problem in 

Swedish biogas industrial sector), and enhancing C sequestration in forests due to decreased 

demand in virgin paper in the paper and pulp industry.    

 In recent years, research and technology has focussed on the direct application of 

biochar in soils for the accounted benefits. This strategy still has a huge impact on the cost of 
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investments and production processes which stands as a major challenge in adopting the use of 

biochar.   Secondly, another problem preventing a universal adoption of biochar application is 

to tailor a single biochar with a soil and crop type, which is necessary since biochar content in 

nutrients and properties for the same production conditions still vary with the type of biomass 

used.  

1.1-The Anaerobic Digestion Process  
There exist several processes leading to methane production from biomass which could vary 

from “relatively humid-biomass-based, low temperature-and hence slow processes” generally 

called biochemical processes in distinction from processes which could be described as 

“relatively dry- biomass-based, high temperature and hence fast processes” generally called 

thermochemical process. The anaerobic digestion process is one of the biochemical processes 

during which the organic matter (decomposed form of organic material or biomass) is broken 

down by a consortium of microorganisms within a liquid medium in the absence of oxygen 

leading to the formation of digestate (liquid phase-by-product) and biogas which mainly consist 

of methane and carbon dioxide in addition to some trace elements like hydrogen sulphide and 

water depending on feedstock used. This digestate which is the decomposed substrate resulting 

from biogas production can be used as a bio-fertilizer [3]. The pathway anaerobic digestion is 

displayed in Figure 1. In this pathway, anaerobic digestion was initially perceived as a two-

stage process involving the sequential action of acid forming and methane forming bacteria. In 

the present context, it is known to be a complex fermentation process brought about by the 

symbiotic association of different types of bacteria [4, 5, 6] where by, the products produced 

by one group of bacteria serve as the substrates for the next group. The main sequences 

involved in this new model can be classified into four principal groups composing of: 

 

•Hydrolysis 

• Fermentation  

•Acetogenesis  

• Methanogenesis 
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Figure1: Anaerobic Pathway, [7] 

 

Previous reports show that hydrolytic and fermentative bacteria are responsible for the initial 

attack on polymers and monomers found in biomass for the hydrolysis stage of anaerobic 

digestion. In this case they produce mainly acetate and hydrogen, with some varying amounts 

of volatile fatty acids (VFA) such as propionate and butyrate as well as some alcohols. The 

sole purpose for this process is to produce acetate and hydrogen. In which case, the obligate 

hydrogen-producing acetogenic bacteria convert propionates and butyrate into hydrogen and 

acetate.  Two groups of methanogenic archaea then produce methane from either acetate or 

hydrogen respectively.  
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1.1.1-Reactions in Anaerobic Digestion  
 

Some Acetogenic reactions  

Table 1: Values of free energy changes for acetogenic reactions [8] 

Reactants Products ΔHO  

(KJ/mol CH4 

CH3CHOHCOO- + 2H2O     → CH3COO- + HCO3- + H+ + 2H2 -4.2kJ/mol  

CH3CH2OH + H2O               → CHCOO- + H+ + 2H2 +9.6 

CH3CH2CH2COO- + 2H2O  → 2CH3COO- + H+ +2H2 +48.1 

CH3CH2COO- + 3H3O          → CH3COO- + NCO3- + H+ 3H2 +76.1 

 

Some methanogenic reactions  

Table 2: Values from free energy changes for methanogenic reactions [9] 

Reactants  Products  ΔHO (KJ/mol CH4 

CH3COO- + H2O                       → CH4 + HCO3- -28.2 

4CH3OH                                     → 3CH4 + CO2 + 2H2O -102.5 

4HCOO- + 2H+                                         → CH4 + CO2 + 2HCO3- -126.8 

4H2 + CO2                                  → CH4 + 2H2O  -139.2 

4CO + 2H2O                               → CH4 + 3CO2  -185.1 

4CH3NH2 + 2H2O + 4H+               → 3CH4 + CO2 + 4NH4+ -101.6 

2(CH3)2NH + 2H2O + 2H+           → 3CH4 + CO2 + 2NH4+ -86.3 

4(CH3)3 + 6H2O + 4H+             → 9CH4 + 3CO2 + 4NH4+ -80.2 

  

 

1.2-Factors affecting biogas production via Anaerobic Digestion Process 
 

1.2.1-Acidity and buffering capacity  
One critical factor in the operation of anaerobic digestion process for biogas production is that 

the fermentative bacteria are acid tolerant. Except the case of acid-bogs-methanogenesis, which 

could be explained by the existence of neutral microenvironments and direct-methanol-

methanogenesis which is related to the fact that methanol is ionisable, the methanogenic 

activity drop severely at pH below 6 with optimal within the range 6.7 to 7.4 (fig. 2 relative to 

ammonia changes) However, many fermentative bacteria are still active at pH below 6. For 

instance, in the fermentation of some green crops of silage, bacteria activity only stops at pH 

4[10] This phenomenon also happens in the acidification of some organic components of waste 

e.g. waste tomatoes [11]. Balanced digestion conditions result in the biochemical reactions 
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involved automatically maintaining the pH in the proper range. Here, the acidogenic reactions 

would be resulting in the reduction of the pH caused by the production of organic acids, but 

this effect is counteracted by the degradation of these acids and the concomitant reformation 

of the bicarbonate buffer during the methanogenic reactions. Meanwhile in the case of an 

imbalance in digestion conditions like a sudden variation in temperature (or any stressful 

condition within the system), presence of toxic elements above thresholds, or overloading with 

degradable organic material, the acid producing bacteria will exceed the acid consuming 

bacteria causing a gradual accumulation of organic acids in the system. Supporting media with 

buffering characteristics like that of biochar with its recalcitrant nature therefore can play a 

vital role in balancing such systems.  

 

 

Figure 2: The effect of pH on the dissociation of ammonium at various temperatures 
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1.2.2-Control of Volatile acids (VA) 
Another requirement necessary to attend a stable anaerobic system is the control of the VA 

within the digestive system. Here, the VA, which are mainly intermediates from the 

decomposition of higher compounds must not exceed a predetermined threshold, usually from 

2000 to 3000 ppm (easily modelled as acetic acids). Considering a case where the VA value 

rises above a threshold of 2000 ppm as acetic acid, this is accompanied by a drop-in gas 

formation. In the case where the acid concentration increases rapidly, and under normal 

conditions within 24 to 48 hours, all fermentation must have ceased. One optimal way of 

limiting the accumulation of VAs is by limiting the rate at which the substrate is added to the 

fermentation vessel so that these acids could be fermented to methane and carbon dioxide as 

quickly as the substrate-to-volatile acid formation is taking place. In addition to this, if any 

culture has developed too much acid, then dilution becomes the best remedy. However, the 

presence of biochar in our context could provide a stabilizing medium since it is lodged with 

charged surfaces with electron donors and acceptors.  

 

1.2.3-Scum formation in anaerobic medium  
During the anaerobic digestion process, there is a possibility of loading in substrate which by 

characteristic constitutes zones of high substrate concentration within which is embedded a 

high concentration of acids. This is very common when fermenting greasy materials. This could 

be avoided either by breaking-up the scum mechanically via stirring (suitable for lab-scale 

process because of high energy needs), In the industrial scale, the scum could be moistened 

with liquid pumped from beneath for cost effectiveness of such a scale of operation or by the 

deployment of hydraulic shear force (feed recycle) or biogas recirculation in some cases.  

 

1.2.4-Control of Fibrous material  
The presence of fibrous materials or material containing a lot of fibre such as paper, shredded 

cornstalks etc. constitutes a high nuisance to the anaerobic digestion process as they can form 

tough mats at the top of the fermentation vessel. This phenomenon is different from scum in 

its magnitude and region of occurrence and has a high tendency to favour the accumulation of 

large amounts of acid. As is the case with scum formation, this cannot easily be broken-up 

mechanically nor by liquid circulation. This is normally avoided during system design by 

providing fermentation vessel with suitable connections such that it can be operated 

alternatively upright and in an inverted position.  
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1.2.5-Temperature and heat related abiotic stress  
Temperature is the most influential abiotic factor in AD as it controls the activity of all 

microorganisms. Keeping other factors constant, a rise in temperature leads to an increase in 

the rate of biochemical and enzymatic reactions within cells, causing increased growth rates.  

This process is slightly exothermic (heat producing) because of the resultant metabolic 

reactions taking place in the digester which must account for changes in micro organic-internal 

energy as a global entity. The effects of temperature affecting anaerobic digestion has long 

been dated back as from the 1930s [12] and by many others afterwards. Judging from present 

conclusions, it’s clear that microorganisms in anaerobic media show responses within two 

major temperature ranges which are now somehow conventionally termed mesophilic and 

thermophilic. The mesophilic bacteria grow up to temperatures of   40°C and optimal around 

35°C while the thermophilic grow over 50°C showing optimum ranges between 55-75°C. 

Evidence has however been provided for bacterial growth below 20°C [13] for psychrophilic 

range but the efficiency of systems operated at such temperatures for industrial applications is 

yet to be proven. The chosen temperature range is a function of reaction time expressed as 

hydraulic retention time as modelled in figure 3 below and a specific temperature characteristic 

of each species. Therefore, insulations and the control of system`s internal temperature must 

be achieved to maintain a stable temperature. Most industrial scales operate at 42°C.  

 

 

 

 

Figure 3: Temperature as a function of hydraulic retention time in AD process 
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1.2.6-Nutrient and substrate requirements  
The basic cellular building blocks for growth is supplied by nutrients which enables cellular 

synthesis of enzymes and cofactors responsible for driving the biochemical and metabolic 

reactions taking place in the anaerobic medium. Based on relative quantitative cellular 

requirements, these nutrients can be divided into two major groups, the micro- and 

macronutrients.  Both macro- and micronutrients must be present in an available form in the 

growth environment to allow effective uptake. Ideally, nutrient levels should be more than the 

optimum concentrations required. Anaerobic bacteria can be severely inhibited by even slight 

nutrient deficiencies. However, many essential nutrients become toxic when present in high 

concentrations. The main macro nutrients to be controlled are N, P and S due to the inhibitory 

effect they impose in the systems while in excess. Most common nitrogen forms are; ammonia 

(NH3), nitrate (NO3
-), nitrite (NO2

-), nitrogen gas (N2). NH3 is the most readily utilized 

inorganic forms of nitrogen, existing in the reduced state that is required for anabolic 

metabolism and an uncharged state that facilitates cellular uptake. In our context, the nature 

and properties of biochar are predicted to stabilize and control NH3 inhibitions (fig. 2). The 

usual forms of ‘P’ in aqueous solution include orthophosphate, polyphosphate & organic 

phosphate. 

The orthophosphates are immediately available for biological metabolism without further 

modification. Organic phosphates must generally be hydrolysed by the cell to release inorganic 

phosphate before use. The sulphur (S) requirement of anaerobic bacteria should also be 

satisfied and this is usually supplied as sulphur, sulphide, sulphite, thiosulfate, sulphate or 

amino acids (cysteine and methionine)  

 

1.2.7-Degree of toxicity and inhibitory effects to methane formation 
The major condition in maintaining a stable AD process is to ensure a balance between the acid 

production rate (resulting from hydrolysis and acidogenesis) and the rate at which these acids 

are consumed (done by Acetogenesis and methanogenesis). However, the microbiological and 

biochemical nature of AD reactions can set the basis of understanding the inhibitory context of 

AD process. These two main dependent reactions of acid production and methane formation 

and their sub-reactions are all enzyme-catalysed-reactions. These enzymes activate and speeds 

up biochemical processes with the help of two major helpers called coenzymes (non-protein 

molecules containing organic carbon mostly vitamins and their derivatives) and cofactors 

(usually metal ions like iron, zinc, cobalt, copper etc). These two helps the enzymes by binding 

into their reactions sites to help in the reaction catalysing processes. However, the nature and 
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amount of these enzyme active sites is the only factor which could determine the concentration 

of these coenzymes and cofactors. Therefore, the amount of trace elements, metal ions, 

vitamins, vitamin derivatives, nucleotides etc. are of value to AD as well as could be large 

enough to easily stop the whole system. Meanwhile, toxicity is not only associated to biotic 

factors linked to enzymes but also to abiotic factors especially to the degree of acidity and 

alkalinity of the system. Therefore, a well-defined range of the abiotic variables (temperature, 

pH, etc.) and biotic variables (sources of coenzymes and cofactors) will determine the balance 

of the acid formation and consumption in the AD process during biogas production. 

In our context, biochar, which is inert in reaction but having the potential in removing excess 

elements in solutions due to the presence of both anions and cations, which could remedy such 

differences (fig.4). It is however much easier in application to control the addition of these 

elements via biochar as an additive to AD process which could depend on the hydrophobicity, 

surface area and microsporocyte nature of biochar. 

 

 

 

                                             Figure 4: biochar as a sorbent [14] 
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These factors and control measures will ensure the effective AD system balance to function at 

optimal rates, as the above factors determine microbial growth. Growth rates are also 

characteristic of type and to a large extend specie of organisms contributing in the inter-

dependent biochemical reactions involved as seen in table 3 below  

 

Table 3 Minimum doubling times of major microbial groups in AD [15] 

Sugar-fermenting, acid forming bacteria Minutes 30 

Methanogens growing on hydrogen hours 6 

Acetogenic bacteria fermenting butyrate days 1.4 

Acetogenic bacteria fermenting propionate days 2.5 

Methanogens growing on acetate days 2.6 

 

The above tables show the doubling times of major microbial groups during anaerobic 

digestion. These doubling times expresses the microbial growth rate relative to the specific 

organic chemical group attacked by specific microorganism. It also shows that microorganisms 

are substrate specific This specificity in doubling times could help in making choice in relation 

to system to 1(the type of system and application needed) and 2(the regulatory mechanism or 

type of additive compatible in stimulating growth). It could also help in determining the period 

of introducing additives as a function of hydraulic retention time.  
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Chapter 2 -Background literature 
 

The mitigation strategies and policies towards climate change remains a major priority to top 

international bodies and government agendas with a lot of efforts being made to combat climate 

change with enormous considerations and impacts to food security, poverty, deforestation, 

greenhouse gas emission, land degradation and pollution. The burning of fossil fuels still stands 

as the major cause for the emission of greenhouse gases prior to their high global share of 

energy supply. Current trends show that fossil fuels still account for 80% of the world’s energy 

supply with almost half (48%) of the E.U energy supply [16], which therefore means enormous 

efforts is still needed in substituting this large share of the energy supply by renewable sources. 

Based on the Kyoto Protocol agreement and its implementation policies with respect to system 

readiness and output, Sweden has been at the forefront in fulfilling the commitment of 

decreasing CO2 emissions in the EU, especially  with respect to her two ambitious priorities of 

“fossil fuel-independent vehicle fleet by 2030” and “zero net greenhouse gas (GHG) emissions 

by 2050” [17,18] , According to [18], the iron and steel industry is one of the energy-intensive 

industries globally responsible for a large proportion of greenhouse gas emissions accounting 

for 42.9% of global CO2 emission followed by the transport sector. Therefore, their ability to 

switch to renewable energy sources could contribute significantly in the reduction of CO2 

emissions thereby achieving a greater green economy. However, sectorial competition towards 

CO2 reduction seem to be one of the major future challenges in achieving these set targets as 

every sector seem to depend on biomass in the forest-a phenomenon which could also lead to 

impact the possibility of nutrient retention in the forest, because of possible future failures in 

forest renewability which is time and space dependent (per. Com.). However, the biomass 

sector seems to be more promising when it comes to new innovations, concepts and sustainable 

mitigating strategies with biochar production processes and its increasing applications such as 

its possibility for substitution of coal in the iron and steel industry [19], as fertilizers in soil and 

soil remediation’s, and recently in the biogas sector and management of soil-nutrient-rich 

streams using liquid wastes of biological origins. The application of biochar as additive in the 

anaerobic digestion has recently gained attention of the research community. The anaerobic 

digestion process generally characterized by two major problems that of low methane yield and 

problems in biochemical system stability. The use of food waste and related feedstock with 

high biodegradability results to fast accumulation of organic acids which results in inhibiting 

methanogenesis hence many facilities either use a high inoculum-to-substrate ratio (ISR) or 

accept a decrease in bio stabilisation time of solid organic waste to avoid this acidification or 
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adding of supporting media for immobilisation of microorganisms [20, 21]. The presence of 

porosity and crevices were claimed as the main reasons for using these supporting media. Most 

media in AD have been glass, polyvinyl alcohol, polyethylene, carbon including activated 

carbon [22,23]. Recent findings show that biochar possess high potential in any of the 

properties since it has porosity, crevices and in addition some interesting nature of charged 

surfaces of pores with a high tendency to establishing direct interspecies electron transfer 

(DIET) between microorganisms according to Cruz[24].However, due the persistence of the 

proposed supporting media in AD, there exist a high environmental risk in using such materials 

as they must be separated from slurry (digestate) before disposed into the environment which 

needs large investment capital and increased operating cost as already supported by Aktas in 

[25]. Therefore, the use of biochar as a supporting media could be a more sustainable and cost-

effective additive in the AD, coupled to the immediate effective and the prolonged benefits of 

biochar in improving soil fertility and increased crop production as already mentioned by 

Lehmann and Joseph [26] supported by [27,28]. In addition to such environmentally-risky 

supporting media is also the notion of using direct interspecies electron transfer (DIET) 

materials as conductive supporting media like conductive iron oxides, semi conductive iron 

oxides and micrometre-size magnetite by [24] to enhance methanogenesis which still possess 

the same environmental risk when used and their sustainability in AD where not assessed 

though. In [29] an investigation the behaviour of biochar in anaerobic digestion in batch 

experiment of agricultural digestate, claimed that biochar possesses the ability to catalyse 

anaerobic digestion by mitigation of mild ammonia inhibition and support of archaeal growth. 

This was supported by Luo [30] who added 10 g/L biochar during anaerobic digestion of 

glucose inoculated with 1 g-VS/L sludge result of which biochar could enhance methane 

production rate, shortening the methanogenic lag phase, and protecting methanogens during 

anaerobic digestion of glucose. Biochar had also been seen to have enhanced methane 

production by accelerating syntrophic metabolism in an experiment to evaluate the 

effectiveness of biochar (2.5g/L) in an up-flow anaerobic sludge blanket reactor treating 

ethanol wastewater inoculated with sludge in [31]. In relation to ammonium stress in 

methanogenic phase of AD, Lü et al. [32] already suggested that biochar can alleviate the 

ammonium stress at 7g N/L ammonium by first enriching Methanosaeta and then 

Methanosarcina during AD of 6g/L glucose. With respect to microbial immobilisation ability 

of biochar, Chen in [24] had shown that biochar has sufficient conductivity to stimulate DIET 

between syntrophic partners in Geobacter and Methanosarcina co-cultures, with similar rates 

and stoichiometry as observed in co-cultures amended with activated carbon, a claim supported 
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by [33,34,35,36] when considering at biochar properties and microbial activity. These multiple 

investigations in general could show that there exists an effect of biochar in anaerobic digestion 

process for biogas production and that the effect may depend on the system variables 

considered like type of feedstock for AD and type of feedstock from which biochar was 

obtained. One of our specific objectives was in verifying such claims and proposing measures 

in optimising the AD system coupled with pyrolytic systems.  
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2.1-Aim of study 

This study was aimed at investigating the effects of biochar additions during biogas production 

via the process of anaerobic digestion. It suggests a “value-added mechanism in optimising 

biogas production with biochar from pyrolysis process” with the main goal of providing 

sustainable and cost-effective solutions to challenges faced by both the anaerobic technology 

for biogas production and the pyrolysis technology for biochar production and their 

applications. Specifically, it determined the possibilities and the extend of using biochar as a 

catalysing and stabilising (microbial-growth-stimulating agent: MGSA) agent in anaerobic 

digestion during biogas production and proposed a sustainable strategy to reuse biogas slurry 

(digestate) in pyrolytic processes for enhanced biochar production.  
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2.1.1-Research questions 

1. Which properties of biochar can affect the anaerobic digestion of heterogeneous waste? 

2. Can biochar improve the production of biogas? And if possible at what dose and under 

what conditions? 

3. Can low temperature biochar (≤ 500°C) increase the concentration of methane relative 

to carbon dioxide in the anaerobic digestion process? 

4. What other secondary effects of biochar could increase the cost effectiveness of biogas 

production?  

5. Knowing that this works truly, which synergistic mechanisms could add value to both 

biogas production process and biochar production?  
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2.1.2-Research Hypothesis 

1. The high cation-exchange capacity, high tendency for microbial immobilisation and the 

nature of charged porous surfaces of biochar amongst other properties could be a 

stabilising tool to maintaining balance between acid production and acid consumption 

which is the basis in determining the rate and quality of methane production during 

biogas production.  

2. Addition of biochar in digester as supporting medium can improve digestate (bio 

fertilizer) quality, while providing a medium to remove heavy metals from wastes.  

3. Coating digestate obtained from AD to biochar in pyrolytic systems could form a more 

enhanced bio fertilizer which can improve the economic value of both systems.  
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Chapter 3-Methodology 
 

Two experiments were carried out as the bases for this methodology based on the doses of 

biochar used and depending on the analysis of the biochar which was performed for the second 

experiment. In the first experiment, biochar doses of 2 and 4 grams per bottle were used while 

in experiment 2, biochar additions of 0.5, 1 and 1.5 grams per bottle were used.  

 

3.1-First experiment/Experiment 1 
 

3.1.1-preparatory and pre-treatment  
A lignocellulose biomass from wetlands called common reed (Phragmites australis) was used 

as biogas feedstock. A sample of this feedstock was dried at 60°C for 2 days. Under dry 

conditions at a moisture content of 46%. 240g of this feedstock was grinded into smaller size 

using a coffee grinder (DELONGHI, Type KG40) which was then sieved through a particle 

size of 1mm using a particle size sieve (HUBBARD SCIENTIFIC). in the same manner, 

biochar obtained from Stockholm Vatten (wood feedstock) was grounded using the same 

grinding machine and passed through sieve size of 1mm. The particle size reduction was to 

ensure large surface area for microbial attack while sieving was to ensure homogeneity of the 

substrate. Meanwhile, 5 litres of biodigestate was obtained from Laholm’s Biogas AB as source 

of inoculum. This   medium was precultured in the heating chambers of BINDER MODEL 

incubator (series B) for 7 days.  

 

3.1.2-Set-ups for biogas production  
A bottle experiment of 4 setups was developed which included Inoculum only denoted as Io, 

Inoculum + feedstock, denoted as Io + F, Inoculum + feedstoch+2gBC (I +F +2gBC) and 

Inoculum + feedstoch+4gBC, (I +F +4gBC). As seen in table 4 below, I was the control. 80g 

of water was added in each bottle. Then the bottles designed for F were wetted with water 

loaded with F and kept for 24 hours before mixture. This was to ensure wetting of the 

feedstock.. The pH of inoculum was determined using the pH-meter Denver Instrument 

(MODEL 15) with pH standard 4 and 7 as reference while before the pH of biochar was 

measured, we used a dilution of 1:20 biochar: deionized H2O and equilibrated at 90 minutes 

under magnetic agitation after which the pH was measure using the same pH meter as for 

inoculum above. The conductivity of this dilution biochar: deionized water was also measured 

using the conductivity meter HANNA Instruments (MODEL HI993310). The masses of 
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biomass (F), water, Inoculum and biochar were measure using the same meter (DENVER 

Instrument, TP-3002)  

 

3.1.3- Setups for biogas quantitative and qualitative analysis  
 

The 11 bottles where then inserted in the heating chamber of the BINDER MODEL incubator 

(series B). The temperature for anaerobic digestion was set at 37°C and the amount of biogas 

produced was detected from the biogas meter (setup for anaerobic digestion in biogas lab, 

Halmstad university, a computer aided automatic system collecting, treating and reporting 

events taking place in each bottle as seen in figure 1.0 and 1.1. which was exploited for 

measuring the volume of biogas (automatic and continuous counting of events, each equal to 

45ml full of biogas). The relative amounts of methane and carbon dioxides in the biogas 

obtained from each bottle was determined using the CP-3800 gas chromatograph. The 

instrument was first calibrated with reference gas containing a mixture of methane (45%) and 

carbon dioxide (45%). The injected mode of the chromatography was set using a computer 

aided program Galaxy Workstation. With the use of a manual syringe (MODEL PN5190 1503), 

20µm of gas was obtained from the biogas rubber tubbing and injected into the TC detector of 

CP-3800 chromatographer. This was done twice a week and the chromatographic results for 

each bottle recorded for the percentage of methane and carbon dioxide which set a base of 

qualitative analysis of the biogas.  
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Figure 5: Feedstock and biochar sizing 

 

 

 

 

 

 

 

 

 

 

 

 

   From left to right,  

1-Blended Feedstock F from wetlands sieved through #120 (2mm) sieve  

2-Feedstock cut into in to small pieces 

3-Blender   

 

   From left to right,  

1-Blended biochar BC from factory blended and sieved through #60 (1mm) 

sieve  

2-biochar from factory  

3-Blender   
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Table 4: Masses of reaction mixture  

Bottle No Tube label Content Biomass 

(grams) 

Water 

(grams) 

Inoculum 

(grams) 

Biochar 

(grams) 

1 1 I 0.00 80.04 500.25 0.00 

2 2 I +F 10.01 80.03 500.00 0.00 

3 3 I+F + 2gBC 10.01 80.02 500.04 2.01 

4 5 I +F +4gBC 10.01 80.26 500.02 4.00 

5 6 I +F 10.01 80.00 500.04 0.00 

6 7 I + F + 2gBC 10.01 80.01 500.04 2.00 

7 9 I + F + 4gBC 10.00 80.02 500.06 4.02 

8 10 I + F 10.01 80.01 500.01 0.00 

9 11 I + F + 2gBC 10.00 80.01 500.02 2.00 

10 14 I + F + 4gBC 10.01 80.04 500.03 4.01 

11 15 I 0.00 80.19 500.12 0.00 

 

 

 

   

Figure 6: Setup for biogas production and quantitative analysis 

 

NB: the desired values of Biomass, water and inoculum are 10, 80 and 500g respectively while 

biochar is varied for desired values 2 and 4. The decimal variations here accounts for 

experimental errors in weighing.  
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Figure 7: Computer aided interface for Quantitative analysis (measuring biogas yield) 

 

This system is a digital data acquisition system whereby signals from displacement of gas 

columns in the above setup (figure 6) are collected, treated and recorded. It is set to use 

approximations of the ideal gas laws. All bottles connected to “displacement tubes” via rubber 

tubing are set in an isothermal medium (incubator at 37°C). For this reason, all initial and final 

measurements of bottles are internally the same. The initial and final pressures of the system 

are set at 1000 hPa, while the reference volume, associated to initial volume of water in the U-

column of the same displacement tube was set at 45 ml. So, each additional volume, causes 

water displacement at the U-column such that at maximum point (detected by sensor) a full 

displacement of 45ml is received as signal which is equal to 1 event. This event is then recorded 

at the same time and many such events then accounts for total gas produced by each bottle 

which could be checked every time by downing events as seen in the interface.   
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Figure 8: Setup for qualitative analysis 

 (from left to right: CP-3800 gas chromatograph, and computer aided Galaxie Workstation interface) 

 

Figure 9: CP-3800 set-up mode before injection 

 

The CP-3800 was first calibrated with a gas mixture (composition: 45.0784236% methane, 

44.8848847%carbon dioxide and 10.0366917%Nitrogen) as reference gas, supplied by AIR 

LIQUIDE GAS AB. The method selected for use in this analysis was method 8 of CP-3800 

which is predefined in the “Galaxy Workstation” as Biogas METH. During each analysis, the, 

the CP-3800 was setup to Biogas. METH mode and the reference gas analysed for accuracy. 
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Precaution was taken to avoid contamination of syringe by cleaning it with acetone 

(CH3COCH3), after analysis, results were recorded and again the CP-3800 set at standby mode 

via Standby. METH, another predefined mode to conserve to keep working at the same 

calibrations.  

 

3.1.4-set-up for determining the (TSCs) and the VOCs 
Anaerobic digestion process is an environmental technique which apart from producing biogas 

also aims at stabilising and rendering waste to avoid pathogens and at suitable conditions before 

disposal or reuse in the environment. Biodigestate is a suitable and sustainable biofertilizer in 

this context which is justified mainly by its high soil nutritional composition and low pathogen 

content compared to the initial feedstock (whether waste or not). Another important 

consideration is the amount of total organic matter present in the digestate as this is the 

component highly needed. The TSC enabled us to know what total quantity of organic material 

was involved in each set of the trial. After the AD, samples of digestate were chosen at random 

per set of trial, the masses recorded, then dried in an oven (model: MEMMERT) under 50°C 

for 48hours for air circulation set at 1(air regulation mode). After 48hours, the final mass was 

recorded. This was then followed by determining the VOC done by subjecting the sampled 

dried masses into an OVEN at 550°C for 2hours which reduced these masses completely 

leaving only their ash content. Assumption was made in this case that only the volatile 

component (organic matter) would volatilise leaving only ash (inorganic content) with the mass 

difference being the VOC. However, for a good environmental approach, it is also necessary 

to conduct chemical composition analysis, as well as determining the C/N ratio, BCOD or COD 

before preparing to use as fertilizer.  
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Figure10: set-up to determine the TSC and VOC 
(from left to right: samples dried in incubator, oven in closed mode, and ash of each sample)  
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 3.2-second experiment/Experiment 2 
 

3.2.1-preparatory and pre-treatment  
The same lignocellulose biomass as in experiment one was used as biogas feedstock. Feedstock 

dried under same conditions at 60°C for 2 days. For the same moisture content, the feedstock 

was grinded, but this time passed through sieve for particle size of 2mm using particle size 

sieve (HUBBARD SCIENTIFIC). Fresh samples of biochar obtained from Stockholm Vatten 

(wood feedstock) was grounded using the same grinding machine and passed through sieve 

size of 1mm. The particle size reduction was maintained as in experiment1 was to keep the 

same surface area for microbial attack while sieving was to ensure homogeneity of the 

substrate. This time fresh sample of 5 litres of biodigestate still obtained from Laholm’s Biogas 

AB was used as source of inoculum. This   medium was precultured in the heating chambers 

of BINDER MODEL incubator (series B) for 2 weeks.   

 

3.2.2-Set-up for biogas production  
A bottle experiment of 5 setups was developed this time which included inoculum only denoted 

as I(2sets), Inoculum + feedstock denoted as I + F (3sets), inoculum + feedstoch+0.5g of BC 

denoted by I +F +0.5g BC(3sets), inoculum + feedstoch+1g of BC denoted by I +F +1gBC3sets 

and 3 sets with Inoculum + feedstoch+1.5g of BC denoted by I +F +1.5 gBC accounting to 14 

bottles as seen in table 5 below, I again here was the control. 140g of grounded feedstock F 

was first mixed with 1120g of distilled water for a ratio 1:8 (F: H2O) in a 2000ml of plastic 

beaker, covered with tissue paper (Mark: TORK) and kept for 2 days as a means of a prior pre-

treatment initially done directly in bottles for experiment 1. During loading, no additional water 

was added to the bottles, but a mass balance of water and F accounted for 90g for each bottle 

loaded with F (table 5). The pH of inoculum, F/water mixture and biochar were measured same 

as in experiment 1 same as biochar conductivity. Meanwhile, with a difference from 

experiment I, here the 1mm sized biochar was first activated by mixing biochar, grounded 

waste potato chip (1mm size) and distilled water such that for 1 part of biochar was mixed with 

1/3 (one-third) part of potato chips, and 1/3 parts of water in grams. This biochar-food waste 

mixture was then incubated in 37°C for 2 days. This was predicted to increase microbial 

immobilisation in biochar to reduce any lag stages in biochar reactivity. The potato chips here 

were sterilized at 120°C for 1 hour under dry conditions to avoid any possible contamination. 

Figures [2.0, 2.1] 
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3.2.3-Setups for quantitative and qualitative analysis  
The same method as in experiment 1 was deployed in measuring and analysing biogas for all 

the 14 bottles  

  

 

   

Figure 11: Feedstock and biochar sizing experiment 2 

 

 

 

 

 

 

 Feedstock treatment  

 From left to right,  

1-Blended Feedstock F from wetlands sieved through #120 (2mm) sieve  

2-Feedstock cut into in to small pieces from wetlands 

3-Blender  

4-blended feedstock mixed with water at ratio 1: 8 

  

 

  Biochar Treatments  

 From left to right,  

1-Blended biochar BC from factory blended and sieved through #60 (1mm) sieve  

2-Fresh biochar from factory  

3-Blender  

4-Blended biochar mixed with #60(1mm) potato waste chips  
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Table 5: masses of reaction mixtures in experiment 2 

 

 

 

bottle 

 

 

 

content 

F/H2O 

(g) 

Activated BC 

(g)  

 

Inoculum  

(g) 

Initial 

bottle 

pH 

Desired Measured Desired Measured Desired Measured 

1 I 0 0 0 0 500 500.01 8.486 

2 I+F 0 0 0 0 500 500.03 8.425 

3 I+F+0.5gBC 90 90.10 0.83 0.83 500 500.01 8.406 

5 I+F+1.0gBC 90 90.16 1.66 1.66 500 500.02 8.394 

6 I+F+1.5gBC 90 90.04 2.49 2.49 500 500.08 8.397 

7 I+F 90 90.02 0 0 500 500.10 8.402 

9 I+F+0.5gBC 90 90.06 0.83 0.86 500 500.02 8.398 

10 I+F+1.0gBC 90 90.16 1.66 1.68 500 500.01 8.386 

11 I+F+1.5gBC 90 90.20 2.49 2.50 500 500.02 8.379 

14 I+F 90 90.02 0 0 500 500.00 8.408 

15 I+F+0.5gBC 90 90.28 0.83 0.84 500 500.01 8.399 

16 I+F+1.0gBC 90 90.02 1.66 1.68 500 500.20 8.375 

17 I+F+1.5gBC 90 90.12 2.49 2.52 500 500.03 8.311 

21 I 0 0 0 0 500 500.09 8.486 

 

NB: the desired values of biomass, water and inoculum are 10, 80 and 500g respectively for 

which the homogenous F/H2O mixture is sums up for 90g (10+80) while biochar is varied for 

desired values 0.5, 1.0, 1.5g which is extrapolated in the activated composite of 0.831.66 and 

2.49g respectively. The decimal variations here accounts for experimental errors in weighing.  
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Figure 12: Setup for biogas production  

 

N.B: the method for biogas quantitative, qualitative analysis and that of TSC, VOC were the 

same as in experiment 1 meanwhile the analysis of biochar was done by Eurofins Umwelt Ost 

GmbH (laboratory for chemical, physical and organic analysis) according to European Biochar 

Certificate.  

 

3.2.4-Statistical analysis  
MS Excel (version 1803) was used to analyse data from practical experiment. A one-way 

ANOVA analysis was used to determine the credibility of data in which the treatments were 

independent variables, meanwhile biogas yield, methane concentration were dependent 

variables. The level of significance for the test was set at p < 0.05. 

 
 

 

 

 

 

From left to right:  

Left; Top to bottom: gas collection tubes, 

incubator, bottles loaded to be tubed, 

Right; Bottles in incubator connected with to 

tubes via air-tight rubber tubing.  
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Chapter 4-Results and discussion 

 

In this section, the results and discussion for both experiments are given and discussed upon 

relative to the research questions and analysis made.  

 

4.1- Biochar analysis  
 

The biochar analysis was performed by Eurofins laboratory. The results of the test are displayed in 

the tables below.  

 

Table 6: Analysis of some physical properties of biochar 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table7: Results of some specific intrinsic properties of biochar 

Property  unit Value 

pH value (CaCl2) 
 

9.6* 

Electrical conductivity µS/cm  1050* 

Salt content calculated with bulk density  g/l 1.34* 

 

 

 

 

 

Property  unit Value 

Water holding capacity  %w/w 146.6** 

Bulk density  %w/w 242* 

Ash content at 550°C  %w/w 23.4** 

Ash content at 815°C  %w/w 21,2** 

Specific surface area (BET) m2/g 212.6** 

True density  g/cm3 1.66** 

gross calorific value (Ho, V) kJ/kg 25173** 

Net calorific value (Hu, p) kJ/kg 24826** 

Volatile matter %w/w 8.9** 

Wet basis *, dry basis** 
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Table 8: Ultimate analysis of priority 

Property  unit Value 

Total Carbon  %w/w 69.9 

Organic carbon %w/w 68.9 

Hydrogen %w/w 1.61 

Oxygen %w/w 6.4 

Total Nitrogen %w/w 0.78 

Total inorganic carbon (TIC) %w/w 1 

Total Sulphur  %w/w 0.06 

Carbonate (as CO2) %w/w 3.69 

Molar ratio H/C 
 

0.27 

Molar ratio H/Organic carbon 
 

0.28 

Molar ratio O/C  
 

0.07 

According to the European biochar certificate and the IBI, a typical pyrolyzed biomass is 

considered biochar when it`s characteristic respect the conditions: 

1. Molar ratio H/Organic carbon < 70% dry mass 

2. Ash content < 65% total content dry mass.  

 

 

Table 9: Presence of heavy metals 

Property  unit Value 

Cadmium (Cd) g/t <0.2 

Lead (Pb) g/t 28 

Arsenic (As) mg/kg 3.3 

Nickel (Ni) g/t 12 

Mercury (Hg) g/t <0.07 

Chromium (Cr) g/t 15 

Boron (B)  mg/kg 36 

Manganese (Mn)  mg/kg 190 

Zinc (Zn) g/t 200 

Copper (Cu) g/t 28 
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Based on the EBC, the acceptable thresholds of these metals in biochar were found to be Cd 

(<1g/t), Pb (<120g/t), As(<13mg/kg), Ni(<50g/t), Hg(<1g/t), Cr (< 80g/t), Zn(<400g/t) with no 

thresholds set for B and Mn as of now. These thresholds simply limit the environmental effects 

of these heavy metals if present in biochar based on typical applications however, heavy metals 

could be responsible for inhibitions. However, based on [37], Cu > Zn > Cr > Cd > Pb > Ni 

and Cu > Zn > Cr > Cd > Ni > Pb, respectively showed the relative toxicity of heavy metals to 

the production of acetic acid and n-butyric acid for which the production of acetic acid was 

optimum at Ni (<300mg/l). According to this analysis, in convertible terms, with assumption 

(1l substrate ≈ 1kg), 300mg/l [Ni] ˃28g/t [Pb] ˃ 0.2g/t [Cd] ˃15g/t [Cr] ˃200g/t [Zn] ˃28g/t 

[Cu]. Therefore, the heavy metals did not reach the toxic levels to inhibit the AD process and 

their thresholds are equally safe for our environment.  

 

 

Table 10: Analysis of micro and macronutrients 

Property  unit Value 

Total Sulphur  %w/w 0.06 

Total Nitrogen %w/w 0.78 

Phosphorus  mg/kg 1600 

Magnesium mg/kg 2900 

Calcium mg/kg 22000 

Potassium mg/kg 12000 

Sodium mg/kg 2600 

Iron mg/kg 4500 

Silicon mg/kg 55000 

Sulphur  mg/kg 360 

 

The above biochar properties in tables 6, 7, 8, 9 and 10 were reviewed to conform within the 

applicable range stipulated in the European Biochar Certificate in the recent version 6.3E of 

14th August 2017, section 2(biochar properties) [39]. However, the biochar properties in this 

certificate mainly targets its application in soils.  
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4.2-Results of biogas production  
 

   

 

Figure 13: The results of daily biogas yield for both experiment 1 and 2. I means inoculum, I+F means 

inoculum + feedstock, I+F+0.5g BC means Inoculum + feedstock + 0.5grams of Biochar, I+F+1g BC 

means Inoculum + feedstock + 1gram of Biochar, I+F+1.5g BC means Inoculum + feedstock + 
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1.5grams of Biochar, I+F+2g BC means Inoculum + feedstock + 2grams of Biochar and finally , I+F+4g 

BC means Inoculum + feedstock + 4grams of Biochar.   

 

 

The results shown in Fig 13 shows the daily biogas yield as mean values of 3 replications for 

each trial.  A full list of results is shown in (Appendix 1.0 and Appendix 1.1). Biogas production 

started immediately on day 1 in experiment 1 with the (I+F) trial leading with an average 

production of 135ml meanwhile an average of 120ml was witnessed with both biochar 

additions of 2grams and 4grams which increased varyingly to maximum production. Trial I+F 

witnessed a maximum peak of 270ml just within 3days while both trials with biochar additions 

of 2grams and 4grams coincided at a peak of 250ml in the 4th day. Production then dropped in 

all 3 cases. However, the trial with biochar addition of 4grams witnessed a step unsteady drop 

compared to trails with 2grams and (I+F). Production dropped with trial I (control) throughout 

the process. On the other hand, in experiment 2, there was no production in the control (I). 

From day 2, production started and increased varyingly for the different trials with maximum 

productions attained almost unanimously around the 13th day (17th Dec) during which a steady 

production of 225ml was reached for trials with biochar additions of 1g and 0.5 grams. This 

was later joined by trail with biochar addition of 1.5grams after 4days (lagged phase of 4days 

with respect to average). Experiment 2 showed a longer residence of average production 

compared to experiment 1 with biochar additions of 0.5grams championing the production 

throughout this average residence time of 22days.      
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4.3-Cumulative biogas production 

 

 

Figure 14: Cumulative biogas production in experiments 1 and 2. I means inoculum, I+F means 

inoculum + feedstock, I+F+0.5g BC means Inoculum + feedstock + 0.5grams of Biochar, I+F+1g BC 

means Inoculum + feedstock + 1gram of Biochar, I+F+1.5g BC means Inoculum + feedstock + 

1.5grams of Biochar, I+F+2g BC means Inoculum + feedstock + 2grams of Biochar and finally , I+F+4g 

BC means Inoculum + feedstock + 4grams of Biochar.    

 

Figure 14 shows the cumulative biogas production for experiment 1 and 2 as mean values of 3 

replications for each trial. Using a one-way ANOVA (critical level=0.05), there was a strong  
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significant difference between treatments (F = 25.214, P<0.0001) with biochar additions of 2 

and 4grams (F=6.167, P= 0.028) in experiment 1 whereas  in experiment 2 there was  a stronger 

significance between treatments (F = 7.786, P< 0.00001) with biochar additions of 0.5, 1 and 

1.5grams (F=8.246, P < 0.00952). There was a steady increase in the cumulative biogas yield 

throughout both experiments. However, all trials in experiments 2 exhibited a lag phase 

compared to experiment 1 in which the cumulative production increased steadily from day 1 

and then dropped at the 16th day meanwhile in experiment 2 the cumulative production 

increased steadily with 0.5g addition continuously followed by that with 1g addition which 

dropped on the 19th day. The 1.5g and (I+F) cumulative productions were lower by about 500ml 

and 2000ml, respectively throughout the experiment. The trial (I+F) had the highest cumulative 

production in experiment 1 (4000ml) while it was the trial with 0.5g addition which had the 

highest cumulative production (4500ml) in experiment 2 with the same residence time in both 

experiments.  

 

 

4.4-Relative variation of biogas yields with biochar additions compared to I+F 
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Figure 15: Relative variation of biogas yield with biochar additions 

 

The relative variations of biogas yield in figure 15 were calculated as the difference between 

biochar additions [(2grams and 4grams for experiment 1) then (0.5grams, 1gram, 1.5gram for 

experiment 2)] and the trial (I+F) expressed as a percentage of (I+F) which represents the 

normal biogas operation mixture i.e.(I+F). It shows that biogas yields were decreased with 

biochar doses of 2grams and 4grams in experiment 1 with increasing intensity from 2grams to 

4grams meanwhile in experiment 2, biogas yields increased with increasing intensity of doses 

from 1.5grams to a maximum at 0.5grams. There was therefore a positive effect on biogas yield 

at doses below 2grams. However, this dosage was also distinguished amongst additions with 

respect to effective residence time in figure 14 as average production was steadier and longer 

with biochar additions of 1.5grams ,1grams and 0.5grams in increasing order.  

 

 

 

 

 

 

 

 



45 
 

 

4.5.1-Methane concentrations in experiments over time 

 

 
       Figure 16: Methane concentration (%CH4) as time evolved during the experiments 

 

The results shown in Fig 16. were obtained as mean values of the replicated treatments and 

were analysed at mean intervals of 3days. A full list of these results is shown in (Appendix 1.4 

and Appendix 1.5). For both experiment 1 and 2, the methane concentration was low (15%-

40%) on the first day. As production continued, the time for which 50% of methane 

concentration was achieved differed between the two experiments. The maximum peak of 

methane concentration of about 77% in each experiment was with biochar additions with very 

little difference between trails.  
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4.4.2-Specific methane yield  

 

Figure 17: The specific methane yield (CH4ml/gram of feedstock) in experiments 1 and 2  

 

The specific methane yield was calculated as the mean of the three replications in each trial. In 

experiment 1, the specific methane yields with biochar additions were 269g ± 6g for 2g biochar 

addition and 238g ± 5g with 4g biochar. Meanwhile during experiment 2 the trials with 05g 

biochar additions had the highest methane yield (315 ±13g), followed by additions of 1gram 

(280 ± 7g) and then 1.5g addition (240 ± 6g).   
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4.4.3-Relative variations in specific methane concentration compared to I+F 
 

 

 

Figure 18: Relative variation of specific methane yield by biochar additions  

 

Figure 18 shows the relative variation of specific methane yield by biochar additions compared 

to normal case without biochar of (I+F). It is a measure to fully express the difference in 

specific methane yield. It shows that biochar additions from 2grams upwards will have negative 

effect (reducing total production efficacy by 2% with 2grams biochar addition to about 13.5% 

with dose of 4grams) on the specific methane yield. A positive efficacy was seen when dosage 

was reduced in experiment 2 from 1.5g dosage leading to about 85% increase, to 1g dosage 

leading to 125% increase and a maximum by 0.5g dosage of 145% increase.  
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4.5-Discussion  
The use of biochar as an additive or catalyst in the anaerobic digestion process for biogas 

production is a new strategy which has recently gained academic and industrial interest for the 

improvement upon system efficiency. The most important advantage of this practice is the 

environmentally friendly nature of biochar when disposed of in the environment compared to 

initially used additives and their negative effects in the environment. For whatever application 

of biochar, its destination is the soil it plays a key role in soil enhancement and nutrient 

enrichment. In these experiments the biochar used was obtained from a production factory in 

Stockholm called Stockholm Avfall AB, Stockholm. Biogas production can be affected by 

several factors including the specificity of microbial population [40] the pH level [41] and the 

(C: N) ratio [42] etc. However, to maintain stability and operate anaerobic digestion systems 

at optimal rates, the use of additives has long been proposed and are known to also affect biogas 

production. This is the main factor being accessed in this study with biochar being the additive 

used.  

  

4.5.1-Biogas yield.  

The daily biogas production for both experiments recorded are graphically represented in figure 

13 above. The fact that production started the first day in experiment 1 but in experiment 2 

took place after a few days and increased more slowly could imply that the trials in experiment 

2 experienced a lagged phase in production compared to trials in experiment 1. Since the 

inoculum was obtained at different periods of time from the digester, it could be that the 

microorganisms within the inoculum in experiment 2 were dormant and required a longer time 

for their activation. This could have been the reason why a lagged phase was witnessed in 

experiment 2 compared to experiment 1. It could also have been lack of micro- or 

macronutrients in the inoculum which then did not have the necessary nutrients for cell growth. 

The addition to nutrients from biochar (Table 10) which provided conducive environment for 

cell survival and growth could however also have contributed to nutrient availability. This was 

supported in other studies [31] and [32]   where biochar was seen to have enhanced syntrophic 

metabolism and alleviation of combined stress using a selective priority enriching mechanism. 

The unsteady fluctuation of trial with biochar addition of 4g (experiment 1) and (I+F) in 

experiment 2 could mean that 4g dose produced inhibitory effects limiting biogas production 

within the optimum time interval meanwhile with experiment 2, (I+F) may have simply 

fluctuated due to time taken for its microorganisms to adapt after being activated. This means 
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biochar additions have a dose limit above with more additions being inhibitory to the system. 

This mechanism of dosage limits and inhibitory effect above limits is also supported by other 

studies [43]. This point of inhibition is clearly observed in figure 14 with cumulative biogas 

production where curves with biochar additions of 4grams, and 1.5grams were distinctively 

below 2grams of addition. Biochar as additive in digester can therefore improve biogas yield, 

however the optimum effect is affected by the quantity added which also was shown to impact 

effective residence time in digester.  

 

4.5.2-Methane concentration and specific methane yield 
The methane concertation of the biogas produced throughout the experiments (Fig 16) shows 

that the average methane concentration increased slightly with increased dosage of biochar as 

the  average methane concentrations in experiment 1 showed 69% (I+F), 71%(with 2g biochar), 

and 71(with 4g biochar) whereas in experiment 2, the average methane concentrations were 

66% (I+F), 70% (0.5g biochar), 72% (1g biochar) and 71% (1.5gbiochar). Whereas, the 

specific methane yield calculated from the final cumulative biogas (figure 17) showed 

significant difference between the trials in both experiment 1 and 2. In the same manner, the 

variation of specific methane yield in each experiment and distinctively within trials directly 

correlated with the relative variations of biogas yields. It could therefore be seen that since 

higher doses of biochar dropped biogas yield and for which dosage inhibition has been 

accounted for, the slight increase in the average methane concentrations with biochar additions 

could have been due to the sorbent properties of biochar which might have removed CO2 during 

methane formation. Such analysis has already been observed in [36] while producing pipe line 

quality biomethane via anaerobic digestion of sludge amended with corn Stover biochar and 

observed in-situ CO2 removal. 

  

4.5.3-Summary  
From the results analysed above, it can be generally agreed that the effect of biochar is 

improving biogas production both in production and in quality. This could be because of the 

properties of biochar improved the enzyme catalysed reactions in either stabilizing its reaction 

medium or balancing the chemical properties of the digester leading to increasing cell growth. 

In the case of stabilizing the reaction medium (acid production versus acid consumption), the 

specific properties of the biochar analysed in table 7 revelled the electrical conductivity, salt 

density and alkalinity properties of biochar could have created a favourable reaction medium 

to the acid producers and methanogens which helped in their growth, increasing methane yield. 
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This is supported by other studies [24] which already referred to biochar containing sufficient 

conductivity to stimulate direct interspecies electron transfer (DIET) between syntrophic 

partners in Geobacter and Methanosarcina co-cultures. This is also supported by several other 

researchers [33,34,35,36]. This stabilisation could also have been possible due to the catalytic 

effect of biochar in mitigating the mild ammonia inhibition which is seen to improve archaea 

growth [29] and supported by other researchers [30,31] where in further explanation biochar 

properties would have enhanced methane production by accelerating syntrophic metabolism 

and limitation of ammonium stress. In addition to the reaction medium, the increase in biogas 

yield could have been due to a balanced nutritional content in biochar addition which improved 

cellular growth in relation to the enzyme catalysed reactions within the AD system. There could 

be a similarity between biochar reaction in soil and that in AD system as to how biochar 

simulated microbial growth. This is one of the reasons for which the application of biochar in 

agricultural systems is based. In soil application, biochar was seen to increase microbial 

abundance and shifted bacterial genetic structure [38] which could have been similar in 

anaerobic digestion considering the facultative nature of bacteria used. 
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Chapter 5-Conclusions and Perspectives 
 

5.1-Conclusions drawn from both experiments  
 

The effect of biochar in the anaerobic digestion process of common weed (Phragmites 

australis) obtained from wetlands was examined in this study. The results of the experiments 

conducted justify the following conclusions; (1) Biochar has a positive effect on anaerobic 

digestion by stimulating microbial growth and improving the biogas production rate. Hence 

biochar could be referred to as a “microbial growth stimulating agent”, (2) Therefore, biochar 

is a beneficial supplementary material during anaerobic digestion process of lignocellulose 

biomass in promoting system performance. (3) The efficacy of biochar additions in the 

anaerobic digestion process strictly depends on the quantity of biochar added compared to the 

inoculum in the reaction medium.  The range of positive effects on AD by biochar with respect 

to inoculum was obtained within the inoculum to biochar rates of 0.5g biochar/0.5 l (ratio; 1:1), 

1g/0.5 l (ratio; 2:1), and 1.5g/0.5 l at a corresponding ratio of 3:1 (biochar, g, inoculum, l).  

 

5.2 Conclusions to research questions  
 

1. In relation to the research question 1 “which properties of biochar could affect the anaerobic 

digestion of heterogeneous waste “., many biochar properties can affect AD. Regarding 

these two experiments, the microbial growth stimulating property of biochar is the answer 

to this question. However, a detailed experiment in relation to the mechanisms taking place 

within the digester is necessary to determine the specific properties of biochar like pH, 

CEC, electric conduction etc. especially the effect to the relationship between volatile acid 

production and consumption in system stability.  

 

 

2. Can biochar improve the production of biogas? And if possible at what dose and under 

what conditions? The two experiments showed an increase in biogas production with the 

different doses. It was concluded that the dose achieving optimum effects lie within the 

inoculum (l): biochar (g) ratio of 1:1 for 0.5g dose. 
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3. Th biochar used in this experiment was produced using the PYREG-technology (PYREG®-

P500) with system temperature of 500°C. Low temperature biochar is produced at range 

≤500°C according to most biochar standards which can also help in defining the type of 

biochar applications. In both experiments, the concentration of methane in biogas was 

increased compared to the control, hence low temperature biochar can increase methane 

concentration in AD. 

 

4. As to the question other secondary effects of biochar could increase the cost effectiveness 

of biogas production? At what economic effect? This will be carried out in further 

investigations. However, it is suggested that the resulting digestate during biochar addition 

would be effectively more enriched with more plant available nutrients like soluble 

nitrogen and phosphorus in addition to the micro nutrients. This could highly increase soil 

fertility compared to digestate without biochar additions since biochar itself is already an 

agricultural fertilizer.   

 

Finally, no experiment was carried out in relation to question 5. It is however suggested that if 

biodigestate is used as a cooling medium in a composite mixing mechanism during biochar 

pyrolysis such that the pyrolytic system remain stable, then this may provide a sustainable post-

treatment for digestate drying and conditioning while biochar benefit in quality of additional 

nutrients from digestates. This could decrease biogas operation costs related to logistics and 

storage of biodigestate. The water from municipality used to achieve this cooling would then 

be saved which can reduce production cost during biochar production.  
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Appendix 1.0  

Average biogas yield(ml) 

Date I  I+F I+F+2gBC I+F+4gBC 

11-Oct 90 135 120 120 

12-Oct 23 225 165 165 

13-Oct 68 225 195 210 

14-Oct 45 240 210 225 

15-Oct 45 255 225 225 

16-Oct 23 270 240 240 

17-Oct 68 255 255 255 

18-Oct 23 240 225 150 

19-Oct 23 255 225 195 

20-Oct 23 225 225 165 

21-Oct 23 225 225 165 

22-Oct 23 225 210 135 

23-Oct 0 195 195 105 

24-Oct 45 210 180 210 

25-Oct 23 180 180 150 

26-Oct 0 165 180 165 

27-Oct 68 105 135 165 

28-Oct 23 105 150 105 

29-Oct 23 60 75 60 

30-Oct 23 60 45 45 

31-Oct 0 60 60 45 

01-Nov 0 60 75 60 

02-Nov 0 45 15 30 

03-Nov 0 60 45 60 

04-Nov 23 45 45 45 

05-Nov 23 0 30 15 

06-Nov 0 45 30 30 

07-Nov 0 45 15 15 

08-Nov 23 15 45 30 

09-Nov 0 15 45 15 

10-Nov 0 30 0 30 
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Appendix 1.1 
Average accumulated biogas(ml) in 22 days for experiment 1 

Date I  I+F I+F+2gBC I+F+4gBC 

11-Oct 90 135 120 120 

12-Oct 113 360 285 285 

13-Oct 180 585 480 495 

14-Oct 225 825 690 720 

15-Oct 270 1080 915 945 

16-Oct 293 1350 1155 1185 

17-Oct 360 1605 1410 1440 

18-Oct 383 1845 1635 1590 

19-Oct 405 2100 1860 1785 

20-Oct 428 2325 2085 1950 

21-Oct 450 2550 2310 2115 

22-Oct 473 2775 2520 2250 

23-Oct 473 2970 2715 2355 

24-Oct 518 3180 2895 2565 

25-Oct 540 3360 3075 2715 

26-Oct 540 3525 3255 2880 

27-Oct 608 3630 3390 3046 

28-Oct 630 3735 3540 3150 

29-Oct 653 3795 3615 3210 

30-Oct 675 3855 3660 3255 

31-Oct 675 3915 3720 3300 

01-Nov 675 3974 3795 3360 
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Appendix 1.2- Average accumulated biogas(ml) in 22 days for experiment 1 

 
 

Date I I + F I +F + 0.5gBC I +F+1gBC I+F+1.5gBC 

05-Dec 45 0 0 0 0 

06-Dec 0 0 45 90 45 

07-Dec 0 45 135 135 90 

08-Dec 0 90 180 135 135 

09-Dec 0 45 180 180 135 

10-Dec 0 45 180 180 90 

11-Dec 0 45 270 225 135 

12-Dec 0 45 225 225 135 

13-Dec 0 90 225 225 180 

14-Dec 0 135 225 225 225 

15-Dec 0 135 225 225 225 

16-Dec 0 180 315 225 270 

17-Dec 0 225 225 270 225 

18-Dec 0 180 225 225 180 

19-Dec 0 90 225 270 225 

20-Dec 0 135 225 225 225 

21-Dec 0 135 180 225 225 

22-Dec 0 90 270 225 180 

23-Dec 0 90 180 180 135 

24-Dec 0 45 225 90 180 

25-Dec 0 45 270 135 90 

26-Dec 45 45 270 90 135 
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Appendix 1.3 

 
Average accumulated biogas(ml) in 22 days for experiment 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Date I I + F I +F+0.5gBC I +F+1gBC I+F+1.5gBC 

05-Dec 45 0 0 0 0 

06-Dec 45 0 45 90 45 

07-Dec 45 45 180 225 135 

08-Dec 45 135 360 360 270 

09-Dec 45 180 540 540 405 

10-Dec 45 225 720 720 495 

11-Dec 45 270 990 945 630 

12-Dec 45 315 1215 1170 765 

13-Dec 45 405 1440 1395 945 

14-Dec 45 540 1665 1620 1170 

15-Dec 45 675 1890 1845 1395 

16-Dec 45 855 2205 2070 1665 

17-Dec 45 1080 2430 2340 1890 

18-Dec 45 1260 2655 2565 2070 

19-Dec 45 1350 2880 2835 2295 

20-Dec 45 1485 3105 3060 2520 

21-Dec 45 1620 3285 3285 2745 

22-Dec 45 1710 3555 3510 2925 

23-Dec 45 1800 3735 3690 3060 

24-Dec 45 1845 3960 3780 3240 

25-Dec 45 1890 4230 3915 3330 

26-Dec 90 1935 4500 4005 3465 
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Appendix 1.4 
 

 

 

Appendix 1.5 
Average CH4 concentrations in biogas  

Experiment 2 

Date I I+F I + F + 0.5gBC I + F + 1gBC I + F + 1.5gBC 

08-Dec 0.00 18.46 18.27 28.84 29.90 

11-Dec 0.00 27.15 29.41 37.80 33.97 

15-Dec 0.00 43.52 42.52 57.11 57.48 

19-Dec 0.00 62.66 71.78 73.43 72.35 

22-Dec 0.00 71.85 77.49 75.77 74.15 

26-Dec 0.00 73.55 77.24 77.40 72.44 

29-Dec 26.89 74.41 76.18 75.85 69.33 

03-Jan 28.70 73.07 74.35 73.42 70.35 

      

Avg/S. CH4 
 

27.80 66.51 69.93 72.16 69.35 

      

NB: average for specific methane yield (Avg/S. CH4) was considered only  for case 

with detected methane above or equal 50% 

 

 

 

 

 

Average CH4 concentrations in biogas 

Experiment 1 

Date I I+F I+F+2gBC  I+F+4gBC  

13/10/2017 35.07 15.80 30.79 39.22 

20/10/2017 36.71 57.41 57.11 58.32 

24/10/2017 42.60 66.86 68.56 68.57 

25/10/2017 47.65 68.41 69.47 70.18 

26/10/2017 52.36 70.46 71.65 71.43 

27/10/2017 52.56 71.13 73.23 72.92 

28/10/2017 51.06 71.75 72.57 73.12 

31/10/2017 53.86 72.20 75.72 76.46 

03/11/2017 54.57 71.70 73.40 71.66 

10/11/2017 57.61 73.82 76.21 74.14 

Avg/S. CH4 49.885 69.30 70.88 70.76 

NB: Average from respective tubes/bottles as in production 
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Appendix 3 
 

Factory visits (1) 

FACTORY VISIT – QUESTIONNAIR ON BIOGAS 

Company name and address: Falkenberg Biogas Plant, Gädastorp 212 

Date of visit: 08/08/2017 

 

1- How many plants are there in your company? 1 plant, double stage digestion, gas upgrading and injection into 

NG network 

2- Where are they located? Gädastorp 212 

3- What feedstock(s) used? Co-digestion: food waste, slaughter waste, chicken waste, pig waste  

4- What is the controlled temperature and pH.? Range: 38-42oC 

5- What is the biogas used for? Sold to low pressure network, for household gas boilers, biogas cars and small 

industries  

6- Where is the location of Biomass feedstock (wood, waste...) that the company collects every time? Collected 

from farmers all round within 10 to 15 Km from plant, 45000tons/year, flow rate of 218m3/h in 19 

sequences/day 

7- What is capacity that plant could produce per day or per annum? 37Gw biogas ~4.4 million Liters of Petrol/year  

8- How much does the company spend for post-treating Bio-digester (by-product of Bio-gas plant) before the 

company uses or disposes it? covers an annual transportation cost of about SEK7million to farmers including 

feedstock collection from farmers and purchased food waste to plants 

9- What amount of water per ton of biomass is put into the Bio-digester per day, Water: Feedstock ratio: maximum 

dry weight of feedstock (food waste, slaughter waste, chicken) stabilized at 20%!!! 

10- What quantity of digestate (liquid fertilizer) is discharged off per day? 218m3/day, residence time in digester is 

28 days 

11- How does the plant use the digestate? Exchange with some farmers for feedstock, and sold excess normalized 

for profit margin of SEK 75/ton but costumer willing to pay only 5-10Sek/ton, worst case during winter. 

No storage in plant  

12- Does the plant face any legal restrictions on using or selling the digestate? Must analyze digestate every week 

before exchanged or sold to farmers, certification from SPCR and SMARK 

a. If yes, which entity does the plant report to? SPCR and SMARK 

b. What kind of restrictions is it? No main restriction(s) on using digestate, (Note: here no clear idea on heavy 

metals) 

13- What are the impacts to users or farmers in the agricultural farms if application in farms? increase yields 

14- Does the digestate cause the storage problems? Farmers have to build storage tanks (extra cost, reluctance to 

use??) 

15- Does the digester cause any health constraints to users? Not identified 

a. If yes, what kind of constraints are they? - 

16- What types of feedstock(s) pre-treatments used? Heated to 72àC and mixed in collection tank before sent to 

digester 
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17- What is the ratio of bio solids-to-liquid: 

a. In input feedstock? 20%dry waste  

b. In output digested? 5.5%dry waste 

18- Concerning digestate uniquely: 

a. Is there any presence of micro nutrients (Fe, Na, Ca...)? 0.6P, 2.8. NH4N, 4.6NTOT, 1.8K, 0.2Mg, 0.4S, 1.4Ca 

(kg/ton or kg/m3), 4.6%TS, 57.3% VS 

b. Is there any presence of heavy metals? No indication by company  

b-1: If yes, what concentrations?  

-//// 

b-2: How does the company manage or intend to manage the heavy metals? 

No indication by company  

Other remarks  

This plant is a shareholding plant, owned by Eon-Sweden (65%), Commune municipality (25%) and Gecko shop 

(15%). Mixing thank of 1200m3, primary digester capacity of 7000m3, secondary digester of capacity 700m3. NB, 

from 1st October to 1st March, constraints, can’t spread fertilizer. Farmers must spend building thanks to store 

encoring cost. Declaration of fertilizer must be sent out to farmers. Fertilizer is also pasteurized at 72°C for 1hour 

before sent to farmers increasing heating cost.  

 

Resourced persons contacted 

Jonas Simonsson 

Visitors  

Lukong Pius Nyuykonge and Heang Rasmey  
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Appendix 4 
Factory visits (2) 

FACTORY VISIT – QUESTIONNAIR ON BIOGAS  

Company name and address: OX2, Helsingborg (BIO) Hjortshögsvägen 1, 

25189 Helsingborg 

Date of visit: 16/08/2017 

1- How many plants/digesters are there in your company? 6 total, 3 primary digesters 

each coupled with secondary Digesters, gas upgrading and sold to industries.  

2- Where are they located? Hjortshögsvägen 1 

3- What feedstock(s) used? Co-digestion: household organic waste and Industrial 

organic waste  

4- What is the controlled temperature and pH.? Range: 38-42oC-pre-hydrogenisation 

at 70°C for 1hr 

5- What is the biogas used for? Sold to industries  

6- Where is the location of Biomass feedstock (wood, waste...) that the company collects 

every time? Household organic waste is collected from Helsingborg municipality 

and industrial waste from same municipality, an annual average of 

150,000tons/yr. 

7- What is capacity that plant could produce per day or per annum? 80Gw biogas ~9.5 

million Liters of Petrol/year  

8- How much does the company spend for post-treating Bio-digester (by-product of Bio-

gas plant) before the company uses or disposes it? No info, but the transportation 

and logistics cost be year can’t be recovered. (NB: Biodigestate is either pump 

through pipes to farmers storage tanks 10Km away or transported by vehicles) 

9- What amount of water per ton of biomass is put into the Bio-digester per day, Water: 

dry matter is stabilized at 20% 

10- What quantity of digestate (liquid fertilizer) is discharged off per day?  400-

500m3/day 

11- How does the plant use the digestate? Try to sell to farmers (no price details but no 

profits)  

12- Does the plant face any legal restrictions on using or selling the digestate? Must 

analyze digestate every week before transported to farmers storage tanks, 

certification from SPCR (120) 

a. If yes, which entity does the plant report to? SPCR  

b. What kind of restrictions is it? No idea (Note: here no clear idea on heavy 

metals) 

13- What are the impacts to users or farmers in the agricultural farms if application in 

farms? No infos 

14- Does the digestate cause the storage problems? Seems they build storage tanks for 

farmers (extra cost, reluctance to use??) 

15- Does the digester cause any health constraints to users? No info 

a. If yes, what kind of constraints are they? - 
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16- What types of feedstock(s) pre-treatments used? Hydrogenation at 70°C for 1hour 

in extra pretreatment tank 

17- What is the ratio of bio solids-to-liquid: 

a. In input feedstock? 20%dry waste  

b. In output digested? 5%dry waste 

18- Concerning digestate uniquely: 

a. Is there any presence of micro nutrients (Fe, Na, Ca...)? no data 

b. Is there any presence of heavy metals? No data  

b-1: If yes, what concentrations?  

-//// 

b-2: How does the company manage or intend to manage the heavy metals? 

No indication by company  

Other remarks  

This plant is owned by OX2 (100%), made of a waste separation facility, a pretreatment 

tank coupled with receiving and mixing tanks of 700, 900 and 1400m3 each for digesters 

of (3000m3 x 2 + 6000m3+1)-capacity of primary digesters each and (1500m3x3)-capacity 

of secondary digesters Mixing thank of 1200m3, primary digester capacity of 7000m3, 

secondary digester of capacity 700m3. The digestate produced can only be spread to farms 

in a limited period of the year, to farms of between 28 to 30 farmers and this process does 

not yield any profit and transportation and logistics cost yearly to this process is never 

covered. Face a constraint as the fertilizer contains only 5% dry matter, with high 

available ammonia available to plants. Storage tanks of 5000m3 are built.  

 

Resourced persons contacted 

Jan.  

Visitors  

Heang Rasmey, Lukong Pius Nyuykonge, Olle Löfstedt and Sara Denadära, 
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