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Abstract 

 

Biogas production from energy crops grown on arable land often competes with food and feed 

production. Wetland plants offer an alternative source of biomass as well as offering a number 

of environmental benefits such as nutrient removal from wastewaters, carbon sequestration 

and reducing the use of mineral fertilizer. The aim of this study is to investigate the effect of 

harvest time on biogas production of Phragmites australis and Glyceria maxima and to perform 

a cost-benefit analysis of using these wetland plants as a substrate for biogas production. The 

results of the batch experiment show that the overall biogas production and specific methane 

yields of biomass harvested in June was higher than biomass harvested in September due the 

increased lignocellulosic nature of the more mature September plant. The cost-benefit showed 

that in Sweden it is not currently profitable to solely use wetland plants for biogas production. 

For both species the highest costs were seen in the June harvested biomass, this was due to the 

much higher fresh weight and increased transportation costs. For both species the highest 

revenues generated were the June harvested biomass, this was due to the higher specific 

methane yields. It was found that the harvest time that was closest to profitability from both 

species was the June harvest for Phragmites australis. Although the costs were higher for 

harvesting in June, this was outweighed by the higher amount of electricity produced for this 

scenario. If transportation distance was to be increased it could result in September being the 

favourable harvest time. Therefore, individual circumstances of the farmers could decide which 

is the optimal harvest time. Although solely using wetland plants for biogas production is not 

currently profitable, co-digestion and pre-treatment are options to investigate that could change 

this. Also if a greater financial value is put on the socioeconomic benefits such as increased 

biodiversity, aesthetic value and global warming mitigation it may be financially viable in the 

future. 

 

Keywords: Wetland plants, anaerobic digestion, harvest times, lignocellulose, cost-benefit 

analysis 
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1. Introduction 

 

1.1 Background 

Climate change is undoubtable one of the biggest environmental issues facing the world today. 

It is generally accepted that the major cause is greenhouse gases being released through the 

burning of fossil fuels for energy. Currently around 80% of the world’s energy supply comes 

from fossil fuels and nearly half (48%) of the energy supply of the E.U. (Wellinger, 2011). 

From 1990 to 2010, the global energy demand and utilization of fossil fuels has increased by 

45%, mainly in Asia, Africa and South America (IEA, 2012a). Recent conferences such as the 

Paris Climate change conference in 2015 have been held to discuss global warming and 

international agreements have been made to limit global warming and reduce greenhouse gas 

emissions. As energy demands are expected to continue to rise (Asif & Muneer, 2007). 

Switching to the renewable energy sources such as Wind, solar and biomass instead of fossil 

fuels is crucial if we want to achieve the goals set by Paris Conference. Biogas is a renewable 

energy source and is the only technologically established renewable energy source that has the 

capacity to produce heat, electricity and vehicle fuel (Wellinger, 2011). Biogas refers to the 

mixture of gases produced by the anaerobic digestion of organic substances. Anaerobic 

digestion is a biological process in which microbes break down organic matter in the absence 

of oxygen (Masse et al., 2011). 

Biogas now represents 1.5% of the global renewable energy supply and is one of the fastest 

growing renewable energy sources in the world with an annual increase of more than 20% 

(IEA, 2012b). Germany is now the largest producer of biogas in the world (Weiland, 2010). 

 

 

1.2  Biochemical Process 

The process starts with the addition of organic material into the anaerobic digester. The organic 

material is often processed before it is put into the digester and must be constantly heated and 

stirred to maintain homogeneity and a constant discharge of biogas (Appels et al., 2011) The 

steps involved in the microbial conversion of organic matter into biogas are hydrolysis, 

acidogenisis, acetogenisis and methanogenisis (Roopnarain & Adeleke, 2017). During the 

hydrolysis phase, hydrolytic bacteria break down the resistant substances such as fats, proteins 

and carbohydrates into simpler components such as glucose, amino acids and fatty acids. In the 

acidogenisis or acid-forming phase, the simple components that were formed during the 

hydrolysis phase get further decomposed into organic acids such as acetic, butyric and 

propionic. Also alcohols, carbon dioxide, hydrogen, ammonia and hydrogen sulphide are 

produced. This phase continues until the newly formed organic acids slows the development 

of the bacteria. During the acetogenic phase, acetogenic bacteria produce acetic acid from the 

acids produced by the acid-forming stage. In the methanogenisis stage acetic acid is now 
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decomposed into methane (CH4), carbon dioxide (CO2) and water (H2O). (Roopnarain & 

Adeleke, 2017). 

The biogas mixture produced consists or about 50% – 70% methane, 30 – 40% carbon dioxide 

and small amounts of ammonia, hydrogen sulphide, hydrogen and carbon monoxide. This gas 

is useful for gas heat and cooking energy, but it can also be converted to electricity by 

combusting it. Methane, which forms the bulk of the biogas, is combustible and can be used as 

fuel for combustion engines. This converts it into mechanical energy and usually powers an 

electrical generator which produces electricity (Wellinger, 2011). 

 

However, being a biological process the productivity of the process can change based on 

numerous factors.  

These may include what microbial population is used. (Naik et al., 2014) Each of the four 

stages mentioned above requires a different subset of microorganisms functioning in their own 

unique conditions. Some subsets can have higher activity rates and can be more resilient than 

others. The source of the micro-organisms also needs to be considered. During the set-up of 

the digester a microbial system is added, often from cow or pig manure. (Wang et al., 2004) 

The pH level can also affect productivity. During anaerobic digestion, the different processes 

require different pH levels to perform optimally. During acidogensis, the acidogenic bacteria 

prefer a pH range of 5.5 to 6.5. During methanogenesis, the methanogenic bacteria prefer a pH 

range of 7.8 to 8.2. In a small digester where both cultures coexist, the most optimal pH range 

is between 6.8 and 7.4 (Brummeler & Koster, 1989). 

The composition or carbon to nitrogen mass ratio (C:N) of the waste or feedstock is important. 

If there is too much Nitrogen, there is an excess of ammonium which has an inhibitory effect. 

If there is too much Carbon, the hydrolysis phase proceeds to quickly and causes the pH to 

drop. The most optimum (C:N) is 20-30:1 (Bernalet al., 2009) 

In the anaerobic digestion process, temperature is important for the microbial metabolic 

activities, the rate of hydrolysis and also methane formation. The digestion process can happen 

within a broad range of temperatures. Two temperature groups have been made to divide this 

temperature range. The mesophilic range (30 – 42°c) and the thermophilic range (43 - 55°c) 

(Metcalf & Eddy, 2003). The higher the temperature is, in general, the higher the digestion 

rate. However, the rate would decline above 65°c as the micro-organisms begin to die and the 

rate would continue to fall until around 90°c when most of the micro-organisms would have 

died and the rate would be minimal. Commercial and large-scale digesters have been designed 

to operate at either thermophilic or mesophilic temperatures. Despite the advantage of higher 

digestion rates in the thermophilic temperature range, it has been found to be unstable, leading 

to most commercial and large-scale digesters being operated in the mesophilic temperature 

range (Kiely et al., 1997).  

Particle size also affects the digestion rates. Smaller particles have been shown to increase the 

productivity of the digestive system, this is due to the increased surface area of the substrate to 
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allow increased biological activity. In practice, this often requires maceration of biomass, 

agricultural waste, municipal solid waste and animal wastes (Roopnarain & Adeleke, 2017).  

The presence of toxic components in the influent waste can inhibit the micro-organisms 

responsible for digestion. Examples of this are ammonium, heavy metals, volatile fatty acids 

cyanide (Chen et al., 2014). 

 

1.3 Feedstocks 

Biomass most commonly refers to any organic material (i.e. plants, wood, plant and animal 

waste) that is used to produce energy. Biomass can be used directly to produce heat through 

combustion or indirectly by converting it to biofuel. Using Biomass to produce energy is 

considered carbon neutral as the same amount of carbon is said to have been sequestered by 

the plants as is released through combustion (Toklu, 2017). 

All forms of biomass can be used as substrates to produce biogas if they contain proteins, 

fats, carbohydrates and celluloses as their main components. The composition of the biogas 

produced and the percentage of  methane depends on the feedstock that is used, the retention 

time and which digestion system that is used. (Braun, 2007) Only strong organic substances 

that are high in lignin, e.g., wood, are not suitable for biogas production due to the slow 

anaerobic decomposition. 

Historically, anaerobic digestion has mostly been associated with treating sewage sludge and 

animal manures. More recently, the majority of biogas plants digest manure from cows, pigs 

and poultry with the addition of co-substrates to have a greater content of organic material 

and thus achieve a higher biogas yield. Typical co-substrates are energy crops, harvest bi-

products, e.g., top and leaves of sugar beets, waste from food industry and bio-waste from 

households. The biogas yield of the different substrates varies considerably depending on 

their composition, origin and content of organic. Fats give the highest biogas yield, but are 

very slow to degrade. Proteins and Carbohydrates have a  much faster conversion time but 

lower gas yields (Weiland, 2010). 

 

1.4 Process technology 

There are many process types that can be used for biogas production, they are generally 

classified into two categories: wet and dry fermentation processes. Wet digestion occours 

with a total solids concentration of below 10% in the fermenter, this allows the application 

of a completely stirred tank digester. When operated with this concentration of total solids 

the digestate is pumpable and can easily be sprayed on fields for fertilization. When using 

solid substrates for wet digestion, e.g., energy crops, the substrate must be mixed with water 

or liquid manure to make a pumpable slurry. Dry digestion occours with a total solids content 

between 15% and 35% inside the fermenter (Weiland, 2010).  
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The most common digestion process is a wet digester system that uses a vertical continuously 

stirred tank fermenter, different stirrer types are used depending on the type of substrate used. 
(Korres et al., 2013). This system is used in over 90% of biogas plants in Germany. The 

fermenter is usually covered with a single or double membrane roof that is gas tight and stores 

biogas in the top of the fermenter before it is utilized.  Active stirring is implemented, using 

mechanical, pneumatic or hydraulic mixing in order to allow the up flow of biogas bubbles, 

to continuously bring the microbes in contact with new substrate, and to have a constant 

temperature in the fermenter. Mechanical stirring is the most common practice with up to 

90% of biogas plants using this process. 

For energy crop digestion, the most utilized process is two-stage digester system, they consist 

of a main fermenter that is high-loaded and a secondary fermenter that is low-loaded in series 

so that second stage treats the substrate from the first stage. Two-stage digestion has been 

shown to result in higher biogas yields and a lower chance of residual methane in the 

digestate. The retention times for energy crops when co-digested with manure are over 50 

days and when digested by themselves are over 80 days to allow for total digestion and the 

highest biogas yields (Korres et al., 2013).  

 

1.5 Biogas Utilization 

Biogas is composed primarily of Methane (45% - 75%) and Carbon dioxide (30% - 50%), it 

contains lower amounts of Nitrogen, Ammonia, Hydrogen Sulphide, Oxygen and Hydrogen. 

(Rasi et al., 2007). Biogas needs to be desulfurized before utilization as sulphur can damage 

gas utilization units. Biogas that has been produced by co-digestion of manure and energy 

crops can have between 100 and 3,000 ppm of H2S. Combined heat and power plants (CHPs) 

which are the main utilizers of biogas need levels of H2S below 250 ppm, this is to prevent 

excessive corrosion in the pipes and deterioration of lubrication oil. (López et al., 2016). 

Biogas is predominantly used in CHPs that use gas or fuel engines. Electrical efficiencies 

from this can be up to 43%. Alternatives to motor engines used in CHP’s are fuel cells and 

microgas turbines. Fuel cells can achieve a higher electrical efficiency but are very sensitive 

to impurities in the gas and require efficient gas cleaning. Microgas turbines result in lower 

electrical efficiencies (25–30%) but have long maintenance intervals and good loading 

efficiencies (Weiland 2010). 

Besides direct combustion in CPH’s, biogas has the potential to be injected into the existing 

natural gas grid or to be used as a vehicle fuel, however it must first be upgraded to biomethane. 

The biogas must pass through a system that removes the carbon dioxide, hydrogen sulphide, 

water and other contaminants from it. This leaves biomethane and this is usually around 96% 

methane. It now has a similar chemical composition and energy content to natural gas and can 

used in the same way. ("EBA - Biomethane Factsheet", 2013) 

Currently, biomethane production is carried out over 200 upgrading facilities in 15 European 

countries (Strauch et al., 2013). The majority of produced biomethane is injected into the gas 

grid and used for power & heat purposes. But its application as transport fuel is becoming 
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increasingly popular. In Sweden, biomethane has already overtaken CNG (Compressed Natural 

Gas) as a renewable transportation fuel source with a market share of 57%. In Germany its 

market share more than doubled in the year 2012 from 6% to 15% ("EBA - Biomethane 

Factsheet", 2013). 

 

1.6 Digestate Utilization 

Substrates for the production of biogas can come from agriculture e.g. manure, energy crops, 

grass and non-agricultural sources e.g. household waste and wastes from food industry. What 

remains after anaerobic digestion is called the digestate. It contains almost 100 % of the 

nutrients that came from the substrates and this makes it a perfect natural fertiliser. Biogas 

technology can boast that is the only technology that converts organic waste to energy and 

loses none of the nutrients (Wellinger, 2011) 

Digestate is therefore an excellent natural fertiliser containing all essential nutrients and 

micronutrients needed for modern farming, including phosphorus, nitrogen and potassium. 

Since none of the nutrients are lost during anaerobic digestion, farmers are able to close the 

nutrient cycle. This means farmers can reuse these vital nutrients and minerals and reduce their 

need for non-renewable mineral fertilizers. Organic matter in digestate builds up the humus 

content of the soil it is used on. This benefit is unique to organic fertilisers and is particularly 

important for arid and semi-arid lands that have low carbon content and are in danger of 

becoming unusable ("EBA - Digestate Factsheet", 2015). Additionally, the anaerobic 

digestion process has the ability to inactivate weed seeds, fungi, viruses, bacteria 

(e.g., Salmonella, Listeria, Escherichia coli,) and parasites that were present in the feedstock. 

This is extremely importance when the digestate is intended to be used as fertilizer (Weiland, 

2010). 

 

1.7 Biogas from perennial grass biomass 

Using anaerobic digestion (AD) technology to produce biogas has increased in popularity and 

usage in recent years. This is due to the technology being economical, renewable and can 

produce energy and valuable fertilizers (Kimming et al., 2011). Nevertheless, an issue of rising 

concern is that the utilization of some energy crops in AD can directly compete with food and 

feed production. Therefore, finding suitable crops that can increase the biogas production since 

manure alone produces a low methane yield and does not compete with food crops is a top 

priority. In order to address this conflict, sustainable strategies have been developed that will 

include municipal residues, agricultural waste, industrial food waste and possibly most 

importantly alternative biomass sources. One such sources could be aquatic vegetation as they 

do not need arable fields (Lizasoain et al., 2016). 

The ultimate goal for biogas production is to find and use crops that produce a high methane 

yield per hectare, that have a low environmental impact and which are economical for farmers. 

Factors that can influence the methane yield are harvest time, types of crop used and chemical 
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composition. (Wahid et al., 2015). In Germany, the world’s largest biogas producer, 1.8 Million 

hectares are used for growing energy crops. Of this 650,000 hectares are used to produce 

biogas. (Britz & Delzeit, 2013).A wide range of crops are suitable for use in biogas fermenters 

but maize is the predominant energy crop for biogas production today. It is necessary to find 

alternative crops which can be used for biogas production that do not effect food supply and 

can be grown on regions that are not suitable for farmland (Hübner et al., 2011).  

Maize is a very efficient crop for biogas production because it has a low lignin content (Wahid 

et al., 2015). Lignin is an organic polymer that binds and supports cells, fibres and vessels of 

vascular plants. It is an important element in the formation of plant cell walls and constitutes 

wood, bark and other lignified parts of plants (Yadav et al., 2017). However as mentioned using 

maize for biogas production creates completion between food supply and energy. For this 

reason, there is increasing interest in using high yielding perennial crops and aquatic plants 

(Wahid et al., 2015). Perennial crops are crops that are alive all year and can be harvested 

multiple times. The main obstacle that stands in the way of using perennial crops is that they 

have a high lignin content. A high lignin content leads to a slow biodegradation rate due to its 

chemical composition and the structure of the ligno-cellulosic materials (Yadav et al., 2017). 

 

1.8 Wetlands 

A wetland can be defined as an area of land where the soil is saturated with water for all the 

year or periods of the year. There are many kinds of wetlands and are categorized in many 

ways. NOAA classifies wetlands broadly into five types: marine (ocean), riverine (river), 

estuarine (estuary), palustrine (marsh) and lacustrine (lake). Wetlands have been called by 

many names, some include estuaries, mangroves, marshes, mudflats, ponds, mires, deltas, fens, 

swamps, shallow seas, coral reefs, lagoons, lakes, bogs and floodplains (NOAA, 2016). 

The water saturation (hydrology) can determine the soil development, the types of animal and 

plant communities that live on and in the soil. Wetlands may support terrestrial and aquatic 

species. The presence of water for prolonged periods creates unique conditions that lead to 

characteristic wetland (hydric) soils and favour the growth and survival of specially adapted 

plants (hydrophytes). 

Wetlands vary greatly because of regional differences in climate, soils, topography, hydrology, 

vegetation, water chemistry and other factors and are found all across the globe.  

The most common shared characteristic of wetlands is the accumulation of partially 

decomposed organic matter. This organic matter or “peat” accumulates in the wetlands due to 

the high productivity of plants and the low decomposition rates. This high productivity of 

wetland plants is attributed to an abundance of nutrients, surplus of water for growth and their 

ability to fix carbon very efficiently and create biomass through photosynthesis. Low 

decomposition rates can be found in most wetlands and is due to the anaerobic conditions in 

the wetlands soils (Kennedy & Mayer, 2002). 

Wetland ecosystems perform a wide range of essential functions that provide direct and also 

indirect anthropogenic benefits. The functions of wetlands are diverse and often interrelated 
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which means classification is difficult. However, three main categories can be made to describe 

wetland functions, these are physical, chemical, and biological.  

Physical functions of wetland ecosystems include flood mitigation, aquifer recharge, coastal 

protection, sediment trapping and a storage medium for storm waters  

Chemical functions of wetland ecosystems include the removal of contaminants and global 

geochemical cycling. Wetlands act as unique transitional areas between land and water, they 

also effectively regulate nutrient and pollutant loadings. Contaminants are removed through 

processes like denitrification, sedimentation, attachment of phosphorus, flocculation and direct 

usage by aquatic plants. Although most wetlands act as a sink for pollutants, this has been 

known to change depending on the specific physical, chemical and biological characteristics 

of the given wetland.  

Biological functions of wetland ecosystems include productivity, biodiversity and wildlife 

habitat. Wetlands have an extremely large biological yield, relative to land area they are one of 

the most productive ecosystems in the world. Wetlands contribute disproportionately to the 

global primary productivity, accounting for only 6.4% of the global land surface and 

accounting for 24% of the global primary productivity (Williams, 1990). 

Wetlands are undoubtedly one of the world's most important ecosystems. They are also one of 

the world’s most threatened. Wetlands play a crucial role in climate change, biodiversity and 

hydrology. From the aspect of  climate change, wetlands effect both local/regional and global 

climate by taking up carbon dioxide and emitting methane (Hu et al., 2017). For biodiversity, 

although freshwater wetlands only cover 1% of the earth's surface, they provide a habitat for 

more than 40% of the world's species. Hydrologically, wetlands regulate water movement, 

replenish groundwater and purify water (Mitra, Wassmann & Vlek, 2003). Wetlands are 

internationally recognized as an indispensable resource for humans, however, wetland loss and 

degradation through human activities is an indisputable reality. (Davidson, 2014) concluded 

that, wetland conversion and loss globally could be as much as 87% since the beginning of the 

18th century. 

It is clear that re-wetting wetlands would have numerous benefits for the local area and also 

the planet. Switching to renewable energy sources such as biogas is also essential for the future 

wellbeing of the planet. However, a major obstacle that faces the rewetting of wetlands is that 

much of the former wetland areas are now used for farmland and farmers depend on the area 

for an income. Plants from wetlands can be an alternative source of biomass for biogas 

production as well as offering a financial reason for re-wetting wetlands. There is an increasing 

interest in using perennial wetland plants over annual crops as they require less or no fertilisers 

and pesticides, less energy to plant and establish the crop and have a lower environmental 

impact (Klimiuk et al., 2010). Assessing the profitability and sustainability of using wetland 

plants for biogas production requires potential biogas production tests to be performed and a 

cost benefit analyses of the biogas from wetlands as a whole. 
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1.8.1 Treatment wetlands  

Treatment wetlands are wetland systems that have been engineered and constructed to utilize 

the natural characteristics of wetland ecosystems to assist in treating wastewater. Two of the 

main contaminants which are intended to be removed by treatment wetlands are Nitrogen and 

Phosphorus (Vymazal, 2007). Nitrogen and Phosphorus are found in mineral fertilizers that are 

applied to agricultural land but often end up in waterways. Treatment wetlands are designed to 

use the many natural processes that take place in wetlands but in a more controlled environment 

(Vymazal, 2007). The three basic types of constructed wetlands systems are:  

 Free water surface wetlands (FWS) 

 Horizontal subsurface flow wetlands (HSSF) 

 Vertical flow wetlands (VF) 

FWS wetlands are primarily open water and are rather similar in appearance to marches and 

other natural wetlands. HSSF wetlands typically comprise of a gravel bed that has been planted 

with wetland plants. Water then flows horizontally below the surface of the gravel bed from 

inlet to outlet. VF wetlands comprise of a gravel or sand bed that have been planted with 

wetland plants. The water is distributed across the surface of the gravel or sand bed where it is 

treated as it passes through the root zone of the wetland plants.  

Treatment wetlands were primarily used to treat wastewater from municipal and domestic 

sources. The sector continues to grow rapidly and is being expanded into treating water from 

other sources such as industrial wastewater, storm water, agricultural run-off, groundwater 

remediation and mine waters. 

Constructed wetlands are a mechanically simple system that relies on a passive treatment 

process. They are ideal for use in areas of low population density and rural areas as they are 

easily constructed from local materials and require little maintenance. Popularity for 

constructed wetlands is further increasing as they have proven to be cost-effective, 

environmentally conscious and are natural ecosystems that promote biodiversity (Kadlec & 

Wallace, 2008). With more and more treatment wetlands being built a by-product that can be 

used is the biomass from wetland plants. This biomass can be used for biogas production as 

harvesting is necessary to maintain proper function of treatment wetlands (Kadlec & Wallace, 

2008). 

 

1.8.2 Wetland plants Phragmites australis and Glyceria maxima 

In this study, two species of wetland plants will be examined (Phragmites australis and 

Glyceria maxima). They are both species of perennial wetland plants that have been grown in 

constructed wetlands in the Halland region of Sweden. 

Phragmites australis: Also called the common reed, Phragmites australis is a member of the 

grass family Poaceae and is found in a wide range of wetland areas including tidal wetlands, 
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brackish waters, fresh-water marshes, lakes, rivers, in ditches and on roadsides. Phragmites 

australis is a tall grass and can grow up to four metres in height (Tilley & St. John, 2012). 

Glyceria maxima: Also known as reed sweet-grass or reed mannagrass, Glyceria maxima is 

also a member of the grass family Poaceae and is usually found in open wetland areas such as 

meadows, marshes and along shorelines. Glyceria maxima grows best in waterlogged soils 

with direct sunlight. Glyceria maxima can grow up to two and a half metres in height and is 

native to the temperate climate of Eurasia (Berent & Howard, 2012). 

 

1.9 Cost benefit analysis 

As we have seen there are numerous environmental benefits to using wetlands plants for biogas 

production however, it is important from an economical point of view to perform a cost-benefit 

analysis of using Phragmites australis and Glyceria maxima to produce methane as the 

profitability may ultimately determine if farmers and landowners start to utilise this practice. 

There are also different costs associated with using wetland plants to crops that can be grown 

on farmland and this needs to be taken into consideration. Different harvest strategies can be 

used for the collection of wetland plant biomass. For this experiment however, samples from 

a one and two cut strategy are used and this will allow us to see which out of the two harvest 

strategies is more profitable as it may be found that although more biogas is produced with a 

two-stage harvest the extra costs associated with it are greater than the extra profit gained. 

(Kandel et al., 2013). 

 

The economic feasibility of biogas production depends on the possible income from the biogas, 

subsidies and digestate produced versus the total cost of production. These parameters are 

affected by local, site specific conditions and for the case of this study the assumptions made 

are presented in the results. The cost-benefit analysis performed in this study is based on the 

whole chain of crop cultivation (land preparation, planting, pesticide and fertilizer application), 

harvesting, transport, investment and conversion of the crops at a biogas plant. The costs for 

these variables are based on prices in Sweden. 
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Fig 1. Shows the parameters used in this cost-benefit. 

 

 

1.9.1 Crop cultivation (land preparation, planting, pesticide and fertilizer 

application) 

Compared to conventional energy crop farming, growing biomass from wetlands is often linked 

with low land-use intensity, no or very little crop management, permanent crops with lower 

harvest frequency and no or single-time crop establishment (Wichtmann et al., 2016). Naturally 

established wetlands with reed beds therefore have no associated costs with crop cultivation as 

no land preparation or planting is required. Harvesting reed only removes the top portion of the 

plant, the plant rhizome remains intact underground and the plant can re-grow from this year 

after year. No pesticides or fertilizer application is needed either in naturally established 

wetlands, the water that enters wetlands especially in agricultural areas often contains fertilizer 

run-off and leads to highly productive plants in wetlands. 

Conventional energy crop farming incurs much more costs in terms of crop cultivation as 

annual land preparation, planting is needed and often pesticides and fertilizers are applied.  

It is possible however to purposely create reed fields if the area is suited to re-wetting, this is 

done to accelerate the establishment of harvestable vegetation and to control the species of 

plants that establishes. In the literature several pilot areas have been established and the costs 

of planting reed reported but no precise cost assessments were found.  One report found that 

establishing reed beds with rhizomes was found to be the most cost-effective and resulted in 

an overall investment of 2780 €/ha. This figure was generated by the addition of machinery 

and labour costs (580 €/ha) and planting material (2200 €/ha) (Wichtmann et al., 2016). 

Another report estimated the cost of investment as 1580 €/ha (Wichtmann et al., 2016). An 

average of the two was taken. Planted reed beds are thought to have lifespan of approximately 

30 years so and average of the figures will be used and divided by 30 to generate a cost per 

year for this analysis. 

Costs

Land preperation

Planting

Pestiicide & Fertilizer 
application

Harvesting

Transport

Biogas plant investment

Benefit

Biogas output 

Digestate 

Subsidies
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1.9.1 Harvesting  

When compared to harvesting of crops on conventional farms, the costs for harvesting wetland 

crops is high. This is due to the nature of the soil and its limited bearing capacity that results in 

the use of specialized machinery with tracks and subsequent high costs. Harvesting wetland 

plants for biomass is not a well-established practice and little data on harvesting costs are 

available because of the lack of long-term experiences in large-scale production. Also due to 

the more diverse nature of wetlands in terms of biomass yield and soil quality to conventional 

farming, tentative estimates have been made for harvest costs. More research is needed in the 

future to make a sounder estimation. Based on field research in Germany by (Wichtmann et 

al., 2016) the direct costs for established reed beds was 0 €/ha, machinery costs were 196 €/ha 

and labour costs were 65 €/ha, totalling 261 €/ha.  In the project “Energy biomass for fen 

peatlands” a calculation was made of the supply costs for reed biomass that was harvested in 

Germany, they estimated a cost of approximately 200 €/ha – 320 €/ha. This variation was 

attributed to the efficiency of the tracked vehicles in harvesting the biomass (Wichtmann et al., 

2016). As the 261 €/ha figure fits within this range it was selected to represent the harvest cost 

for this analysis. 

 

1.9.2 Biomass yield 

(Witchmann & Joosten, 2007) report a biomass yield of between 3.6 and 43.5 t DW/ha annually 

for Phragmites australis and between 4.0 and 14.9 t DW/ha for Glyceria maxima. The results 

for June and September’s t DW/ha (Table 2.) of Phragmites australis fall within this range but 

the September re-growth does not. The results for Glyceria maxima fall outside this range for 

all three harvest times. (Wichtmann et al., 2016) reports an 8 t DW/ha for Phragmites australis 

which is similar to the results obtained from the biogas experiment. A figure of 8 t DW/ha will 

be used for this cost-benefit. 

 

1.9.3 Transport 

The costs for harvesting shown above include the collection of the crop and transport to the 

filed margin. This is important as due to the nature of the wetland soil the specialised machinery 

is needed to transport the biomass to the field margin were conventional trucks can collect it 

from. The transport cost generated here therefore, is the cost of transport of the biomass from 

the field margin to the biogas plant. In a cost-benefit performed by (Uellendahl et al., 2008) in 

Denmark, the transport cost was given as 1 €/t/km for an average of 15km distance to the biogas 

plant. Although the distance to the biogas plant can vary a lot this figure is thought to give a 

good working platform to generate transport costs for this cost-benefit. 

Another transport cost that will be included is the cost of transporting the digestate produced 

at the biogas plant to the farmers to be used as fertilizer. (Bjornsson et al., 2016) calculated a 

transport cost of 100 €/h for transport as well as loading and unloading in Sweden. The truck 

was assumed to carry 35t, travel at an average speed of 50km/h and loading/unloading to take 
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0.25h/35t. So to keep in line with the previous estimation a 15km travel distance to/from the 

biogas plant is assumed. This results in a transportation cost of 1.6 €/t. 

 

1.9.4 Investment 

(Lantz, 2013) Calculated the investment cost of building a biogas plant in Sweden based on the 

active reactor volume. For 6000m3 and 12000m3 in investment cost was estimated at 2.0 and 

3.6 million euro respectively. (Anderson, 2017) states that for the 400m3 plant that was recently 

built in southern Sweden, the investment was 2.7 million SEK or approx. 280,000 euro. When 

compared to the graph generated by (Lantz, 2013) this figure seems to be in line with his 

predictions. A biogas plant size of 400m3 or 280’000 euro was chosen as the investment cost 

for this analysis.  

 

 

Fig 2. Shows an investment vs reactor volume graph generated by (Lantz, 2013). 

 

 

1.9.5 Operation and Maintenance  

In  a review by (Lantz, 2013) the cost for operating and maintaining a biogas plant was 5 €/t 

biomass. 

 

1.9.6 Revenue for Biogas electricity sales 

In this study it is assumed that the electricity produced by the biogas producer can be sold for 

between 200 and 250 SEK/MWh or 20 and 26 €/MWh (Anderson, 2017). The average will be 

used for this cost benefit (23 €/MWh). 
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1.9.7 Subsidies 

In Sweden there are currently government subsidies for both investment and biogas production. 

For the initial investment for the building of a biogas plant, the Swedish government can 

provide 40% of the capital. The remaining 60% is to be paid for by however builds the plant. 

Two subsidies for biogas production have been included in this study. The first is a subsidy 

provided for producing biogas and is 0.4 SEK/KWh or 0.04 €/KWh. This is independent of 

selling the biogas but rather is only for biogas produced. A metre is installed to measure biogas 

production at the plant to calculate how many KWh have been produced and this result is sent 

to the government offices in Stockholm were payment is organised. This figure is fixed until 

2019. The second subsidy which can be applied for is a certificate for green energy production. 

Like the previous subsidy it is government organised and independent of selling the electricity 

produced. This subsidy is currently 0.15 SEK / KWh or 0.02 €/KWh (Anderson, 2017). 

 

1.9.8 Disgestate value 

The current value of digestate produced by anaerobic digestion is approximately 15 SEK/t or 

1.54 €/t. As the transportation cost is currently approximately 1.60 €/t there is little or no profit 

to be made when the digestate needs to be transported the full 15km (Anderson, 2017) 

 

1.9.10 Previous studies 

Economic biogas production through anaerobic digestion depends primarily on maximum 

methane production. The main goal therefore, is to find a crop with a high maximum biomass 

yield, a high specific gas yield and a high methane concentration, i.e. high methane yields per 

unit of area. Key factors that contribute to a maximum biogas yield are crop species, time of 

harvest, nutrient composition, genotype and pre-treatment of biomass (Amon et al., 2007). 

Comparisons between crops for methane production are scarce in literature but many studies 

on individual crops have been carried out and comparisons can be drawn from them. Some 

studies have been performed to test the biochemical methane production (BMP) for 

Phragmites australis.  (Lizasoain et al., 2016) found that the BMP was 302 ml CH4 /g VS 

and (Risén et al., 2013) found that the BMP  was 220 ml CH4 /g VS. 

In a study by (Marchetti et al., 2016) the BMP of different plant species was performed. The 

BMP was calculated for Phragmites australis and Glyceria maxima and found to be greater 

than 250 ml CH4 /g VS for both species. There have not been studies found that determines 

which harvest time would give the maximum production of biogas for Phragmites australis 

and Glyceria maxima. However, studies on how harvest times effect BMP have been performed 

however on a variety of other perennial grasses which can be used as a broad comparison to 

this studies samples species. 

(Massé et al., 2010) investigated the BMP of Panicum virgatum (Switchgrass) grown in 

Canada. Switchgrass was harvested in mid-summer, late summer and early autumn in 2007 
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corresponding to three stages of development. The regrowth of switchgrass harvested in mid-

summer was harvested again in early autumn as a two-cut strategy. Methane yields decreased 

with crop maturity from 266 to 309 ml CH4 /g VS (mid-summer) to 191–250 ml CH4 /g VS 

(early autumn). The methane yields were found to be similar for the second harvest (regrowth) 

as the first harvest in late summer. Approximately 25% additional methane was produced per 

hectare using the two-cut strategy when compared with the one-cut strategy. (Hübner et al., 

2011) investigated Secale cereale (Rye grass). The study examined samples from three harvest 

times (early heading, early and late milk ripening). Results showed significantly higher dry 

matter and methane yields in late milk ripening samples. Specific methane yield however, were 

higher in early heading Rye. (Kandel et al., 2013) performed a study that examined the 

influence harvest time had on methane potential, biomass yield, biochemical composition and 

dry matter yield of Phalaris arundinacea (reed canary grass) that was harvested twice in a 

month (one-cut strategy). The regrowth was then harvested in autumn (two-cut strategy). The 

specific methane yields were found to decrease significantly with later harvest times. The 

yields ranged from 384 to 315 ml CH4 /g VS and from 412 to 283 ml CH4 /g VS for leaf and 

stem, respectively. There was approximately 45% extra methane produced by the two cut 

strategy when compared to the one cut strategy. From these studies we see that earlier harvest 

times give higher methane yields, however (Wahid et al., 2015) investigated the use of 

perennial grass Miscanthus giganteus as an energy crop for biogas production that was 

harvested between August and November and found the optimal harvesting time was between 

September–October when the dry matter yield was highest. The BMP was calculated as 

between 291 – 312 ml CH4 /g VS. These apparently conflicting results will add to reason for 

this experiment.  

From the studies mentioned it is clear that harvest time significantly effects methane yields. 

Chemical composition of the grass species was found to change significantly with the crop 

development and subsequently could affect specific methane yield and biodegradability (Massé 

et al., 2010) (Amon et al., 2007) (Hübner et al., 2011). The ideal biomass therefore for a high 

methane yield would have a low lignin content with easily degradable components i.e. soluble 

carbohydrates, non-structural carbohydrates and soluble cell components is suitable for high 

specific methane yield (Kandel et al., 2013).  

Harvest time has been found to affect the proportion of stem and leaf in the harvested biomass. 

Normally, the proportion of leaves in grasses decrease with maturity. Grasses that have a higher 

proportion of leaves are considered more suited for biogas production, leaves of the grasses 

when compared to the stems are less lignified and contain more protein. Harvesting at an early 

stage of grass development therefore, could provide a higher quality of biomass for biogas 

production. However, if the biomass is harvested too early, the yield could be too low and there 

may not be an improvement in total methane yield per hectare. It is therefore important to find 

the optimum stage of harvesting where the quality and quantity of biomass is ideal for biogas 

production (Hübner et al., 2011). 

In the case of perennial grasses, (Kandel et al., 2013) showed for Reed canary grass and (Massé 

et al., 2010) for switchgrass, that by harvesting biomass multiple times in a year there was an 

increase in biomass quality and methane yield. 
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1.9.11 Aim 

The aim of this study is analyse the effect of harvest time on the biochemical methane potential 

(BMP) of wetland plants Phragmites australis and Glyceria maxima and to perform a cost-

benefit analysis of using these plants for biogas production. Previous studies have been found 

where Phragmites australis and Glyceria maxima have been tested for the BMP, so the 

purpose of this study is derive new scientific data and compare to previous work. The second 

part of this study is to perform a cost benefit analysis to test the profitability of using wetland 

plants for biogas production, no previous study has been found that analyses these wetland 

plant species. Profitability of using wetland plants for biogas production could make it a 

desirable new practice for farmers or landowner and also have numerous advantages for the 

environment such as nutrient removal from wastewaters, carbon sequestration and less 

competition for land use. Using the one and two cut strategies, the profitably of the two will 

be compared to see if extra harvesting is financially beneficial or not. 

 

 

2.0 Methods 

 

2.1 Materials 

Fresh samples of wetland plants were collected from constructed wetlands near Halmstad, 

Halland county, Sweden on the 21/6/2016 and the 19/9/2016. The wetland plants harvested for 

this experiment were Phragmites australis and Glyceria maxima. A 25cm x 25cm quadrat was 

placed on the wetland and the samples were taken from inside. Three categories were made for 

analysis and these were a harvest in June, a harvest in September (single-cut strategies) and a 

harvest in September from the re-growth of the wetland plants from the June harvest (2-cut 

strategy). The fresh weight of the samples was recorded and they were brought back to the 

University of Halmstad laboratory for testing. As the wetland plants are both found in the 

wetlands together, the figures generated for fresh weight and dry weight are representative for 

the wetlands they were taken from but not from a wetland with only Phragmites australis and 

Glyceria maxima growing on them. The samples were dried, cut into 5cm pieces and the dry 

weight was recorded before being used in the biogas production experiment.  

 

 

2.2 Experimental design 

The experiment was conducted in the University of Halmstad laboratory. One litre bottles batch 

digesters with a 700ml working volume were used in a temperature controlled (37o C) oven 

throughout the 35-day experiment. Digestate was obtained from previous biogas experiments 
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in the University and 500g was added to each litre bottle. 24 bottles with samples were used 

and all samples were tested in duplicate. 5g samples of Phragmites australis and Glyceria 

maxima was added to the bottles for each of the 3 harvest times (2 bottles x 2 species x 3 harvest 

times), the same was done with 10g samples of Phragmites australis and Glyceria maxima 

being added to the bottles for each of the three harvest times (2 bottles x 2 species x 3 harvest 

times). 4 bottles were used as a control with 500g digestate and no substrate, this gives 28 

bottles used in total. The bottles were then sealed with gas-tight rubber stoppers that were 

equipped with outlets for collecting biogas. Each bottle was connected to a water filled U-tube 

through a plastic hose. Biogas production was measured by an IR-photo electrode that was 

placed on each U-tube and measured the height of the water level inside the U-tube. To 

Calibrate the U-tubes, air was injected with a syringe. This was done to make the water level 

increase until the IR-photo electrode recorded the rise.  The amount of air added was recorded 

and repeated 6 times before a mean was calculated. The amount of biogas produced was 

measured and recorded daily by a computer and specific biogas production software was used 

to compile and analyse the data after digestion had been terminated.  

The composition (CH4 and CO2) of the biogas was measured by using a Hamilton 50 µl 

syringe to take 20 µl gas samples, the samples were then run in a Varian CP-3800 GC using a 

TCD and CP Porabond Q capillary column.  

 

2.3 Statistical analysis 

The computer program SPSS (version 24) was used to perform statistical analysis on the data. 

The data was first tested for normality using the Kolmogorov smirnov test and the appropriate 

Mean and median comparisons were used to check for statistical differences in methane yields, 

accumulative gas production, methane percentage and TS/VS percentages of the batch 

experiments. The level of significance for the tests was set at p < 0.05. 

 

2.4 Calculating methane production  

The specific methane produced can be calculated using the following equation: 

 CH4 (ml/g) / VS = (V total gas production/ M substrate*TS*VS) *Methane content  

V total gas production= Total gas produced in the experiment  

Methane content= Average methane % present in gas produced.  

M substrate= Weight of the biomass added. 

 

 

 



21 
 

3. Results 

 

3.1 Daily biogas production 

 

 

Fig 3. shows the results of the daily biogas production for Phragmites australis and Glyceria 

maxima harvested in September as part of the two cut strategy (re-growth) from the 10g 

experiment.  

 

 

The results shown in Fig 3. were selected and shown as they were the most representative of 

the entire results and warrant further discussion. A full list of results is shown in (Appendix 

A). Biogas production started immediately on day one for both Phragmites australis and 

Glyceria maxima with over 150ml gas produced but then started to follow different curves. 

Daily biogas production increased steadily for Phragmites australis and it reached its peak of 

292.5ml of gas on the 4th day, the production stayed above 250ml of gas for approximately 4 

more days before starting to decrease slowly until the end of the experiment. Daily biogas 

production for Glyceria maxima actually decreased for 2 days after the initial day before 

starting to increase again and reach its peak of also 292.5ml of gas on the 10th day. Production 

stayed high, above 200ml for 9 more days before starting to decrease until the end of the 

experiment. 
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3.2 Cumulative biogas production 

 

 

Fig 4. Shows the Cumulative biogas production for Phragmites australis and Glyceria 

maxima in the 10g experiments. 

 

 

The cumulative biogas production for Phragmites australis and Glyceria maxima are shown in 

Fig 4. Using SPSS, a significant difference was found in the cumulative biogas yield between 

the June and September harvests for Phragmites australis (p = 0.005) in the 10g experiment. 

Significant differences between species were found in the Sep re-growth methane yield (p = 

0.003) in the 5g experiment and the September methane yield (p= 0.001) in the 10g experiment.                                                       

The cumulative biogas yield increased steadily throughout the entire experiment with the most 

rapid increase in production in the first two weeks for all three harvest times. The June harvest 

gave the highest biogas yields for both plant species with the June harvest for Glyceria maxima 

showing the overall highest yield of the experiment (6705 ml). The September re-growth 

harvest sample for Phragmites australis showed the second highest biogas production. 

However, for Glyceria maxima the September re-growth harvest sample showed the lowest 

yield. 
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3.3. Methane concentration 

 

 

Fig 5. Shows the methane concentration (Ch4 %) of Phragmites australis and Glyceria 

maxima samples from September taken throughout the experiment. 

 

 

The results shown in Fig 5. were selected and shown as they were the most representative of 

the entire results. A full list of results is shown in (Appendix C). For both Phragmites australis 

and Glyceria maxima the methane concentration was low (10%-16%) on the first day. The 

methane concentration for Phragmites australis had risen rapidly by the second reading with 

over 50% methane. By the fourth reading the methane concentration was over 60% where they 

stayed until the end of the experiment. The methane concentration for Glyceria maxima rose 

more gradually and it did not show over 50% methane until the fifth reading. From the 6th 

reading until the end of the experiment the methane concentration stayed above 60%. 
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3.4 Total solids and volatile solids 

 

Table 1. Shows the total solids (TS), volatile solids (VS), fresh weight (FW/m2) and dry 

weight (DW/ m2) for the three harvest times of Phragmites australis and Glyceria maxima. 

Species . June Sep (re-growth) Sep 

Phragmites australis FW/m2  1880g 540g 1638g 

Phragmites australis DW/m2  643g 233g 970g 

Phragmites australis TS 34% ± 2% 43% ± 3% 60% ± 6% 

Phragmites australis VS (% of TS) 91% ± 1% 90% ± 1% 91% ± 1% 

Glyceria maxima FW/m2  842g 335g 769g 

Glyceria maxima DW/m2  174g 93g 266g 

Glyceria maxima TS 22% ± 3% 29% ± 4% 34% ± 5% 

Glyceria maxima VS (% of TS) 89% ± 2% 87% ± 1% 85% ± 0% 

 

 

There was a significant difference in the TS content of the samples collected at different harvest 

times for both Phragmites australis (p=0.001) and Glyceria maxima (p=0.001) The TS content 

of the samples was highest in Septembers harvest (60%,34%) and lowest in the June harvest 

(34%,22%) for both species. There was also a significant difference in the TS content of the 

samples from species Phragmites australis and Glyceria maxima (p=0.001), with Phragmites 

australis having higher percentages in all three harvest times. There was much less variation 

in the VS content of the values but there was a significant difference in the VS of samples from 

species Phragmites australis and Glyceria maxima (p=0.004), again Phragmites australis had 

the highest percentages in all three harvest times (91%,90%,91%). 
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3.5 Specific methane yield 

 

Fig 6. Shows the specific methane yield (CH4 ml/g VS) for the three harvest times of Phragmites australis 

and Glyceria maxima. 

 

 

The specific methane yield was calculated for all three harvest times in both the 5g and 10g 

sample experiments from the formula presented earlier (2.4). For Phragmites australis the 

methane yield for June’s harvest was very similar (234 ml CH4 /g VS, 231 ml CH4 /g VS) and 

also the highest for both the 5g and 10g experiment. The lowest methane yields were seen in 

the September (re-growth) for the 5g experiment (130 ml CH4 /g VS) and September for the 

10g experiment (146 ml CH4 /g VS). Although the results were different in the 5g and 10g 

experiment only a 42 ml CH4 /g VS fluctuation was seen between the 4 results of September’s 

2 harvests. For Glyceria maxima the June harvested samples gave a higher methane yield than 

September in both the 5g and 10g experiments, however the production was much greater in 

the 10g experiment with a methane yield of 279 ml CH4 /g VS which was the highest of the 

experiment. The methane yields for the samples harvested in September (re-growth) were 252 

ml CH4 /g VS for the 5g experiment and 199 ml CH4 /g VS for the 10g experiment. This is 

only a 53 ml CH4 /g VS difference or 21% decrease from the 5g to the 10g experiment 

however, it was enough to make the methane yield for September re-growth the highest of the 

three harvest times for the 5g experiment and the lowest in the 10g experiment. Despite the 

observed differences in the specific methane yields, no significant differences were found when 

testing for differences in SPSS. 
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3.6 Cost Benefit analysis 

In this cost-benefit analysis of using wetland plants for biogas production, data is taken from 

the biogas experiment when possible. This includes the biomass yields from the sample 

collection (Table 2.), TS and VS percentages (Table 1.) and the specific methane yields (Table 

3.) of the three harvest times. The extra data needed has been sourced from relevant literature 

and communications are presented in Table 4. 

 

Table 2. Shows the biomass yield in tons of fresh weight per hectare (t FW/ha) and tons of 

dry weight per hectare (t DW/ha) for Phragmites australis and Glyceria maxima from the 

constructed wetland in Halland, Sweden. 

 

 

 

    

 

Table 3. Shows the specific methane yields from the biogas experiment that will be used in the 

calculations for the cost-benefit analysis. 

 

Table 4. Shows the values of the different parameters used in this cost-benefit that are taken 

from literature and personal communications.  

 

 

 

 

 

Species . June Sep (re-growth) Sep 

Phragmites australis t FW/ha 18 5.4 16.4 

Phragmites australis t DW/ha  6.43 2.3 9.7 

Glyceria maxima t FW/ha 8.42 3.35 7.69 

Glyceria maxima t DW/ha  1.74 0.93 2.66 

Species .  June Sep (re-growth) Sep 

Phragmites australis L/CH4/kg VS         5g       210 117 139 

Phragmites australis L/CH4/kg VS        5g 208 156 131 

Phragmites australis L/CH4/kg VS Average 209 137 135 

Glyceria maxima L/CH4/kg VS 10g 143 226 141 

Glyceria maxima L/CH4/kg VS 10g 251 179 234 

Glyceria maxima L/CH4/kg VS Average 197 203 188 

Parameter Source unit value 

Crop Cultivation (Wichtmann et al., 2016) €/ha 73 (20yrs) 

Harvesting (Wichtmann et al., 2016) €/ha 261 

Transport (Harvest) 

Transport (Digestate) 
(Uellendahl et al., 2008), 

(Bjornsson et al., 2016) 

€/t/km, 

€/t/km 
1, 

1.6 

Operation & Maintenance (Lantz, 2013) €/t 5 

Electricity price (Anderson, 2017) €/MWh 23 

Subsidies Swedish Agricultural Board €/MWh 60 

Digestate value (Anderson, 2017) €/t 1.54 
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Table 5. Cost benefit-analysis for Biogas production from Phragmites australis and Glyceria 

maxima. 

Crop  Phragmites 

australis 

Phragmites 

australis 

Phragmites 

australis 

Glyceria 

maxima 

Glyceria 

maxima 

Glyceria 

maxima 

  June Sep June + Sep 

Re-growth 

June Sep June + Sep 

Re-growth 

Costs        

Land preparation, planting €/ha 0 0 0 0 0 0 

Pesticide, fertilizer application €/ha 0 0 0 0 0 0 

Harvesting €/ha 261 261 522 261 261 522 

Transport €/ha 336 192 416 552 348 725 

Total €/ha 597 453 938 813 609 1247 

        
Benefits         

Electricity Production (40% eff) MWh/

ha 

6.0 4.0 7.2 5.6 5.0 7.9 

Electricity Sales €/ha 138 92 166 129 115 182 

Subsidies 

 

€/ha 360 240 432 336 300 474 

Digestate €/ha 0 0 0 0 0 0  

Total €/ha 498 332 598 465 415 656  

Net benefit €/ha -99 -121 -340 -348 -194 -591  

With Investment 

 

Investment  

 

Operation & Maintenance 

 

€/25yr 

€/ha 

 

11200 

110 

 

11200 

90 

 

11200 

65 

 

11200 

185 

 

11200 

145 

 

11200 

115 

 

Net Benefit €/yr -7674 -13135 -14382 -13565 -12748 -15844  
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4 Discussion 

 

Using wetlands plants for biogas production is not common practice but it offers numerous 

advantages over using conventional energy crops in that wetland plants can be grown on 

marginal land, do not compete with food crops and offer increased biodiversity and nutrient 

removal. In this experiment the wetland plants used were Phragmites australis and Glyceria 

maxima which grow naturally in Sweden and offer a potential substrate for biogas production. 

Many factors can affect biogas production such as what microbial population is used (Naik et 

al., 2014), the pH level (Brummeler & Koster, 1989) and the (C:N) ratio (Bernal et al., 2009) 

to name a few. Harvest time is also known to affect biogas production and is the factor being 

assessed in this study. As the crops matures the lignin content increases which has a negative 

effect on biogas production  (Hübner et al., 2011).  

 

4.1 Daily biogas yield 

The daily biogas production of this experiment was recorded, (Fig 3) shows the results of the 

daily biogas production for Phragmites australis and Glyceria maxima harvested in September 

as part of the two cut strategy (re-growth) from the 10g experiment. Biogas production for 

Phragmites australis increased after the first day until the 4th day and then decreased toward 

the end of the experiment as the organic material became digested. For Glyceria maxima 

however, the biogas production decreased after first day before increasing to reach its peak on 

the 10th day. This decrease was unexpected despite the fact many factors are known to effect 

biogas production. The inhibiting factor is unknown but possible factors could be the pH and 

(C:N) ratio of plant material. The pH of the substrate may not have been optimal for the 

microbial community as the different processes of anaerobic digestion need different pH levels 

to perform optimally (Brummeler & Koster, 1989). The (C:N) ratio also affects biogas 

production, excess Nitrogen leads to excess ammonium which has an inhibitory effect and 

excess carbon causes the pH to drop (Bernal et al., 2009). Another possible inhibiting factor 

could be microbial adaption. When one particular substrate is used repeatedly in a digester it 

results in the adaption of natural microbial communities to the particular substrate and leads to 

a decrease in diversity (Garcia et al., 2011). Diversity is important for a digester to be able to 

optimally process a variety of substrates that may have different properties. As Phragmites 

australis is the predominantly used substrate in the University of Halmstads laboratory and the 

digestate for this experiment was re-used from the remaining digestate of previous experiments 

in the laboratory, it is possible that the microbial community is more adapted to Phragmites 

australis. This could have resulted in the decrease in biogas production for Glyceria maxima if 

the microbial community was to adapted to Phragmites australis and the few micro-organisms 

that were ideally adapted to Glyceria maxima needed a few days to multiply and begin 

digesting. Further investigation into this inhibiting factor could resolve the problem and result 

in more optimal digestion, this could ultimately lead to higher biogas yields in the future. 
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4.2 Cumulative biogas yield 

The cumulative biogas yields for this experiment are shown in (Fig 4). There was a significant 

difference in the biogas production between the three harvest times for Phragmites australis 

and Glyceria maxima. The samples harvested in June gave the highest yields in both cases. 

Lignin is known to lead to a slow biodegradation rate in anaerobic digestion and negatively 

effects biogas yields (Yadav et al., 20017) As lignin content increases with plant maturity it is 

logical to expect that the earlier harvested or younger June crop would give the highest biogas 

yields. In the experiment using Phragmites australis the second highest harvest time for biogas 

production was the September re-growth sample. As this sample is of plant material that has 

only grown for 3 months, the lignin content should be low and hence explain the high biogas 

yield. In the experiment using Glyceria maxima the second highest harvest time for biogas 

production was the older September harvest and the lowest producer was the September re-

growth harvest. A reason for this could be the chemical composition of the plant at the time of 

harvest in September. Chemical composition of crops are known to vary with its developmental 

stage (Wahid et al., 2015) and  chemical composition affects the plants biodegradability and 

the specific methane yield (Amon et al., 2007). Perhaps this younger plant material harvested 

in September has a low lignin content but the chemical composition is less suited to anaerobic 

digestion resulting in a lower biogas yield. Another possible reason for the low biogas 

production of the September re-growth is the low nutrient levels especially Nitrogen available 

to the plant in between the first and second harvest. Nitrogen which affects biogas production 

as part of the (C:N) ratio (Bernal et al., 2009) is lower in wetlands in the summer months and 

higher in the winter months. This could be explained by the lower winter temperature slowing 

down the rate of denitrification (Gao et al., 2017). This could mean the plant has less Nitrogen 

uptake and thus affect biogas production. Late summer and autumn are also the months in 

which rhizomatous grasses such as Phragmites australis and Glyceria maxima start to 

translocate their nutrients from the biomass to the underground rhizomes so the nutrients are 

available to them next spring to re-grow (Lewandowski et al., 2003). This could mean even 

less Nitrogen is in the September re-growth plant material. 

 

4.3 Methane concentration 

The Methane concertation of the biogas produced throughout the experiment is shown in (Fig 

5). The average methane concentration for the three harvest times for Phragmites australis was 

57% and for Glyceria maxima it was 49%. (Komulainen et al., 2008) states that a methane 

concentration of between 55% and 60% can be achieved for Phragmites australis and the result 

of 57% from this experiment matches this. As to how fast the two species reached this average 

methane content, Phragmites australis increased rapidly in the first days and by the 3rd reading 

had exceeded 60% and reached its steady state until the end of the experiment. The methane 

content for Glyceria maxima increased slower and it was not until the 5th reading did it exceed 

60% and reach its steady state. This slower increase could be the result of the same inhibiting 

factor that was evident in the daily biogas yields. Again, to identify and resolve the issue of the 



30 
 

inhibiting factor could increase methane content and lead to a higher specific methane yield in 

the future. 

 

4.4 Specific methane yield 

The specific methane yields calculated in the experiment are shown in (Fig 6). In the case of 

Phragmites australis the June harvested samples gave the highest specific methane yields for 

the species 234 ml CH4 /g VS and 231 ml CH4 /g VS. These results are comparable to a BMP 

of 302 ml CH4 /g VS reported by (Lizasoain et al., 2016),  220 ml CH4 /g VS reported by 

(Risén et al., 2013) and 250 ml CH4 /g VS reported by (Marchetti et al., 2016). It was expected 

that June would give a high BMP as it is a less mature plant, (Seppälä et al., 2009) and (Amon 

et al., 2007) both found that specific methane yields of grasses where higher in the first 

harvest (generative stage) than the second harvest (vegetative stage). What was surprising is 

that September (re-growth) which is also a less mature plant gave results similar to the more 

mature September harvest sample. With increasing maturity of the plant the proportion of cell 

wall components (lignin, cellulose and hemicellulose) increases and negatively effects biogas 

production (Yadav et al., 2017). Total Solids (TS) are made up of the structural part of the 

plant, including cell wall components and an increasing TS can lead to lower raw protein levels 

and decreased digestibility (Seppälä et all., 2009). This corresponds to the data for TS in (Table 

1), BMP was highest and TS was lowest for June (34%). TS was highest for September (60%) 

and for the September re-growth the TS was (43%). As TS are used in the calculation of BMP 

and there was a significant difference in TS% for the three harvest times, this higher TS for 

September re-growth could explain why the BMP was not as high as June despite that both 

samples are from less mature plants. VS for Phragmites australis (91%, 90%, 91%) were 

similar to the VS of 95% reported by (Lizasoain et al., 2016). As Glyceria maxima is so seldom 

used in studies for biogas production a comparable figure for VS could not be found. 

For Glyceria maxima the less mature June harvested samples again gave a higher methane yield 

than September in both experiments, The BMP for June (279 ml CH4 /g VS) and September 

(260 ml CH4 /g VS) for the 10g experiment were much greater than the 5g experiment and are 

comparable to the 250 ml CH4 /g VS reported by (Marchetti et al., 2016). The September re-

growth samples performed well in both the 5g (252 ml CH4 /g VS) and 10g (199 ml CH4 / g 

VS). The reason for the lower BMP in June and September for the 5g experiment are unknown. 

TS% of the Glyceria maxima samples followed a similar pattern to Phragmites australis, June 

lowest, September re-growth second lowest and September highest. This shows TS% is not the 

factor effecting methane yields but overall biogas production. This could indicate there may 

have been an issue with some biological process or possibly the sample size, this could be an 

area that warrants further investigation and research in the future.  
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4.5 Cost-benefit analysis 

The results from the experiments show that using wetland plants Phragmites australis and 

Glyceria maxima for biogas production is a practical option and is comparable to previous 

studies on similar perennial grasses. The many environmental benefits of using wetland plants 

for biogas production may convince some to utilize these plants however it ultimately comes 

down to profitability if using wetland plants is to be largely adopted instead of the current 

energy crops being used.  

The parameters for this cost benefit are shown in the results (3.6). Specific methane yields (Fig 

6.) and TS/VS data from the biogas experiment have been used in the cost-benefit analysis. 

There is data for DW/m2 which can be converted to t DW/m2 (Table 2.), however the wetland 

samples were taken from were not only a single species exists. They were a mix of Phragmites 

australis and Glyceria maxima, this represents the wetland they are from but for the purpose 

of calculating electricity production the figure of 8 t DW/ha will be used for the June and 

September harvest both species. This figure is in line the data from (Witchmann & Joosten, 

2007) and (Wichtmann et al., 2016) and is a more representative figure for the t DW/ha of 

Phragmites australis and Glyceria maxima when they are growing individually as is needed 

for the cost-benefit analysis. June and September are quite specific months and no data could 

be found in literature of the re-growth rate for this time, the figures for DW/m2 from Table 1. 

were used and a percentage re-growth of 29% (Phragmites australis) and 40% (Glyceria 

maxima) was calculated and used in this cost-benefit i.e. 29% and 40% of 8 t DW/ha for the 

September re-growth. For the purpose of calculating transport cost we need to calculate a fresh 

weight. The DW/FW data in (Table 2.) can be used for this, the difference between DW and 

FW for the three harvest times can be calculated and multiplied by the 8t DW/ha i.e. if FW for 

Phragmites australis in June is 2.8 times higher than DW, then 8t is multiplied by 2.8 to 

calculate t FW/ha for June. The rest of the data (cultivation, harvest, transport, operation & 

maintenance and investment) has been sourced from relevant literature. 

A figure of €73/ha for planting which was generated in (1.9.1) has not been included in the 

cost-benefit as for the main scenario of the cost benefit, the land is thought to be previously 

established with reed. The €73/ha figure could be used in any additional cost-benefits 

performed after. 

For the investment a single plant size and cost was needed.  The design and size of digesters 

can differ depending on the intended substrate. Usually energy crops are co-digested with 

manure in a “wet digester”, in these systems the TS% needs to be kept below 10% to be able 

to allow proper stirring. However, there are designs of “dry fermentation” that can allow TS% 

to increase above 30% without the addition of liquid. A biogas plant that was described as a 

typical example of a plant used solely for solid energy crops by (Braun et al., 2009) had a 

3000m3 capacity and could be fed 25 tons of substrate per day. A biogas plant of this size 

however is too large for the scope of this cost-benefit analysis as it could require multiple farms 

to provide adequate feedstock. The 400m3 biogas plant was decided upon as its thought be a 

representative size of a plant for an individual farm. The whole investment cost could not be 
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added in one year of the cost-benefit analysis so the investment was divided by 25 to represent 

a 25-year investment, leaving a figure of €11’200. 

From the results of the cost-benefit analysis shown in (Table 5.), it is observed that with current 

costs and revenues in Sweden it is not profitable to solely use wetland plants for biogas 

production for either of the species or any of the harvest strategies. The significant differences 

in cumulative biogas production between the three harvest times led to a higher specific 

methane yield from the June harvested samples for Phragmites australis and Glyceria maxima 

than the September harvested samples in both the 5g and 10g experiment. This translated to a 

higher electricity production and higher revenues through electricity sales and subsidies for 

June over September for both species. Solely from the point of view of revenues generated 

then, June harvest gives the highest economic value for Phragmites australis and Glyceria 

maxima. From the associated costs, it is evident that the harvest costs for June are much higher 

than September for both species, this is due to the much higher FW in June and subsequent 

higher transport costs. From the point of view of costs, September proved to have the lowest 

costs for both species with Septembers harvest for Phragmites australis having the lowest costs 

overall. The net benefit of this cost-benefit analysis shows that the species and harvest time 

that is closest to profitability is the June harvest followed by the September harvest for 

Phragmites australis. Despite the higher costs for harvesting in June because of the higher FW, 

the higher electrical production made it the most favourable harvest time. For Glyceria maxima 

the harvest time closest to profitability is Septembers harvest. Despite the higher electricity 

production in June, the higher FW made it less favourable than September. This highlights the 

importance of taking the FW into consideration when choosing a harvest time. The two-cut 

harvest strategy generated higher losses for both species. This is due to the little extra revenue 

gained versus the double harvesting cost and high transport cost as the June and September re-

growth had higher FW then September only. Also included in the cost benefit analysis is the 

scenario for investing in a biogas plant. The additional cost for investment and operating the 

biogas plant or shown in (Table 5.) The additional benefits for owning a biogas plant are mainly 

in savings in transportation. Transportation which was the largest expense for the majority of 

the harvest times is dramatically decreased. Where before the biomass had to travel 15km, a 

new distance of 2km has been used for the transport calculation. The size of farm also needs to 

be included to calculate the annual revenue. (‘’Agricultural census Sweden’’, 2012) estimates 

the average size of a farm in Sweden to be 43 hectares, this number was chosen to be used in 

this cost-benefit analysis. The closet species and harvest time to reaching the target of a 25-

year investment was again the June harvest for Phragmites australis. Although it was €2944 

short of €11200 investment cost a lot of variables are taken into consideration that could 

change. A larger farm size or co-operation between multiple farms would increase the biogas 

production and electrical revenues generated which could allow the farmer to meet the 

investment cost. Another benefit of investing and owning the biogas plant is the digestate. 

There was no value for the digestate when there was a 15km transport distance. Even though 

the transportation cost from the plant to the farmer is lower and the digestate would now be 

worth approximately 1.3 €/t, it has not been included. This is because if it was to be sold it 

would most likely have to travel the 15km to consumers. So there is the added benefit for the 
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farmer that invested in the biogas plant of having and using organic fertilizer but no extra 

revenue generated. 

It is clear that to generate a profit in the future one of the main objective is to minimize costs. 

Harvesting Phragmites australis once a year in June appears to be the best option to do this. 

Along with minimizing costs there are some options to try to increase biogas production and 

associated revenue.  

Along with digester type, co-digestion and pre-treatment are major factors that influence biogas 

production. There has been significant research into co-digestion of different combinations of 

crops, manures and wastes. The co-digestion process can improve methane yield and increase 

biogas production from 25% - 400% over mono-digestion of the same substrates. It also has a 

number of additional benefits including dilution of inhibitory substances, process stabilization, 

nutrient balance and reaching the required moisture balance for the digester (Hagos et al., 

2017). Many pre-treatment methods have been created for increasing biodegradability of 

substrates for anaerobic digestion, they can be divided into mechanical (extrusion, dewatering), 

thermal (lime treatment, steam explosion, wet oxidation), chemical (alkaline and acid reagents) 

and biological treatment (Fungus application). Overall, substrates that contain lignin or 

bacterial cells seem to be the most positively affected to pre-treatment for enhancing anaerobic 

digestion (Carlsson et al., 2012). In an experiment using Phragmites australis, (Lizasoain et 

al., 2016) found that without pre-treatment the BMP was 302 ml CH4 /g VS and after a thermal 

pre-treatment of steam explosion a BMP of 677 ml CH4 /g VS could be achieved. Additionally 

(Uellendahl et al., 2008) found in a cost-benefit analysis of perennial crops Miscanthus 

giganteus and Salix alba (willow) in Denmark that before pre-treatment both crops made a loss 

but after a thermal pre-treatment of wet-oxidation both were profitable.  

Co-digestion and pre-treatment of wetland plants are viable and proven options for improving 

overall biogas yields and therefore electricity production and revenue. As there are additional 

costs associated with using any additional steps in the production process, a cost-benefit 

analysis of using either of these technologies is suggested to see if either could prove to be 

profitable. Although solely using wetland plants for biogas production is not currently 

profitable, it could be profitable in the future if there is a greater financial value put on the 

socioeconomic benefits of using this technology. Some of these are the increased biodiversity 

associated with wetlands and the aesthetic and cultural value, although these might struggle to 

be assigned an economic value in the near future. Some other benefits that may in the near 

future are Carbon sequestration, switching from mineral to bio-fertilizer and global warming 

mitigation. 

Through the rapid intensification of agriculture in recent years there has been significant 

changes to the land quality, an analysis from 2016 of arable land in Sweden shows that there 

has been an area corresponding to 3% that has been abandoned since 1999 (Bjornsson et al., 

2016). This has been attributed to the increased specialization and use of mineral fertilizers 

instead of bio-fertilizers resulting in mineralization of soil organic matter. This in turn releases 

carbon dioxide and lowers the soil organic carbon which is important for soil quality 

(Bjornsson et al., 2016). This loss of land will surely have financial ramifications in the future 

and a greater value may be placed on using bio-fertilizer i.e. the digestate from biogas 
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production. Digestate has the advantage over mineral fertilizer in that in contains carbon which 

is sequestered and increases soil organic carbon. (Bjornsson et al., 2016). Additionally, using 

organic digestate over mineral fertilizer closes the nutrient loop. Nutrients which escape from 

agricultural soil make their way into the waterways and are removed and used by the wetland 

plants. By re-applying the nutrients to the agricultural land in the form of digestate, less 

nutrients will accumulate in lakes and seas causing eutrophication. Eutrophication is an 

excessive growth and accumulation of algae and aquatic plants in response to an increased 

nutrient input. It is identified as a serious environmental threat that decreases water quality by 

reducing biodiversity and other essential aquatic ecosystem functions (Huang et al., 2017). 

Global warming is widely accepted to be caused by releasing greenhouse gases, especially 

carbon dioxide into the atmosphere. Some efforts have been made globally such as the Paris 

conference to lower greenhouse gas emissions and find ways to sequester Carbon. By switching 

to using wetland plants, there will no longer be a need for annual planting, this will save on 

planting costs and carbon dioxide released from the diesel agricultural machinery used. 

Additionally, wetlands are large carbon sinks despite their small global land area (Hu et al., 

2017). If a financial value is applied to this carbon sequestration potential of wetlands or by 

the application of digestate on agricultural land in the future, rewetting of wetlands and 

cultivation of wetland plants for biogas production may be financially viable.  

 

 

 

5 Conclusion 

 

The results from this study show that wetland plants Phragmites australis and Glyceria maxima 

are a suitable source of biomass for biogas production and the yields are comparable to other 

studies. The June harvested samples had a significantly higher cumulative biogas yield than 

Septembers samples for both species which is likely caused by the lower proportion of cell wall 

components including lignin. This led to the June harvested samples having a higher specific 

methane yield than Septembers samples for both species in both experiments indicating June 

is more optimal time to harvest wetland plants for biogas production. 

The results of the cost-benefit show that in Sweden it is not currently profitable to solely use 

wetland plants for biogas production for either of the species or any of the harvest strategies. 

For both species the highest costs were seen in the June harvested biomass, this was due to the 

much higher fresh weight and increased transportation costs. For both species the highest 

revenues generated were the June harvested biomass, this was due to the higher specific 

methane yields found in the less mature and less lignified plant material. 

It was found that the harvest time that was closest to profitability from both species was the 

one-cut June harvest for Phragmites australis. Although the costs were higher for harvesting 
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in June, this was outweighed by the higher amount of electricity produced. If wetland biomass 

is to be harvested for biogas production is therefore recommended to use Phragmites australis 

and harvest in June. For Glyceria maxima the harvest time closest to profitability was the 

September harvest. Even though the electricity produced was higher in June the much higher 

FW of June’s biomass made it less profitable. This highlights the importance of the FW of 

wetland biomass as variables like transportation distance can change and the higher FW could 

ultimately determine the best harvest time.  

Increasing the specific methane yield of wetlands plants is possible through pre-treatment or 

co-digestion, however, extra costs could be incurred and a cost-benefit of using these methods 

with biogas production from Phragmites australis and Glyceria maxima could prove to 

generate a profit. Lastly, if the numerous advantages for the environment of using biomass 

from wetland plants for biogas production are given an economic value in the future, through 

taxes, subsidies or conscious consumers then it could prove to be financially viable. To the 

benefit of the earth and all its inhabitants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

6 References 

 

Agricultural census in Sweden. (Nov, 2012). Retrieved from http://ec.europa.eu/eurostat/ 

statistics-explained/index.php/Agricultural_census_in_Sweden#Notes 

Amon, T., Amon, B., Kryvoruchko, V., Machmüller, A., Hopfner-Sixt, K., Bodiroza, V., 

Zollitsch, W. (2007). Methane production through anaerobic digestion of various 

energy crops grown in sustainable crop rotations. Bioresource Technology, 98(17), 

3204–3212.  

Anderson, Henrik. Personal communication. (May, 2017).  

Appels, L., Lauwers, J., Degrève, J., Helsen, L., Lievens, B., Willems, K., Dewil, R. (2011). 

Anaerobic digestion in global bio-energy production: Potential and research challenges. 

Renewable and Sustainable Energy Reviews, 15(9), 4295–4301. 

Asif, M., & Muneer, T. (2007). Energy supply, its demand and security issues for developed 

and emerging economies. Renewable and Sustainable Energy Reviews, 11(7), 1388–

1413. 

Berent, L., & Howard, V. (2012). Glyceria maxima. USGS Nonindigenous Aquatic Species 

Database. Retrieved April 12, 2017, from 

https://nas.er.usgs.gov/queries/GreatLakes/FactSheet.aspx?SpeciesID=1120 

Bernal, M. P., Alburquerque, J. A., & Moral, R. (2009). Composting of animal manures and 

chemical criteria for compost maturity assessment. A review. Bioresource Technology, 

100(22), 5444–5453. 

Biogas - simply the best. (2011). EBA - European Biogas Association. Retrieved from 

http://european-biogas.eu/wp-content/uploads/files/2013/10/EBA-brochure-2011.pdf 

Bjornsson, L., Prade, T., & Lantz, M. (2016). Grass for Biogas - Arable land as a carbon sink 

(No. 280). Energiforsk. 

Braun, R, Weiland, P., & Wellinger, A. (2009). Biogas from Energy Crop Digestion (No. IEA 

Task 47 brochure). Paris, France: International Energy Agency. 

Braun, R. (2007). Anaerobic digestion: a multi-faceted process for energy, environmental 

management and rural development. In P. RANALLI (Ed.), Improvement of Crop 

Plants for Industrial End Uses (pp. 335–416). Dordrecht: Springer Netherlands.  

Britz, W., & Delzeit, R. (2013). The impact of German biogas production on European and 

global agricultural markets, land use and the environment. Energy Policy, 62, 1268–

1275.  

Brummeler, E. T., & Koster, I. W. (1989). The effect of several pH control chemicals on the 

dry batch digestion of the organic fraction of municipal solid waste. Resources, 

Conservation and Recycling, 3(1), 19–32.  

Carlsson, M., Lagerkvist, A., & Morgan-Sagastume, F. (2012). The effects of substrate pre-

treatment on anaerobic digestion systems: A review. Waste Management, 32(9), 1634–

1650.  

Chen, J. L., Ortiz, R., Steele, T. W. J., & Stuckey, D. C. (2014). Toxicants inhibiting anaerobic 

digestion: A review. Biotechnology Advances, 32(8), 1523–1534.  



37 
 

Chynoweth, D. P., Turick, C. E., Owens, J. M., Jerger, D. E., & Peck, M. W. (1993). 

Biochemical methane potential of biomass and waste feedstocks. Biomass and 

Bioenergy, 5(1), 95–111.  

Davidson, N. (2014). How much wetland has the world lost? Long-term and recent trends in 

global wetland area. Marine and Freshwater Research, 65, 934–941. 

EBA - Digestate Factsheet. (2015). European Biogas Association. Retrieved from 

http://european-biogas.eu/wp-content/uploads/2015/07/Digestate-paper-final-

08072015.pdf 

EBA - Biomethane Factsheet. (2013). European Biogas Association. Retrieved from 

http://european-biogas.eu/wp-

content/uploads/files/2013/10/eba_biomethane_factsheet.pdf 

Gao, L., Zhou, W., Huang, J., He, S., Yan, Y., Zhu, W., … Zhang, X. (2017). Nitrogen removal 

by the enhanced floating treatment wetlands from the secondary effluent. Bioresource 

Technology, 234, 243–252.  

Garcia, S. L., Jangid, K., Whitman, W. B., & Das, K. C. (2011). Transition of microbial 

communities during the adaption to anaerobic digestion of carrot waste. Bioresource 

Technology, 102(15), 7249–7256.  

Hagos, K., Zong, J., Li, D., Liu, C., & Lu, X. (2017). Anaerobic co-digestion process for biogas 

production: Progress, challenges and perspectives. Renewable and Sustainable Energy 

Reviews, 76, 1485–1496.  

Hu, S., Niu, Z., Chen, Y., Li, L., & Zhang, H. (2017). Global wetlands: Potential distribution, 

wetland loss, and status. Science of The Total Environment, 586, 319–327.  

Huang, J., Xu, C., Ridoutt, B. G., Wang, X., & Ren, P. (2017). Nitrogen and phosphorus losses 

and eutrophication potential associated with fertilizer application to cropland in China. 

Journal of Cleaner Production, 159, 171–179.  

Hübner, M., Oechsner, H., Koch, S., Seggl, A., Hrenn, H., Schmiedchen, B., Miedaner, T. 

(2011). Impact of genotype, harvest time and chemical composition on the methane 

yield of winter rye for biogas production. Biomass and Bioenergy, 35(10), 4316–4323.  

IEA (2012a) World Energy Outlook 2012, International Energy Agency. 

IEA (2012b) Renewables information, IEA Statistics, International Energy Agency.  

Kadlec, R. H., & Wallace, S. (2008). Treatment Wetlands, Second Edition. CRC Press. 

Kandel, T. P., Sutaryo, S., Møller, H. B., Jørgensen, U., & Lærke, P. E. (2013). Chemical 

composition and methane yield of reed canary grass as influenced by harvesting time 

and harvest frequency. Bioresource Technology, 130, 659–666.  

Kennedy, G., & Mayer, T. (2002). Natural and Constructed Wetlands in Canada: An Overview, 

37(2), 295–325. 

Kiely, G., Tayfur, G., Dolan, C., & Tanji, K. (1997). Physical and mathematical modelling of 

anaerobic digestion of organic wastes. Water Research, 31(3), 534–540.  

Kimming, M., Sundberg, C., Nordberg, Å., Baky, A., Bernesson, S., Norén, O., & Hansson, 

P.-A. (2011). Biomass from agriculture in small-scale combined heat and power plants 

– A comparative life cycle assessment. Biomass and Bioenergy, 35(4), 1572–1581.  



38 
 

Klimiuk, E., Pokój, T., Budzyński, W., & Dubis, B. (2010). Theoretical and observed biogas 

production from plant biomass of different fibre contents. Bioresource Technology, 

101(24), 9527–9535.  

Komulainen, M., Simi, P., Hagelberg, E., Ikonen, I., & Lyytinen, S. (2008). Reed Energy - 

Possibilities of Using the Common Reed for Energy Generation in Southern Finland 

(No. 67) (p. 81). Turku University of Applied Sciences. 

Korres, N., O’Kiely, P., Benzie, J. A. H., & West, J. S. (2013). Bioenergy Production by 

Anaerobic Digestion: Using Agricultural Biomass and Organic Wastes. Routledge. 

Lantz, M. (2013). Biogas in Sweden - opportunities and challenges from a systems perspective. 

PhD thesis. Environmental and Energy Systems Studies. Lund University, Lund, 

Sweden. 

Lewandowski, I., Scurlock, J. M. O., Lindvall, E., & Christou, M. (2003). The development 

and current status of perennial rhizomatous grasses as energy crops in the US and 

Europe. Biomass and Bioenergy, 25(4), 335–361.  

Lizasoain, J., Rincón, M., Theuretzbacher, F., Enguídanos, R., Nielsen, P. J., Potthast, A., … 

Bauer, A. (2016). Biogas production from reed biomass: Effect of pretreatment using 

different steam explosion conditions. Biomass and Bioenergy, 95, 84–91.  

López, L. R., Dorado, A. D., Mora, M., Gamisans, X., Lafuente, J., & Gabriel, D. (2016). 

Modelling an aerobic biotrickling filter for biogas desulfurization through a multi-step 

oxidation mechanism. Chemical Engineering Journal, 294, 447–457.  

Marchetti, R., Vasmara, C., Florio, G., & Borin, M. (2016). Biomethanation Potential of 

Wetland Biomass in Codigestion with Pig Slurry. Waste and Biomass Valorization, 

7(5), 1081–1089.  

Massé, D., Gilbert, Y., Savoie, P., Bélanger, G., Parent, G., & Babineau, D. (2010). Methane 

yield from switchgrass harvested at different stages of development in Eastern Canada. 

Bioresource Technology, 101(24), 9536–9541.  

Metcalf and Eddy. (2003). Wastewater engineering: treatment and reuse. (15th ed.). 

Boston:McGraw-Hill. 

Mitra, S., Wassmann, R., & Vlek, P. (2003). Global Inventory of Wetlands and their Role in 

the Carbon Cycle (Discussion paper No. 18771). 

Naik, L., Gebreegziabher, Z., Tumwesige, V., Balana, B. B., Mwirigi, J., & Austin, G. (2014). 

Factors determining the stability and productivity of small scale anaerobic digesters. 

Biomass and Bioenergy, 70, 51–57.  

NOAA, N. O. and A. A. (2016). What is a wetland? Retrieved April 12, 2017, from 

http://oceanservice.noaa.gov/facts/wetland.html 

Rasi, S., Veijanen, A., & Rintala, J. (2007). Trace compounds of biogas from different biogas 

production plants. Energy, 32(8), 1375–1380. 

Risén, E., Gregeby, E., Tatarchenko, O., Blidberg, E., Malmström, M. E., Welander, U., & 

Gröndahl, F. (2013). Assessment of biomethane production from maritime common 

reed. Journal of Cleaner Production, 53, 186–194.  

Roopnarain, A., & Adeleke, R. (2017). Current status, hurdles and future prospects of biogas 

digestion technology in Africa. Renewable and Sustainable Energy Reviews, 67, 1162–

1179.  



39 
 

Seppälä, M., Paavola, T., Lehtomäki, A., & Rintala, J. (2009). Biogas production from boreal 

herbaceous grasses – Specific methane yield and methane yield per hectare. 

Bioresource Technology, 100(12), 2952–2958.  

Strauch, S., Krassowski, J., & Singhal, A. (2013). Biomethane guide for decision makers - 

Policy guide on biogas injection into the natural gas grid (pp. 1–38). Intelligent energy 

- Europe. 

Tilley, D., & St. John, L. (2012). Plant Guide for common reed (Phragmites australis). USDA-

Natural Resources Conservation Services, Aberdeen, ID Plant Materials Center. 83210-

0296. 

Toklu, E. (2017). Biomass energy potential and utilization in Turkey. Renewable Energy, 107, 

235–244.  

Uellendahl, H., Wang, G., Møller, H. B., Jørgensen, U., Skiadas, I. V., Gavala, H. N., & Ahring, 

B. K. (2008). Energy balance and cost-benefit analysis of biogas production from 

perennial energy crops pretreated by wet oxidation. Water Science and Technology: A 

Journal of the International Association on Water Pollution Research, 58(9), 1841–

1847.  

Vymazal, J. (2007). Removal of nutrients in various types of constructed wetlands. Science of 

The Total Environment, 380(1–3), 48–65.  

Wahid, R., Nielsen, S. F., Hernandez, V. M., Ward, A. J., Gislum, R., Jørgensen, U., & Møller, 

H. B. (2015). Methane production potential from Miscanthus sp.: Effect of harvesting 

time, genotypes and plant fractions. Biosystems Engineering, 133, 71–80.  

Wang, J., Huang, Y., & Zhao, X. (2004). Performance and characteristics of an anaerobic 

baffled reactor. Bioresource Technology, 93(2), 205–208.  

Weiland, P. (2010). Biogas production: current state and perspectives. Applied Microbiology 

and Biotechnology, 85(4), 849–860.  

Wellinger, A. (2011). Biogas - Simply the best. European Biogas Association. Brussels, 

Belgium. 

Wichtmann, W., Schroder, C., & Joosten, H. (2016). Paludiculture - productive use of wet 

peatlands. Schweizerbart Science. 

Williams, M. (1990). Wetlands: A threatened landscape. The Alden press. The Institute of 

British Geographers. pp. 42–94. 

Witchmann, W., & Joosten, H. (2007). Paludiculture: peat formation and renewable resources 

from rewetted peatlands. (No. 3) (pp. 24–28). IMCG Newsletter. 

Yadav, D., Barbora, L., Bora, D., Mitra, S., Rangan, L., & Mahanta, P. (2017). An assessment 

of duckweed as a potential lignocellulosic feedstock for biogas production. 

International Biodeterioration & Biodegradation, 119, 253–259.  

 

 

 

 

 



40 
 

7. Appendix 

 

7.1. Appendix A. 

Daily Biogas yields of the 5g and 10g experiments of Phragmites australis 

and Glyceria maxima. 

 

 

 

0

50

100

150

200

250

300

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

m
l

Days

Daily biogas production (Phragmites australis) 5g

June Sep re-growth Sep control

0

50

100

150

200

250

300

350

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

m
l

Days

Daily biogas production (Glyceria Maxima) 5g

June Sep re-growth Sep control



41 
 

 

 

7.2. Appendix B. 

Cumulative biogas yields of the 5g and 10g experiments of Phragmites 

australis and Glyceria maxima. 
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7.3. Appendix C. 

Methane concentrations of the 5g and 10g experiments of Phragmites 

australis and Glyceria maxima. 
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7.4. Appendix D. 

Specific methane yields for the 5g and 10g experiments. 
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7.5. Appendix E. 

Calculations used for the cost-benefit analysis. 

 

 Transport 

 

1€/tonne/km       -       taken from literature (Grass for Biogas, 2017) 

 

Average distance of 15km travel to the biogas plant chosen – (Grass for Biogas, 

2017) 

e.g.  Phragmites (June Harvest)                                                               

8 t/DW/ha                   *(2.8) difference in DW/FW from Fig4.                   t = tonne 

→ 22.4 t/FW/ha                                                                               DW = Dry Weight 

→ 18.9 t/FW/ha * 15 €/t                                                               FW = Fresh Weight 

= 336 €/ha                                                                                         ha = hectare 

 

 

 

 Electricity production 

 

100 L / KWh    -     CH4 → KWh conversion constant from (Ullendahl et al, 2008) 

 

e.g.    8000 kg/ DW/ ha         (*.9) (90% TS in DW) 

        → 7200 kg / TS/ ha         (*.91)  VS = 90% 

        → 6552 kg/VS/ ha         (*117)  151 CH4 l/kg VS 

        →989,352 L CH4/ ha     ( /100)  100L / KWh constant from literature 

       →9894 KWh/ ha             (*.4)  40% efficiency of conversion – from literature 

        → 3957 KWh /ha or 4 MWh/ha  
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 Investment 

 

Transport changed, Operation/Maintenance cost included – Investment cost 

subtracted 

Harvest cost, electricity production and revenue generated unchanged 

 

Average distance of 15km travel to the biogas plant converted to 2km for 

onsite biogas plant as a result of investment  

e.g.  transport cost for Phragmites - June 336 €/ha (15km)                                                                                          

→ 45 €/ha (2km)            

 

Operation cost = 5 €/t (Lantz et al. 2013)                                                                                                                                                       

→ Phragmites – June = 22 t/ha           (*5) 

= 110 €/ha             

 

Investment Cost   =  €280’000             (/25) 

= €11200 for 1 year of the 25 year investment 

 

 Phragmites – June harvest 

 

Costs = Harvest (261€/ha) + Transport (45€/ha) + Operation (110€/ha) 

= 416 €/ha  

Revenue = 498 €/ha  

Total benefit = 82 c      (*43) average farm size in hectares 

→ 3526 €/farm 

→ total benefit (€3526) - investment (€11200)  

= -7674 €/yr 
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