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Introduction 
 

 
The IEE - GR3 project promotes the use of grass and other herbaceous residues from landscape 
management as a resource for biogas production in Belgium, Italy, Germany, Denmark and 
Portugal. The potentiality of these unused residues are often not exploited across Europe. The 
main barriers are an insufficient awareness and acceptance of suitable technologies for the 
mowing, storage and anaerobic digestion of grass residues, the absence or lack of cooperation 
between stakeholders along the value chain, as well as different legal barriers in European 
Countries. 
As a result, well organized supply chains of grass residues to biogas plants remain largely absent 
in some of 5 targeted regions and all around Europe. 
This handbook “BATs and best practices for grass residue collection and valorisation” represent 
one of the 9 work packages that compose the entire project GR3.  
The goal is to look at the best available technologies for the grass residue biogas value chain, 
including mowing, purification, storage, logistics, digestion processes and biogas valorisation 
methods. 
The document incorporates the skills of technical and scientific partners of the project, and help 
operators and stakeholders to obtain useful data and information about collection/harvesting 
methods, digestion technologies, outlining the State Of  The Art for the collection and utilization of 
grass residue to produce in a sustainable way the highest methane per unit area. 
A special emphasis is placed on the feedstock quality requirements, and all technologies available 
along biogas value chain to reach it.  
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Chapter 1 

Evaluation of different available types of 
digester processes: feedstock quality 
requirements and SOTA 
 

1.1 Introduction on different operational conditions  

1.1.1 General introduction 

Various types of digesters have been developed and many researchers have been investigating 
these different technologies. As shown in Table 1.1 it is possible to get a first impression on the 
type of digester needed based on the organic loading rate, the residence time, the biogas potential 
and the feedstock with its impurity’s, contaminants and nutrients. There is a distinction between a 
one-stage or two-stage digester, between a wet or dry anaerobic digester. Examples of wet 
digesters are: UASB and CSTR reactors. The garage box is an example of a dry digester. We 
have to choose between a continuous or discontinuous process, between a short and a long 
residence time and so on. More information is given on the next pages.  
 
Table 1.1: Overview of different types of digesters. (Nizamia et al., 2009) 

 
 

1.1.2 Digesters types 

1.1.2.1 Dry digesters  
The dry matter content (DM) in a dry digester will be between 20 and 40% and since there is less 
water present you need less energy to mix and a smaller installation processes the same volume. 
Another advantage is that they are robust and pretty easy to handle (Bossuwe, 2014). For example 
in a wet digester a floating layer can be a real problem, this cannot happen in a dry digester.  
 
Lying digester  
With screws the feedstock will be pushed through the lying reactor (shown in Figure 1.1) which is 
designed to process mostly household waste (Bossuwe, 2014). In the middle the spiral shaped 
heating element is visible before the Y-shaped rotating pushing device. Since there are only slow 
moving parts which push the waste through the reactor there will be less abrasive wear compared 
to a wet digester. The dry digesters have a high organic loading rate and they have holes on the 
bottom so the sand can easily be removed. The investment costs for these reactors are rather high 
compared to other digesters. 
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Figure 1.1: The inside of a lying digester (http://linderlabs.com) 
 
Vertical digester  
Compared with the lying digester the vertical digester makes use of space in an efficient way 
(Bossuwe, 2014). In this type of reactor, as shown in Figure 1.2, there are no moving parts 
because gravity will move the feedstock through the reactor. The residence time is easy to 
manipulate but there are high investments and high pumping costs. The DRANCO system is also a 
vertical dry digester and is discussed in more detail in chapter 1.2, in a case study. 
 

 
Figure 1.2: Vertical digester (Wierinck, 2011) 
 
Garage box  
In this type of digester: the garage box (shown in Figure 1.3), the biomass is brought into an 
airtight container that looks like a garage box (Bossuwe, 2014). Water is percolated onto the 
heated biomass. The heat to warm the biomass comes from the combined heat and power unit 
that uses the biogas produced from the biomass. This technology is a batch process and is 
particularly useful for heavily polluted materials. There are no moving parts but more work has to 
be done filling and emptying the garage box. During emptying a part of the produced biogas will 
escape. The biogas production will be lower compared to other digestion systems. Struvite could 
also be formed in the pipes and cause clogging.  
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Figure 1.3: Garage box (Graskracht studieday, 2010) 
 
1.1.2.2 Wet digestion  
In Belgium 90% of the digesters are wet digesters (Bossuwe, 2014). They have a higher biogas 
production but a lot of equipment and maintenance is necessary. More water is present in the 
reactor and therefore everything can be more easily pumped and mixed. The digestate is wet and 
can be brought onto the field without trouble but to store the digestate more space is required 
compared to dry digestion. Because you mix the different streams you dilute them and therefore 
you can utilize streams you couldn’t digest in a mono digester. These digesters are designed to 
process manure and maize.  
 
Continuously stirred tank reactor (CSTR)  
In a continuously stirred tank reactor a broad range of possible substrates can be digested 
(Bossuwe, 2014). This reactor type is relatively easy to manage and guide. The liquid digestate is 
easy to pump but will only have a maximum DM of 15%. If the feedstock contains a lot of non-
digestible fibers it is possible that floating layers or foam will be formed. This happens also 
because there is mixing in a watery reactor. Often it is necessary to pretreat the substrate. 
The mixing improves the heat transfer but also causes the system to have a higher energy 
consumption. Therefore it is smart to design your digester so that the reactor is not too wide. 
Another advantage of mixing is that it will bring the microorganisms in contact with the substrate 
and therefore more biogas will be faster produced. It will push the biogas out of the liquid into the 
gas phase. In Figure 1.4 CSTR is shown, the difference between the two systems will be explained 
in paragraph 1.1.2.3. 
 

 
Figure 1.4: One-stage and two-stage CSTR (Nizamia et al., 2009) 
 
High-rate digesters  
Biomass is attached to high density carriers which create highly settable granules (Bossuwe, 2014). 
This technology is mostly used in waste water treatment plants. It could be used in an additional 
reactor for systems with a high COD. The residence times are low and the microorganisms stay in 
the reactor but approximately 30% of the volume of the digester is occupied by the expensive 
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packing material such as pulverized polyvinyl chloride, shredded tire beads etc. The biofilm should 
be thin for the reactor to work properly and if something is blocking the flow of the reactor, 
everything can start to clog.  
 
UASB  
In digesters such as these, the feedstock has a short residence time of only two to three days. 
They are easy to start up but a good and also probably expensive inoculum is necessary but 
biogas with a high methane content is produced since there is good contact between biomass and 
wastewater. The growth of the sludge is limited (only 0.04kg DS/kg COD removed) and settles 
easily. But the sludge particles are sensitive for solid products in the reactor. The solid content 
should be less than 15% (Nizamia et al., 2009). There are many types of UASB digesters some of 
them are shown in Figure 1.5. 
Another possible set-up (as shown in Figure 1.6) is the three phase separator. This reactor design 
is comparable to the newly developed IFBB process where the soluble components are washed 
out instead of leached out (Hensgen et al, 2011). 
 

  
Figure 1.5: Different types of UASB reactors (Bossuwe, 2014) 
 

 
Figure 1.6: 3-phase separator (Nizamia et al., 2009) 
 
1.1.2.3 Two-phase systems  
In a one phase system the digestion is done in one reactor. The temperature and pH are regulated 
to be optimal for the methane bacteria. In a two phase system acidogenesis and methanogenesis 
are done in two different tanks with the operating conditions best suited for the type of 
microorganisms present (Graskracht studieday, 2010). 
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The first stage in a two-phase AD system converts the CS to COD. The second one is responsible 
for the conversion of the COD to methane. For this system the residence time of grass is about 42 
days compared to 60 days in the wet digester (Figure 1.7 and 1.8). 
 

 
Figure 1.7: Overview of chemical reactions and the distinction between acidogenesis and 
methanogenesis (Ogejo et al., 2009). 
 

 
Figure 1.8: Two different reactors in a two-phase CSTR system (Nizamia et al., 2009) 
 

1.1.3 Operational conditions 

1.1.3.1 Introduction 
Before building an installation the plant manager has to decide to install a mesophilic or 
thermophilic digester. The first one is generally speaking a more robust system with a lower energy 
demand but the latter can digest more material and the digestate contains fewer pathogens. The 
reactor needs to be heated so that the microorganisms would work well. The heat necessary to 
bring the digester to the right temperature and keep it there is produced, in most cases, when the 
biogas is burned (Figure 1.9). To transfer the heat to the digester a heating system is installed. If it 
is placed inside the reactor there is a big area to exchange the heat and low investment cost. But if 
the biomass sticks to the heating system or it breaks down it is hard to repair. 
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An external digester heating system has several advantages such as an efficient heat transfer and 
is much more user friendly. But it is not beneficial for digesters with bad insolation and if the 
digestate has a high DS. The pumping costs are also higher. 
 

  
Figure 1.9: Internal and external heating system (Bossuwe, 2014) 
 
In a wet digester mixing is necessary to prevent the formation of foam or floating layers. 
Temperature differences and the addition of new material also cause mixing but this is not enough 
in a wet digester so a mixer is necessary. The type of mixer, shown in Figure 1.10, is the most sold 
running thrust mixer. It is called the banana mixer and has the highest reliability with over 180.000 
h of running time (Klussmann, 2011). 

 
Figure 1.10: Banana mixer (Klussmann,2011) 
 
1.1.3.2 Feedstock quality (http://www.iea-biogas.net) 
One should avoid chemical, physical and biological contamination of the digester. A robust process 
is able to degrade most of the unwanted compounds, otherwise there should be a pretreatment. If 
the pollutant cannot be removed either before or during the AD process, that material should not 
be used in the AD. 
 
Physical impurities 
Within the category of physical impurities a wide range of materials are listed. Not only are there 
indigestible materials such as sand or stones but also materials with very large particle sizes. 
Examples of the latter are: twine, wood or straw in manure. Separate collection or separation 
afterwards can ensure that waste from households contains no plastics, packaging materials, bulky 
garden waste, etc. Physical impurities can be removed by physical barriers such as screens, 
sieves, stone traps, protection grills etc. then no unwanted particles enter the digester. A chopper 
or other machines can treat the feedstock prior to entering the AD system. 
 
Chemical impurities 
Within the category of chemical impurities there are two kinds which are of particular concern: 
heavy metals and organic pollutants. Trace metals are naturally present but when the 
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concentrations of these metals are too high: they become toxic. Batteries, colorants, inks etc. can 
be found in household waste and can cause high concentrations. If the digestate is used on the 
field these metals will end up in the soil. Especially digestate of pig manure can contain high 
concentrations of copper (West-Vlaams Proefcentrum, 2007). 
 
Organic pollutants 
Unwanted organic compounds that can be present in the feedstock for the AD process are 
persistent organic pollutants such as: polychlorinated biphenyls, medicines, dioxins polycyclic 
aromatic hydrocarbons, phthalates, etc. Via the sewage sludge or from households these 
pollutants can enter the AD system. Biological feedstock on the other hand can always contain 
herbicides and fungicides. In practice it is very hard to do a chemical analysis of your feedstock. It 
is necessary to do further eco-toxicological risk assessment. 
 
1.1.3.3 Presence of different elements  
The daily feeding rate should be between 4 and 8 kg of ODM/day·m³ reactor volume (Bossuwe, 
2014). For the partial pressure of hydrogen the recommended value is between 10-6 and 10-3. It is 
hard to measure but it can be done in the gas phase where it should be about 500ppm. If it is 
lower: no methane will be formed and if it is too much: acids will accumulate (Figure 1.11).  
 

 
Figure 1.11: Importance of the hydrogen concentration (Bossuwe, 2014) 
 
Carbon is present in different forms but the inorganic carbon and the volatile organic carbon. The 
first one indicates the buffer capacity of the digester. The ratio of the acids over the inorganic 
carbon should be between 0.3-0.4. If this is to low the loading rate is not high enough. If it is to 
high: there are too much digestable compounds present. Anaerobic digestion is of course a 
process where the oxygen concentration should be low. Methane production only occurs if the 
redox potential is lower than -250 mV and is optimal between -300 and -330 mV. There should 
also be 16 to 25 times more carbon present than there is nitrogen. For phosphorus this optimal 
ratio is 150/1. Micronutrients are also very important for the efficiency of the enzymes. The form in 
which they are present also matters. Sulfur is a problematic compound. It reacts with different parts 
of the installation, inhibits some of the methanogens, it causes odor problems and so on. Therefore 
it is advised to do a desulfurization before the feedstock enters the reactor.  
 

1.2. Current situation and case studies  

1.2.1 Jansen Wijhe  

In the province of Groningen in the Netherlands Jansen Wijhe is an agricultural company that 
transports manure, works on waterways, etc (Wijhe, 2014). They also recycle green waste and 
have a digester. In this digester they process more than 10% grass. 
The first step to digest grass is to find grass suitable for mowing. The field in Figure 1.12 is a good 
example of a flat field with no molehills and no pollution. It is also important that the field is easily 
accessible and that it is close to the digester. When you mow it is important to work hard, have a 
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high capacity and check the weather before you mow. The machinery should be reliable and so 
should the people you work with. The grass should be harvested fast so the material does not lose 
its biogas potential. On Figure 1.13 you see the mowing machine they use for roadside verges. It is 
very important that not much sand is sucked from the soil along with the grass. This would cause 
wear in the digester and so the mixing propellers would slowly decay. The grass from nature 
management is harvested in a different way. The grass is cut, left on the field to dry and then 
picked up and transported to the digester. The grass is then ensilaged as shown in Figure 1.14. 
For this step it is important to store it airtight and nicely covered with a foil. If there are no houses 
around you can even use digestate to put on top to apply pressure.  
 

 
Figure 1.12: Typical grass field 
 

 
Figure 1.13: Mowing machine for roadside verges 
 
When this feedstock is needed again it will be chopped and extruded. This last step seems 
definitely useful to produce a good material ready to be digested. When grass with a DM content of 
at least 35% and free of sand and other kinds of pollution is brought to the digester for free the 
processing of his material is economically viable. Of course this depends on the subsidies in each 
country.  
 

 
Figure 1.14: Ensiled biomass 
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1.2.2 Dranco in Brecht  

The DRANCO process uses a one-phase, vertical, dry digester (Wierinck, 2011) (Figure 1.15). 
There are no mixers in the reactor and it operates thermophilic (50-55°C) or mesophilic (35°C). 
Therefore the system is robust, it has a broad range of possible feedstocks and since it is a dry 
digester there cannot be a floating layer or scum, settlement can also not occur.  
 

 
Figure 1.15: The DRANCO installation in Brecht, Belgium (Wierinck, 2011). 
 
The installation in Brecht (Belgium) has a capacity of 50000 ton per year. 75% of the processed 
material is garden waste, 15% is kitchen waste and another 10% is paper waste. On average 118 
Nm³ biogas is produced per ton feedstock. To digest grass the DRANCO system has several 
advantages: you don’t need to add water, sand is not a problem and there are no limitations 
regarding the percentage of grass you digest. Because in winter there is less biological waste from 
households, IGEAN is processing grass since 2004. The roadside verges are first ensilaged and 
then used in winter. Unfortunately the biogas potential decreases after ensiling from ± 100 
NM³/TON to ± 70 NM³/TON according to IGEAN. After ensiling the cuttings are mulched and 
digested. Compost is made from the digestate and compared to the normal compost process the 
quality of the compost from the DRANCO installation is not lower.  
 

1.3 Conclusion  

One-stage digesters compared to two stage digesters are cheaper but have a higher residence 
time (Nizamia et al., 2009). Dry digesters have a dry solid content of 20-50% whereas for wet 
digesters it is between 2 and 12%. Wet digesters are more expensive but produce more biogas. 
The same is true for continuous systems compared to batch systems. The type of feedstock is an 
important parameter to choose a reactor type and to design your reactor.  
Specifically for grass: there is, according to Nizamia and Murphy, a significant potential for UASB 
reactors with a leach bed reactor before it. Both reactors are then adapted to the optimal operation 
conditions for either the hydrolysis or the methanogensis. They also believe that many systems are 
not adapted to process grass. A CSTR reactor for example should have a good mixing system 
because otherwise there can be floating layers.  
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Chapter 2 

Grass digestion best practices 
identification and analysis 
 

2.1 Introduction 

Grass is an interesting material for renewable bioenergy production because it is widely available, 
can be collected easily and can be used immediately or after silage. On the other hand it presents 
some difficult to be managed before and inside the reactors to avoid problems in the plant. 
So, considering these concepts, it is necessary to focus the attention on: 
- how much gas is possible to get from grass (energy revenue); 
- design of digesters for grass treatment. 
Both these points, are clearly related with the feedstock characteristics.  
 

2.1.1 Feedstock characteristics  

Grass is a heterogeneous substrate, with different characteristics and expected yields. 
Characteristics, especially in terms of lignin content, depend on the cutting period, type of grass, 
geographical position, number of cuttings per month and so on. As a consequence, reported yields 
in literature can vary in a broad range: Table 2.1 shows the influence of cutting and mowing on 
reported yields (from Pick, 2012). 
 
Table 2.1 Biogas yields (m³ per ton of fresh material)  

Grass-cuttings  Biogas yield, range, 
[m3/ton] 

Biogas yield, typical, 
[m3/ton] 

References 

1-cut 150–220 185 Öchsner, 2005; 
Prochnow, 2007; 
Lemmer, 2002 

2–3 cut 440–480 460 Öchsner, 2005; 
Prochnow, 2007; 
Lemmer, 2002 

4–5 cut 330–400 365 Öchsner, 2005; 
Lemmer, 2002 

Golf course (green and 
fairway) 

750–790 770 Thumm, Öchsner, 
2003 

public lawns (low intensity) (4 
mows in 2011) 

644  Heintschel, 2012 

public lawns/sports fields (high 
intensity) (mown weekly) 

676  Heintschel, 2012 

 
Studies carried out by the authors in batch trials showed that typical grass cut and mown in the 
Veneto Region, Italy, with the characteristics shown in Table 2.2 gave biogas yield as high as 0.63 
m3/kgVS (equivalent to 150-160 m3/ton) with a methane content around 50% (Figure 2.1) a value 
at the lower of the reported range. 
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Table 2.2 Typical characteristics for grass mown in Veneto Region (Italy) 

Sample Solids TKN COD TP SGP SMP 

  gTS/Kg gTVS/Kg mgN/gDM mg/gDM mgP/gDM m3Biogas/KgVS m3CH4/KgVS 

Grass 246.03 231.08 12.18 955.05 5.30 0.63 0.32 
 

 
Figure 2.1: BMP trial for grass  
 
Figure 2.1 shows the quantity of methane and biogas produced by grass. The time requested to 
degrade completely the substrate is also emphasized by the test. In thirty days the grass is totally 
reduced to digestate. This trial can suggest the best retention time to treat this material.  
 

2.1.2 Reactor configuration and design  

Also the reactor configuration plays a role in biogas yields.  
However, it is important to emphasize here that most of the literature reported in research journals 
is dedicated to lab scale processes and the reported approaches are far away from typical 
conventional processes adopted at full scale.  
With specific reference to scientific literature, Nizami et al., (2011) verified that methane potential 
from the same grass silage varied from 350 to 493 L CH4 kg-1

VS added for three different BMP 
procedures. The same authors compared two reactor system: CSTR and UASB and found that the 
two engineered systems have different merits. The two stage CSTR system generated 451 L CH4 
kg-1

VS added at a retention time of 50 days with a methane content in the biogas of 52%. The 
SLBR–UASB generated 341 L CH4 kg-1

VS added at a retention time of 30 days with a methane 
content of 71%. The digestates are quite different; the SLBR digestate has almost double the 
solids content as that from the CSTR. The above suggests that although the SLBR–UASB 
produces less methane it should be a smaller system producing a biogas rich in methane (71% 
methane versus 52% methane) thus requiring less upgrading for use as a transport fuel or for grid 
injection. The digestate may have more potential for biorefinery concepts (Nizami et al., 2011). 
On the other hand, it should be considered that a digestion process where grass is the only treated 
substrate (mono-digestion of grass) is not recommended. Thamsiriroj et al., (2012) produced a 
model about a grass silage mono-digestion: results showed that in a long trial the reactor evolved 
in acidogenic condition. It seems that the primary parameter of inhibition is a backlog of lactic acid 
caused by an absence of trace metals. The authors suggested the co-digestion with animal slurries 
to avoid this problem. 
 
The nature of substrate is clearly a fundamental parameter for digesters design. Anaerobic 
digester design and configuration are important components of anaerobic digestion technology, as 
they promote the efficient conversion of organics to gaseous products (Demirbas and Ozturk 2005). 
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A range of digester types and configurations exists based on various process parameters. The 
parameters that classify anaerobic digesters are the moisture content of the feedstock (wet 
digestion vs. dry); the number of phases/stages of digestion activity (single or two/multi-stage); 
operating temperature (thermophillic or mesophilic); method of feeding the substrate (batch or 
continuous) and retention time (Vandevivere et al., 2003; Karagiannidis and Perkoulidis 2009; 
Nizami and Murphy 2010), (Korres et al., 2011) (Figure 2.2).  
 
Various researchers have reviewed and compared different digesters configurations suitable for 
anaerobic digestion of solid wastes (De Baere and Mattheeuws 2008; Vandevivere et al., 2003). 
 

 
Figure 2.2: Various types of anaerobic digesters (a) single phase wet digesters (b) single phase 
dry continuous digesters (c) single phase dry batch digester (d) two-phase dry batch digesters (e) 
two phase sequencing fed leach bed digesters coupled with UASB (Vandevivere et al., 2003; 
Nizami and Murphy 2010). Note: In single phase digesters, all phases of anaerobic digestion 
(hydrolysis, acidogenesis, acetogenesis and methanogenesis) occur within the same compartment 
in the digester. In two phase digesters, hydrolysis, acidogenesis and acetogenesis are separated 
from methanogenesis. In batch digesters, the feedstock is inserted once into the digester for a 
certain period of time to complete the digestion activity. In continuous digesters, the feedstock is 
constantly or regularly fed, either mechanically or by force of the new feed. In dry digesters, high 
solid feedstock with dry matter ranging from 20 to 50% is used as substrate. Wet digesters operate 
for substrates with total solids content less than 13%. CSTR Continuously Stirred Tank Reactor, 
UASB Upflow Anaerobic Sludge Blanket (figure from Korres et al., 2011) 
 
As Murphy and Power (2009) reported, digester design is based on the nature of the feedstock 
regarding its volatile solids content and is an important factor for anaerobic digestion efficiency. 
The dry matter (DM) content, its volatile fraction, and its biodegradability all play a role in the 
reactor configuration and the down-stream train of operations. In fact, biomass with a high TS 
content (up to 40%) and relatively low biodegradability can be reasonably treated in dry reactors, 
like Valorga, Kompogass and Dranco, while highly digestable materials will be treated in single or 
two phase systems operating in wet conditions.  
Grass silage, which is characterized by a high level of volatile solids and C/N ratio can be 
conveniently treated in a two-phase reactor. Two-phase digester configuration supports high 
growth rates of hydrolytic and methanogenic bacteria (Gunaseelan and Nallathambi 1997; Verrier 
et al., 1987; Mata-Alvarez 1987); hence this design/configuration is most appropriate for high solid 
feedstocks, such as grass silage. Furthermore, work conducted by Lehtomaki (2006) and Yu 
(2002) suggests that incorporation of a high rate reactor, such as a Upflow Anaerobic Sludge 
Blanket, with a Continuously Stirred Tank Reactor is an efficient digester configuration for grass 
and grass silage. According to Nizami and Murphy (2010), wet continuous, dry batch and dry 
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continuous systems, such as sequencing batch leach-beds coupled with a Upflow Anaerobic 
Sludge Blanket offer greater potential for grass biomethane production (Korres et al., 2011). 
However, it is important to emphasize here once again that most of these results are derived from 
research studies carried out at lab scale; on the other hand, the market of AD reactors is now day 
clearly oriented to single stage wet reactors operating in mesophilic conditions.  
In fact, according to the data reported by the European Biogas Association (EBA) (Figure 2.3) 72% 
of all the plants in Europe are in Germany (63%) and Italy (9%). In these countries the digesters 
type is, for the most part, Continuous Stirred Tank Reactor (CSTR) operating at a total solids 
content < 10%. In fact, CSTR digesters are simple to design and build, as well as to manage and 
maintain. Because of these reasons, these reactors are widely diffused.  
 

 
Figure 2.3: EBA report on diffusion of plants in Europe, 2012. 
 
Another option is the batch system. Dry batch digesters, such as the BEKON processes, are used 
widely in Europe for dry solids content up to 50% (BEKON, 2008). In this digester type, the 
leachate is recirculated/sprayed back on to the feedstock. After completion of digestion, the 
digester is reopened, half unloaded and half of the feedstock is left as inoculum; it is refilled with 
fresh feedstock and the cycle continues (Parawira, 2004). In addition to BEKON, garage type, bag 
type, immersion liquid storage vat type and wet-dry combination digesters are in the first phase of 
commercialization (Kottner , 2002). 
The dry batch has a significant advantage: simplicity . In fact, there are only few moving parts: little 
pretreatment is required as the grass silage does not come into contact with moving parts; the 
feedstock is not diluted; as a result energy input is low. The time between loading and unloading is 
greater than 30 days, but as half the substrate is left in place as an inoculum, the actual retention 
times is of the order of 45 days. Gas production starts from zero, increases, peaks and decreases; 
thus a series of batch digesters are required which are fed sequentially to generate a gas curve 
with a relatively constant output (Parawira, 2004). A disadvantage of the process is the lack of 
facilities actually operating on grass silage. We simply do 
not know if grass silage is suitable for vertical garage door batch digester systems. These systems 
were designed originally for treatment of OFMSW (in lieu of composting). OFMSW has a lower 
volatile solids content (Murphy , Power , 2009) and thus a higher quantity of solids in the digestate. 
There is a fear that grass digestate, which has a lower solids content than OFMSW digestate, will 
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flow out the vertical door of the digester on emptying. It is perceived that the batch process will not 
affect the volatile solids reduction of a continually mixed wet process and will not therefore 
generate the same level of gas production. (Nizami et Murphy, 2010) 
Batch digester is a good choice considering the grass availability. The grass cutting is not constant, 
especially in small communities or private proprieties. In these cases is too much expensive 
considering the ensilage of grass so batch digester can be a valid alternative. 
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Chapter 3 

SOTA analysis for pre-treatment 
technologies, according to type of grass 
residue 
 

3.1 Introduction 

Some organic compounds digest better than others. Simple sugars, for example, are more easily 
consumed by the bacteria in a anaerobic digester than structural carbohydrates like starch or 
cellulose. This means that biomass which contains a lot of these easy-consumable compounds, is 
digested faster and/or gives a higher methane yield, while biomass-streams with a relative high 
percentage of fibers or other structural carbohydrates digest slower with a lower yield and often 
produce undesired byproducts which inhibit methane production. 
Poor digestibility of grassy residues is mostly due to the chemical presence of the lignocellulose 
complex. This complex has three main compounds: cellulose, hemicellulose and lignin. Cellulose 
is a linear polymer of D-glucose units. It has the most potential for anaerobic digesting. Cellulose 
has a crystalline structure. Hemicellulose is a heteropolymer containing mostly glucose, galactose 
and arabinose. It is hydrolyzed quicker than cellulose due to its amorphous structure. The third 
compound, lignin, has a far more complex chemical structure of phenyl propane units. Therefore 
lignin is difficult to biodegrade (Taherzadeh and Karimi 2008). The more lignin the grass contains, 
the more difficult the degradability. Harmsen et al., (2010) gives an overview of the composition of 
lignocellulose in several biomass types (Table 3.1). 
 
Table 3.1: Typical composition of lignocellulosic biomass (% DM) (Harmsen et al., 2010) 

Material Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood 40-55 24-40 18-25 

Softwood 45-50 25-35 25-35 

Corn cobs 45 35 15 

Grasses 25-40 35-50 10-30 

Wheat straw 30 50 15 

Pig manure 6 28 NA 

solid cattle manure 1-5 1-4 2-6 
 
Cellulose chains in a plant are structured in strings called microfibrils. Different microfibrils are 
attached to one another by hemicellulose. Lignin is the third major compound, covering the 
microfibrils. Microfibrils are bundled in macrofibrils.  
In order to make the compounds in the biomass more available for hydrolosis in anaerobic 
digesting, the lignocellulose complex needs to be torn down by the bacteria. This can be facilitated 
by introducing a pretreatment step before the actual digestion (Figure 3.1). 
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Figure 3.1: The lignocellulose structure and the effect of pretreatment (Mosier 2004) 
 
In the last decades many pretreatments for biomass have been developed in order to make 
biomass-streams more digestible and get a higher methane yield. But few were implemented 
beyond pilot scale. Pretreatments aim at changing the characteristics of the biomass and/or 
increasing the accessibility of the enzymes. 
In order to asses and compare different techniques, some parameters, such as crystallinity, 
accessible surface area and protection by lignin and hemicellulose (Taherzadeh and Karimi 2008) 
can be discussed. The following principals can be assumed. Firstly: the higher the crystallinity of 
the cellulose microfibrils, the harder enzymatic degradation. Secondly: the higher the accessible 
surface area of the material, the better digestibility as enzymes need to make contact with 
chemical chains in order to break them down. Drying of biomass can cause irreversible collapse of 
the internal capillary structure of chemical chains, reducing the accessible surface area. 
Thirdly, the lignin content limits enzyme accessibility. It must also be mentioned that dissolved 
lignin inhibits some enzymes like cellulase. Hemicellulose also forms a physical barrier around the 
cellulose strings. However, hemicellulose is easier to remove from the lignocellulose complex than 
lignin. 
Pretreatments can produce multiple products which inhibit the fermentation process (Table 3.2). 
For example, pentose sugars produced by hemicellulose hydrolysis may dehydrate to furfural 
which inhibits cell growth and respiration. Furfural forms when temperatures rises beyond 160°C 
and with retention times longer than 4 hours. A variety of inhibitors can also be formed from the 
degradation of lignin. Phenolic products have the most toxic effect, even more than furfural. If the 
temperature is lower than 180°C, the formation of phenolic compounds is negligible. By keeping 
pretreatment temperatures low and the residence time short, the formation of the two components 
mentioned above will be prevented. Also, the use of strong acids should be avoided, as it inhibits 
cell activity, even in alkaline environments. 
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Table 3.2: Overview of potential inhibitors (Taherzadeh and Karimi 2008) 
Component Inhibitor Maximum 

concentration (g/l) 
Remarks 

hemicellulose acetic acid 3  

 furfural <0.25 inhibition depends on pH 
during fermentation 

 hydroxymethylfurfural 0.25 may further degrade to 
formic acid 

cellulose hydroxymethylfurfural 0.25  

lignin phenolic compounds <0.1  
 
The higher yield induced by pretreatment depends very much on the type of biomass. So it’s 
important to be able to make a cost-benefit analysis of the used pretreatment, so that one can be 
sure that the pretreatment has an added value in the process. Energy use, used chemicals and the 
quality of the used biomass have to be assessed. 
Pretreatment techniques are usually subdivided according to the product that is used. In biological 
pretreatment natural processes are induced to preserve the biomass and/or to ameliorate the 
chemical composition of the biomass so it would be more fit for anaerobic digestion. A common 
example of biological pretreatment is ensilaging. When chemical products are added, there is a 
chemical pretreatment. When biomass is shredded, heated, washed, exposed to ultrasonic waves 
or a combination of the previous, it’s called physical pretreatment. 
 

3.2 Different pre-treatment techniques  

3.2.1 Biological pre-treatment processes 

3.2.1.2 Enzymatic treatment 
Enzymes can be added to the biomass in order to facilitate hydrolysis. The enzymes have to be 
specific to the organic compounds of the biomass in order to have an effect. Enzymes that 
degrade fats are called lipases, cellulases degrade cellulose and proteases proteins. In most 
cases a mix of enzymes is used. The mix is specifically composed for the intended biomass. 
Research results with enzymes vary greatly as the effect depends on substrate characteristics, 
incubation time, system configuration, temperature and acidity. 
 
3.2.1.2 Ensiling 
A more common used biological pretreatment is ensiling. For decades this practice is used on 
dairy farms as a conserving technique for feed. As a result the knowledge and experience on the 
ensiling process is quite extensive.  
Ensiling shuts down the microbiological degradation. By sealing the biomass from oxygen and 
keeping the dry matter content between 25 and 50%, acetic acid bacteria will start converting 
sugars and other easily degradable components into acetic acid. This will lower the pH, which 
inhibits bacteria and molts and halts further chemical conversions. In this manner biomass can be 
stored for several months with minimal dry matter losses. The acid conditions also degrades cell 
walls, this releases a lot of soluble sugars. 
Basic conditions for ensiling are: a sufficient amount of sugars (60 g/kg DM), a sugar protein ratio 
lower then 0.4 (proteins buffer the silage and slow acidification of the silo), sufficient acetic acid 
bacteria present (>100 bacteria/ g DM) and anaerobic conditions. To achieve good anaerobic 
conditions the silo has to be pressed and sealed carefully. 
The silo will stabilize at a given acidity dependent on the dry matter content of the silage (Table 
3.3). Normally stabilization is reached after 3 weeks. When wet biomass is ensiled, stabilization 
takes 4 weeks. When a silo does not stabilize, dry matter losses can go up to 50%. 
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Table 3.3: Relation between dry matter content of the biomass at the start of ensiling and the 
acidity on which stabilization of the silo takes place (Vervaeren et al., 2010) 

Dry matter content (%) 20 25 30 35 40 45 50 55 

Stabilization at (pH) 4.2 4.3 4.4 4.6 4.8 5 5.2 5.4 
 
These are some basic rules on ensiling biomass in a bunker silo (Elsen et al., 2009): 

- Determine the silo dimensions by the speed the silo will be unloaded 
- Get the dry matter content of the biomass between 30 and 35% 
- The supply track is preferably in concrete in order to limit soil contamination 
- Chop the biomass at 5 mm 
- Make sure the surface area of the silo is swept clean before ensiling 
- Spread the biomass in thin layers over the total surface of the silo and compress it carefully. 

Chopping and unloading are secondary to compressing. 
- The compressing machine must weigh 15 ton 
- Don’t pile the biomass more than 30-50 cm above the concrete walls 
- Ensile quickly and seal the silo immediately with plastic foil 
- Make sure a bunker silo is finished smoothly at the top to avoid condensation. Use 2 layers 

of plastic and a canvas against birds. Special care must go to the edges. 
- Leave the silo closed for 6 weeks to let it stabilize 

 
When unloading a silo, the biomass comes into contact with oxygen, which encourages the growth 
of aerobic bacteria. The low acidity of the silo restricts many of these bacteria, but molds and 
yeasts have no trouble growing the acid environment. It’s important to adjust the cross section of 
the opened silo to the unloading rate in order to limit oxygen intrusion and therefore dry matter 
losses. 
Vervaeren et al, 2010 estimates higher methane yields of 11-17%. As these figures were observed 
in batch experiments, the yield in a large silo will be lower due to organic matter losses and the 
change of components. 
 
Ensiling grass 
Grass can be ensiled in different ways. Most commonly it is pressed in bales, put in silobags or in 
bunker silos. Bales come in all sizes. The weight can vary from 150 kg up to 900 kg. To make 
bales, the grass needs to be cut with a disk mower. When bales are made in wet circumstances 
and the dry matter content drops under 20%, spontaneous combustion is a risk. To minimize this, 
the grass can be dried on the field for a day before baling. 
Most commonly used are bunker silos. The grass is packed between two or three concrete walls. 
The floor surface should also be sealed. The silo is filled with a tractor which compresses also the 
biomass. Afterwards the grass is covered with plastic to make it airtight. 
Grass can also be stored in bag silos. This is a giant plastic sausage which is filled and sealed at 
both ends afterwards. 
When ensiling grass the silo should be located where processing takes place. This to minimize 
transport cost and to be logistically feasible. 
To enhance the ensiling process of grass, it can be dried on the field until dry matter content 
reaches 40%, so that sugar concentration increases. Due to the higher osmotic pressure, bacteria 
growth is oppressed. A disadvantage of drying is the increased elasticity of the grass. The silage 
will be less compressible, which increases the risk of oxygen access into the silo. Also, the 
weather conditions need to be good for several days in order to dry the grass in a correct way. This 
will not always be the case. In any case one must attempt to achieve a dry matter content between 
35 and 40%. When the dry matter content of the grass is lower than 35%, chopping will have a 
positive effect on preservation: the biomass is more mixed and better compressible. 
Contamination with soil should be avoided at all costs as butyric acid bacteria in the soil can inhibit 
silage stabilization. Soil contamination also lowers biomass quality for digestion. 
Carbon hydrate content of the grass can vary between 3 to 25%, depending on time of mowing, 
weather conditions and grass species. 
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To ensure ensiling quality, the field period should not be longer than a few days. Rain will cause 
sugar loss. A short field period can be useful to achieve optimal dry matter content, but weather 
conditions need to be taken into account. 
Ensiled grass can easily be assessed if the process was successful or not. When the color of the 
silage is close to the original color the grass was well preserved. The more brown the silage is, the 
larger dry matter losses. A bad or acrid smell indicates silo the presence of butyric acid or acetic 
acid, respectively. A completely failed silo will have an ammonia smell. Silage quality can also be 
assessed by measuring the pH-value (Table 3.4). 
 
Table 3.4: Relation between acidity of the silo and its silage quality (Vervaeren et al., 2010) 

pH-value silage quality 

< 4.2 Very good 

4.2 – 4.5 Good 

4.5 – 5.0 Moderate 

>5.0 Bad 
 
Measuring organic acids give an idea of the carbohydrate deterioration. Lactic acid helps 
preservation. Good quality silage holds 1.2% lactic acid (Table 3.5). When the acetic acid content 
is above 0.5%, the grass has been badly preserved. For butyric acid it’s simple: the less butyric 
acid in the silo, the better. If the butyric acid content rises above 0,3%, the ensiling process has not 
succeeded (Animal Science Group 2005). 
 
Table 3.5: Relation between ammonia content and silage quality (Vervaeren et al., 2010) 

NH3 content (%) Silage quality 

0-5 Very good 

5-8 Good 

9-15 Moderate 

16-20 Bad 

>20 Very bad 
 
Additives 
The level of carbohydrates in grass is limited, hence the acidity process can go too slow which 
incurs dry matter losses. Additives can be added to a silo in order to stimulate fermentation, inhibit 
bacteria and/or add nutrients: 
First the fermentation process can be stimulated by inoculating the silo with lactic acid producing 
micro-organisms. This stimulates lactic acid production which leads to faster rising of acidity and 
inhibition of bacteria and ultimately less DM losses. Enzymes can also be added, in order to make 
better precursors for lactic acid production. As enzymes work highly selective, the enzymes 
cellulase and hemicellulase which break down cellulose and hemicellulose respectively. Enzymes 
can also help degrading starch (amylase) and fibers. 
Secondly, the growth of bacteria and fungi can be directly inhibited by adding organic acids to the 
silo. 
Nutrient addition is a third way of increasing silo stabilization. For example molasses can be added 
to a silo. Molasses is a byproduct of the sugar industry and contains primarily water (17-25%), 
sucrose (30-40%) and glucose (5-9%). It’ s relatively cheap way to stimulate fermentation. By 
adding soluble carbohydrates, the acidity will increase because of the conversion of the sugars to 
organic acids. In comparison to other additives, molasses has to be added in large quantities to 
have an effect. 
When dry matter content is higher than 35%, additives don’t add value to a silo. When the sugar-
protein ratio of the biomass is lower than 0.4, additives are absolutely necessary for stabilization 
(Vervaeren et al., 2010). Additives can also help in the aerobic phase (when biomass is being 
unloaded) so that the growth of molds and yeasts is inhibited. 
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Choice of additive depends on use and biomass characteristics. For biogas lactic acid can be a 
plus: carbohydrates are degraded which fastens fermentation and gives a higher methane yield, 
because acetic acid is a direct precursor of methane in the fermentation process. 
Most commercial products are a mix of different additives in order to have wide range of effects 
(Table 3.6). Treatment with additives has a cost of 1-1,5 euro/ton. Batch tests gave 10% higher 
methane yield than untreated substrate. Semi-continuous tests gave even 20% higher methane 
yield. 
 
Table 3.6: Overview of the results a full scale experiment using different additives to enhance 
methane yield (Ghekiere and Vervaeren 2011). 

Additive Composition of the additive Biogas Test 
Extra methane yield per 

ton VS in comparison with 
untreated biomass (%) 

Silasil Energy lactic acid producing bacteria  Batch 10.25 

Semi-continuous 23.80 

Sil All 4x4 lactic acid producing bacteria 
cellulase, hemicellulase, 
pentosanase, amylase 

Batch 7.82 

Semi-continuous 18.02 

Microferm lactic acid producing bacteria 
enzymes 
micronutrients clostridiaphages 

Batch 10.88 

Semi-continuous 22.05 

Lalsil dry lactic acid producing bacteria 
cellulase, hemicellulase 

Batch 16.90 

 
Recently a high-performance additive has been put on the market called methanos® (Schmack 
2013). According to the company findings, the microorganisms work faster so the HRT (hydraulic 
retention time) could almost be doubled than normal. Overripe grass is generally a digestible 
substrate, but with the methanos® the gas yield could be increased by about 20 percent. 
In order to achieve a stable ensiling process, grass residue can also be mixed with another sugar 
rich biomass type, more research is needed in order to draw up a stable process. Ensiling doesn’t 
necessarily need input of chemicals, the environmental conditions are mild and the needed energy 
is low when compared to chemical or thermochemical pretreatments. The treatment rate is low as 
biological processes need more time than a chemical or physical process. 
 

3.2.2 Chemical pre-treatment processes 

By adding chemical products to the biomass the hemicellulose or lignin, dissolves making the 
cellulose more available to microbial activity. A chemical pretreatment typically increases water 
consumption. Also the danger exists of washing out the carbon instead of making it available for 
digestion. Chemical pretreatment doesn’t solve the crystallinity of cellulose issue. 
 
3.2.2.1 Alkaline hydrolosis 
Alkaline substances can be used to pretreat biomass. Most common are calcium hydroxide 
(Ca(OH)2), potassium hydroxide (KOH), sodium hydroxide (NaOH) and ammonium hydroxide 
(NH4OH). The chemical reaction is called saponification. The alkali is used with a temperature 
between 100-160°C. The biomass swells and this causes hydrolysis and degradation of the 
biomass. The swelling also leads to a higher contact surface. During digestion the alkali is being 
neutralized, which is an advantage from an environmental point of view. The efficiency of the 
treatment depends on the concentration of the alkali and the length of exposure, which can vary 
from an hour to several days . The use of concentrated alkali can cause the creation of unwanted 
salts. Treatment with calcium hydroxide can solve a third of the lignin content. The mild conditions 
of CaOH limits the condensation of lignin and the formation of furfural (Taherzadeh and Karimi 
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2008). Pretreatment with aqueous ammonia reduces lignin content, removes hemicellulose and 
decrystallizes cellulose. 
 
3.2.2.2 Organosolv process 
The organosolv process uses an organic solvent for removal of the lignin. It also hydrolyses 
hemicellulose, which is beneficial for consecutive digestion. Common solvents for this process 
include ethanol, methanol, acetone and ethylene glycol. As the solvent can inhibit further 
microbiological actvitity, the solvent must be removed prior digestion. The organosolv process 
produces high quality lignin which may be used in higher value application. (Hendriks and Zeeman 
2009) 
 
3.2.2.3 Oxidative delignification 
Oxidative agents, like hydrogen peroxide or ozone, can also be used for delignification. There exist 
different techniques using oxygen (wet oxidation), ozone (ozonolyis) and hydrogen peroxide. High 
temperature (150-350°C) and pressure (5-230 MPa) are used and mostly lignin is degraded. 
(Hendriks and Zeeman 2009) 
 
3.2.2.4 Acid hydrolysis 
In an acid pretreatment usually sulfuric acid, hydrochloric acid, nitric acid and phosphoric acid are 
used. They can be added in concentrated form (30-70%) or in diluted (0.5-2%). When adding a 
concentrated form the effect is stronger but there are several disadvantages. First there’s a risk of 
chemical condensation of the lignin, secondly some unwanted components can be formed such as 
hydrogen sulfide (H2S) and ammonia (NH3). Concentrated acids are extremely toxic and corrosive. 
With diluted acids these risks are all reduced, but a higher temperature (160°C-200°C) has to be 
applied in order to have a considerable effect. The retention time is a function of the used 
temperature, varying between a few minutes to an hour. When using acids in general the lifespan 
of all used materials and machines is severely shortened due to corrosion. 
 
3.2.2.5 Ammonia fiber explosion/expansion (AFEX™) 
AFEX™ is a well-known pretreatment which combines chemical and physical pretreatment. First it 
exposes the biomass to liquid ammonia at high temperature. Then the pressure is dropped which 
causes the biomass to expand (or explode). The used ammonia can be recovered and reused 
after expansion. Glucan conversion is observed to double after AFEX™ treatment of switch grass 
(Taherzadeh and Karimi 2008). 
 

3.2.3 Physical pretreatment processes 

3.2.3.1 Mechanical 
The aim of mechanical pretreatment is to increase the accessible surface area so that the biomass 
is more available for the bacteria. Also the carbon chains are being shortened and furthermore by 
breaking the cell wall, the cell content becomes available for digesting (Ghekiere and Vervaeren 
2011). This can be done by chipping, milling, pulping or grinding the material. Elsen et al., (2009) 
states 5 mm as the optimal size of grass for digestion. But this can differ in accordance with the 
next processing step. 
Studies show that hydrolysis of the biomass goes up by 5-25% because of mechanical 
pretreatment of different biomass types (Hendriks and Zeeman 2009; Palmowski and Muller 1999). 
This results in an increased biogas yield by 5-25%. The more difficult it is to digest the biomass, 
the larger the effect of mechanical pretreatments. The fact that the lignin is not removed from the 
biomass is a disadvantage, as dissolved lignin inhibits cellulase. 
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Table 3.7. Effect of chopping length on methane yield of nature grass silage (Popelier 2011) 
Type Grass length Nm³ methane/ton 

VS 
VS losses in 
silage (%) 

Normally chopped  5-15 mm 250 13 

Extra chopped 2-7 mm 245 7 

Not chopped 600 mm 240 14 
 
Chopping nature grass can easily be done by an agricultural chopper (Table 3.7). This in contrast 
to chopping road side verges: the contamination with plastic and metal can be very high. A 
chopping machine has to be adapted for processing such contaminated grass, which increases the 
cost per ton biomass. To mechanically pretreat and mix biomass a lot of commercial technologies 
are available on the market. 
 
3.2.3.2 Thermo-mechanical 
One usually refers to thermo-mechanical pretreatment as extrusion. Extrusion aims at dissolving 
the chemical bonds between cellulose/hemicellulose and lignin. The biomass is processed with 
steam or steam explosion (Bauer et al., 2009) at a temperature of more than 160°C. Increased 
methane yields by 15% because of this pretreatment have been observed. First the hemicellulose 
and then the lignin will dissolve when the temperature rises to 150°C-180°C. The used 
temperature depends on the composition of the heated biomass. 
During extrusion certain risks have been identified: phenols can be formed which have a 
detrimental effect on the bacteria population. Secondly the crystallinity of cellulose rises when it’s 
being heated. Also the dissolved lignin can recondensate. This forms a coat on the biomass which 
inhibits bacterial activity. Therefore, temperatures higher than 250°C have to be avoided. 
(Taherzadeh and Karimi 2008) 
The automatic feeding and removal of the grass to the extruder determines largely the economic 
viability of the technique. The more labor is necessary to guide the process, the costlier extrusion 
is. De Vocht et al., (2012) observed 27% higher biogas production by extrusion. The power 
required for extrusion, is 10-100 kwh/ton.  
 
3.2.3.3 Hydrothermal 
Hydrothermal processes use water at high temperatures and high pressure in order to dissolve the 
lignocellulose complex. Synonyms of the hydrothermal process are liquid hot water (LHW), 
hydrothermolysis, solvolysis an aquasolv. The hot compressed water has contact with the biomass 
at 200-230°C for 15 min. 4-22% of the cellulose and 35-60% of thlignin is dissolved due to the 
process, >90% of the hemicellulose is recovered as monomeric sugars (Taherzadeh and Karimi 
2008). Formation of furfural can occur. 
 
3.2.3.4 Ultrasonic 
Ultrasonic vibrations (between 18 kHz and 18 MHz) cause decomposition of the structure and form 
chemical radicals. This results in an depolymerization of the chemical compounds (Harmsen et al., 
2010). This is well established for the treatment of sludge from waste water plants, but has not 
been tested on grassy biomass yet. 
 
3.2.3.5 Steam explosion 
When the pressure is suddenly lowered, biomass undergoes an explosive decompression. 
Followed by high temperature (160°C-260°C) treatment for several minutes. Steam explosion 
removes most of the hemicellulose. 
Special care should be taken in selecting the steam explosion conditions in order to avoid 
excessive degradation of the physical and chemical properties of the cellulose. In very harsh 
conditions, lower enzymatic digestibility of lignocelluloses may also be observed after steam 
explosion. For instance, generation of condensation substances between the polymers in steam 
explosion of wheat straw may lead to a more recalcitrant residue (Bauer 2009). No tests 
specifically on grass. 
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3.2.3.6 CO2 explosion 
This method is similar to steam explosion: high pressure CO2 is injected into the batch reactor and 
then pressure drops. The CO2 reacts to carbonic acid which improves hydrolysis rates. 
 

3.2.4. Combination of above pre-treatment techniques  

Practically, different pretreatments and purification methods will be combined to get a clean 
biomass with the right homogenous characteristics for digestion. The whole of subsequent 
techniques is called the pretreatment train. Figure 3.2 shows an example of how a train for 
pretreating and purifying grass can look like for wet digestion. In wet digestion the grass will have 
to be mixed with other types biomass like manure or maize. The pretreatment train will be different 
depending on the used types of biomass and their relative share. Table 3.8 gives an overview of 
the effect of different pretreatments on the physical/chemical composition or structure of 
lignocellulose. 

 
Figure 3.2: Pretreatment train for wet digestion (KompTech) 
 
Table 3.8: Overview of the effect of different pretreatments 
 increase 

accessible 
surface area 

decrystalization 
cellulose 

solubilization 
hemicellulose 

solubilization 
lignin 

formation 
furfural/ HMF 

alteration 
lignin 

structure 

Mechanical + +     

ST/SE +  + - + + 

LHW (batch) + ND + - - - 

LHW 
(continuous) + ND + +/- - - 

Acid +  + - + + 

Alkaline +  - +/- - + 

Oxidative +   +/- - + 

Thermal +a 
cid + ND + +/- + + 

Thermal + 
alkaline 

+ ND - +/- - + 

Thermal + 
oxidative 

+ ND - +/- - + 

Thermal + 
alkaline + 
oxidative 

+ ND - +/- - + 

AFEX + + - + - + 

CO2 
explosion 

+  +    

+= major effect, -=minor effect, ND=not determined (Taherzadeh and Karimi 2008) 
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3.3 Case studies on the pretreatment of grass  

3.3.1 Extrusion of nature grass 

Because grass can be strongly lignified and dry and difficult to shred, extrusion can be the solution 
as an extruder breaks the fibers physically so that they cause less problems in the feeding system 
and the reactor. It also destroys the cell structure so that more cellulose is made available for 
digestion. Therefore in 2012 an extruder was used to pretreat nature grass to feed it into a full 
scale cstr wet digester (Figure 3.3). Grass from nature conservation areas was used. The use of 
grass from roadsides may contain more constraints and/or other costs. Data was available to 
compare fresh grass with silage grass and to compare extruded grass with non-extruded grass. 
 

 
Figure 3.3: The Lehmann extruder (Devriendt 2012). 
 
An increased biogas yield was only observed when extruding silage grass, with fresh grass the 
effect was not significant. The extruder has a drying effect on the grass which leads to a higher dry 
matter content, which automatically increases yield per ton fresh matter. 
A shorter retention time of 4-18 days was observed, in addition extruded material is more fine and 
better to stir, when 10% of the total dry matter input was extruded grass, a sludge layer was 
observed on the bottom of the reactor. 
Also no scum in the reactor was formed: extruded grass has a more sediment behavior, fresh 
grass tents to drift. When extruding, the grass doesn’t has to be cut anymore. The investment cost 
on the other hand for an extruder amounts ca. 200 000 euro without the equipment necessary to 
automate the process. Extrusion is an energy consuming process, the experience here was that 
extruding silage gives a netto extra energy yield. 
The working speed of an extruder is dependent on the moisture content of the grass: dry silage is 
processed slowly, when automating this system a strong variation on working speed has to be 
taken into account. 
When digesting grass, cutting to 2 cm is a minimal condition to avoid clogging of the feeding 
system or pipes. Experience teaches us that crosslinking of material mostly incurs on valves, 
bottlenecks and rough edges. 
Cut grass is more difficult to stir because of its higher viscosity. Adapted machinery can handle this. 
Extruded grass digests faster and is less viscose, which gives it an important advantage from a 
technical point of view. Economically is extrusion not a clear case. 
It’s important to organize an automated feed to and carrying off from the extruder in order to 
minimize labor costs regarding the extruder, extra investments and operational costs for this chain 
must be taken into account 
The operational cost of the extruder (excl. automated chain) was 7.1-8.8 euro/ton. The extra 
income due to an increased biogas yield was 0.7 euro for fresh grass and 5.3-5.8 euro for silage 
grass. 
The cost of the extrusion was 10-30% of the total income of digesting grass. 
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The conclusion that the extrusion of grass is economically not sound, but technically and 
operationally there are many advantages. By optimizing logistics the economic performance of 
extrusion may be enhanced (Table 3.9). 
 
Table3. 9: Data from using an extruder (Devriendt 2012) 

 Dry matter% organic%
DS 

C/N pH m³ biogas /t 
FM 

m³ biogas /t 
oDM 

CH4% 

silage cut 53.7 54.2 19.1 7.4 81 267 54 

silage extruded 51.3 53.7 17.9 6.8 93 337 55 

uncut fresh. not 
extruded 

25.7 88.1 17.4 7.1 135 596 55 

uncut fresh extruded 28.6 86.0 17.8 7.2 148 602 55 

cut fresh. not extruded 22.7 85.6 25.7 7.2 115 593 55 

cut fresh. extruded 27.1 85.9 26.0 6.9 143 614 55 
 
Details extruder: 

Type  MSZ-B55e 
Size  3.9x1.1x1.2 
Weight  3.1 ton (or 2 ton/m²) 
Power  55 kWe 
Voltage 230/400 (50Hz) 

 

3.3.2 IFBB 

Processing the grass before it loses its energy value is a critical point in order to valorize it. The 
University of Kassel developed a possible solution for this problem. By pressing the grass into 
briquettes, a more homogenous storable product is created (Figure 3.4). The technology is called 
IFBB or Integrated generation of solid Fuel and Biogas from Biomass. 
 

 
Figure 3.4: A ‘grass briquette’ and the process flow diagram 
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IFBB doesn’t only process grass, but all strong lignified biomass, except for solid wood, creating a 
combustible stream and a digestible stream.  
As a pretreatment the grass and green waste is shredded and then sieved into 3 fractions: the 
finest fraction goes further in the IFBB process, the middle fraction is used to press wood 
briquettes and the coarse fraction is shredded again. To be able to store the material awaiting the 
IFBB process, the fine fraction is baled. 
The IFBB technology starts by washing the material with water (40°C), that’s how the nutrients are 
washed out (Figure 3.5). Then the material is separated by a screw press into a liquid and a solid 
cake. The first contains all the nutrient and easy soluble components and can be digested in a 
UASB digester. The solid cake contains mainly fibers and is used to press briquettes for 
combustion after being dried with the heat from the digester. Because of the separation it is not a 
problem if the starting material contains some woody biomass, contrarily to classic co-digestion. 
To digest the liquid fraction, a UASB reactor is needed because the components for digesting are 
diluted into a watery fraction. So in order to digest such a stream efficiently, the same technique for 
digestion as in water treatment plants has to be used.  
The advantage of this approach is the removal of the fibers from the digester: fibers don’t give 
much biogas and tend to create flotation layers into the digester which can cause serious problems. 
By sending the nutrients to the digester, high NOX, SOX and chlorine emissions are avoided, when 
the grass would be burned. After digestion the water will have to be treated to remove the nutrients 
(N and P). Therefore the water can be pumped back into a WWTP. 
The IFBB technology was first introduced in the PROGRASS project and is further being tested in 
the DANUBE and COMBINE projects. Anno 2014 one full scale installation is operational in Baden 
Baden. For more information go to http://www.combine-nwe.eu.  
 

 
Figure 3.5: First prototype of IFBB: The Blue Conrad. 
 

3.3.3 Common used pretreatments in Germany (Gerbio) 

For wet fermentation the landscape grass gets cut by the mower, but is also immediately cut with a 
silage shredder. The size of the grass must be between one and four centimeters. 
Operators who use bales or large bags to store the grass, suggest to use a higher pressure than 
usual, which should enhance storage. This practice is used by farmers who do not have enough 
space for a silage silo.  
Another way to store the biomass is to create a silo. Biogas operators store the landscape residue 
in a mixture with corn or rye. The pile is covered with a silage tarp. When unloading the silo to feed 
the biogas plant, the tarp is opened and closed again in order to protect the organic matter from 
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water, wind and light. According to the interview most operators do not use additives for better 
quality, because the costs are higher than the profits. 
Only a few operators use special pretreatment techniques like extrusion, because it is generally 
assumed that it is difficult to operate such a system in an economic viable way.  
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Chapter 4 

Evaluation of SOTA for mowing, 
purification and storage of grass residue 
from roadsides, watercourses, natural 
reserves and agricultural grass residues 
 

4.1 Introduction and current situation 

This chapter illustrates the current ways of grass handling along the material flow chain and 
discuss`s appearing problems. Because the different grass streams can vary in quantity, quality, 
legal status, mowing conditions and more, it was decided to differentiate four grass categories. 
This was done in such way that the specific conditions of each country can be implemented into 
the same text with minimal confusion. The following categories were determined as agricultural 
grass, nature grass, roadside grass and grass from water courses.  
The first category are the roadsides, which are mainly mowed to provide traffic safety and for road 
conservation. Additionally mowing shall maintain natural diversity and protect flora and fauna.  
Mainly the watercourses are mowed to maintain the ecological function of surface waters (low-
nutrient grassland, protecting nutrient profiles, assure correct fluming and to protect flora and fauna.  
Compared to nature areas, which are generally being mowed to prevent the formation of steppe, 
woodland and shrubs. Main subject of nature areas is natural maintaining to enhace the 
biodiversity. Furthermore they are mowed as a maintaining action of recreation areas and tourist 
purposes. 
Agricultural areas are generally being mowed for animal feedingstuffs. Occasionally the gras is 
used as a feedin for biogasplants or frequently it is the second or third cut from areas, where the 
first cut of grass is used for animal feedin. In the sense of this project agricultural areas with 
intensively managed permanent grassland, specialised for feedstock or energy production, is 
excluded. The agricultural grass is clearly described as extensively managed grasslands or 
unexploited grassland, as a set-aside of former permanent grassland and currently out of any 
agricultural production. It could be described as a management agreement of agricultural areas but 
only for nature conservation purpose. 
In Italy agricultural areas are essentially the edges of drainage channel and headlands, but also 
grass collected between the rows of tree crops (vineyards and orchards) and under on-farm 
photovoltaic panels could be considered. The reasons for maintenance of these areas are 
aesthetic and to facilitate the practicability of machines, the better flow of water, and to reduce 
contamination with the crops. In addition, the biomass could be used for energy purposes as it is 
done for pruning residues. 
 

4.1.1 Actual situation in mechanization of mowing, purification and storage of grass 

residues 

Germany 
The roadside material is currently being used for composting utilisation. Sporadically the material is 
used for internal heat supply or it is sold to external operators (thermal utilisation). 
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If the material from watercourses is collected, it is used for composting utilisation. However, most 
of the material will not be removed but spread onto the area.  
In nature areas as well as agricultural areas the material is used for hay and silage, animal 
feedingstuff, animal bedding or as a substrate for biogas. 
 

Belgium 
In Belgium the situation for grass coming from roadsides, watercourses and nature areas is similar, 
some of the material goes to composting plants and the remaining amount of grass is dumped by 
contractors, which is a illegal disposal. 
Materials originating from agricultural areas are if possible used as feedstock for animals or if not 
most of the time they are not being mowed.  
Its estimated that only 10% of the grass material reaches processing units which are mostly 
composting plants because the grass is only digested on a ad hoc basis. 
 
Italy 
In Italy grass material from roadsides is currently being chopped and left in place if the grass is 
being collected is goes straight to composting plants. The grass collection occurs rarely, and only 
to avoid the risk of fire or for aesthetic reasons. 
For the watercourses it’s the same situation, the grass is usually cut and left in place,rarely 
transported to an composting plant, droped into the water except when it is used for haymaking 
and cattle feedstock. In nature areas the grass is transfered to landfills to be composted. 
As for agricultural areas, serving as a example the vineyards, the grass is being collected in 
substitution of corn to feed a digester. The grass in the vineyards has to be mowed because it 
competes with the main plant and makes the transit of machines difficult. 
 
Portugal 
In Portugal grass originating from roadsides, nature areas and watercourses is legally dumped by 
the contractor or being shredded and left on the soil. A small fraction of about 5% of the grass 
material is brought to composting plants. It always depends on the transporting distance.  
Agricultural grass is if possible used as feedstock for animal or if not mostly not being mowed.  
All grass materials independent by their origin cannot be used in digesters as there none, which 
would be capable to handle and accept gras as a input.  
 

4.1.2 Operations actually performed 

In Germany the treatment steps for roadsides are summarized in two processing step. There is a 
basic machine (tractor/unimog) on which different units are semi-mounted. The units may vary 
according to types of roadsides (motorway, road, street etc.). Units are exhauster, power arm (front 
reach arm, branch cutter at the rear, combi unit or reflector post mower head), verge mower and 
embankment mower. Is the material mowed and absorbed by the exhauster, the grass cuttings are 
directly blown in the loader wagon (trailed). In a second step, after the loader wagon is filled, the 
material is transported to a certain place where the material is unloaded into a container. If the 
grass from does get removed, depending on the machine in use, the harvesting steps are 
summarized in one processing step (for example by a basic mashine such as a tractor or an 
unimog on which a mowing bucket is semi-mounted which cuts, collects and unloads the grass). 
The grass is then transported to a composting facility. However, according to nature protection the 
grass is supposed to get removed after one to two days. In this case the treatment is divided in 
several processing steps (mowing, chaffing/ picking up by hand, transportation). If the grass is not 
removed (on large areas), the grass is mowed (cutter bar or motorised scythe) and subsequently 
shredded by chaff cutters and stays on the land. For nature and agricultural areas the treatment is 
divided in several processing steps. In step one the grass is mowed by a tractor with free cut 
technique, as nowadays cutter bars are rarely employed, with eiher a drum or a disc mower. 
Sometimes the mowers have a included gras conditioner which crimps and crushes the newly cut 
gras to promote a faster drying process. In the second step a windrower with rotary rakes is used. 
Afterwards the material will be collected by a forage harvester or a self-loading wagon or in case of 
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haymaking its more likely that a baler is used and where an further is necessary for transporting 
the bales with tractor and trailer. 

 
Figure 4.1: Grass collection roadsides. 
 
In Portugal, Italy and Belgium the three treatment steps mowing, collection, transport for roadsides 
and watercourses are mostly combined in one step (Figure 4.1). In Italy the grass from roadsides 
is rarely collected.  
 

 
Figure 4.2: Grass collection watercourses. 
 
After being mowed with a semi-mounted pneumatic cutting arm the grass is sucked directly into a 
pipe and lands into a trailed transport container, with the advantage that only one passing is 
needed and especially in the case of that collection of grass is made on the purpose of utilization 
of forage or for environmental reasons, the summarizing in one step important (Figure 4.2).  
Sometimes excemptions must be made and the grass is collected in two different steps, first 
cutting and windrowing and second collected. 
In nature areas the previously described flail-sucking type is used for nature conservation 
purposes. Otherwise the grass is mowed by a cutter bar or a rotary mower, which is semi-mounted 
carried and afterwards being picked up by a forage harvester and gathered in waggons. 
Sometimes these grass materials are used for feedin of animals. In Italy these materials are 
usually picked up within one single pass (Table 4.1). Alternatively on large nature areas haymaking 
can be carried out. In agricultural areas often the grass is mowed but not being collected. In the 
case of vineyards the treatment steps are divided into several steps. First step mowing and 
collection of the grass and secondly the material is unloaded into a trailer for transportation. 
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Table 4.1: Italy mowing techniques for the different areas  
Technical data Roadsides Watercourses Nature areas Agricultural 

areas 
Vineyards 
(only Italy) 

Mowing type Semi-mounted 
or self 
propelled: Flail 
mowers with 
horizontal axis 
rotor (Figure 
4.3) 
 

Semi-mounted 
or self 
propelled: Flail 
mowers with 
horizontal axis 
rotor 

Rear semi-
mounted or 
low-powered 
self propelled: 
Flail mower 
with horizontal 
(Figure 4.4) or 
vertical axis 
rotor (Figure 
4.5). Disc 
mower for 
haymaking  

Semi-mounted 
by tractor: Flail 
mower with 
horizontal axis 
rotor. 
Alternative 
cutter bar 

Flail mower 
collector with 
horizontal axis  

Technical data Cutting width 
max. 1.50 m 
Wagon 
capacity: max. 
16 m³ 
Average 
working speed 
6-7 km/h 

Cutting width 
max. 1.50 m 
Wagon 
capacity: max. 
16 m³ 
Average 
working speed 
6-7 km/h 
Alternatively 
baler with 
diameter of 1 
to 2 m 

Working width 
max. 1.8 m; 
container 
capacity max. 
2.5 m³; tractor 
power max 40 
kW  

  

 

 
Figure 4.3: Flail mowing technique 
 

  
Figure 4.4: Flail mower with horizontal axis rotor  
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Figure 4.5: Flail mower with vertical axis rotor  
 
Additionally, in Belgium exist some ensiling problems because of the weather, they prefer to 
tranport the material as quick as possible, which is not always possible and it will be uncontrolled 
stored (sometimes in large heaps) for several days before its transported and ensilaged. Therefore 
an immediate ensiling is not possible which results in quality losses especially during busy periods 
in summer and fall.  
 

4.2 Critical aspects and influencing factors in grass mowing 

4.2.1 Grass characteristics  

It’s important to mention that mowing nature conservation area’s and even roadsides is not done in 
function of biomass yield or digestion potential, but in function of nature management. The first cut 
of the years is mostly done late may-early June, while the energy value of the grass quickly 
increases in March and April and then slowly drops from May. Grass from cuts in August or 
September have the lowest digestion potential (Figure 4.6). 

 
Figure 4.6: Biogas yield in function of mowing date (•: maize silage, ♦: grass mowed in June, ▲: 
grass mowed in September, ■: grass mowed in January) (Porchnow et al,2005). 
 
Mowed grass has to leave the mowing place as quick as possible. The longer the grass is stored 
uncontrolled, the more energy is lost. The grass needs to be directly ensiled or fed to a digester in 
order to have a maximum biogas yield. 
In Belgium roadsides and watercourses, which are not subjected to legal regulations, are normally 
cut once a year. In nature areas the mowing is performed for nature conservation purposes with 1 
to 3 cuts per year. 
Without any legal constraints roadsides and watercourses in Portugal are usually cut 2 to 4 times 
per year. In nature areas the mowing is performed for nature conservation purposes with 1 to 3 
cuts per year. 
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In Italy the mowing is done in the spring and fall. The frequency of the cuts depends on the kind of 
area and the season trend (Table 4.2). 
 
Table 4.2: Frequency of the cuts in Italy 

Roadsides Watercourses Nature areas Agricultural 
areas 

Vineyards 

1-4 cuts 2 cuts 2-4 cuts 3-4 cuts 3-4 cuts 
 
In Germany roadsides, watercourses and nature areas are mowed twice a year, with agricultural 
areas it always depence on the purpose of the management. With extensively grassland these 
area are mowed maximum twice a year. 
 

4.2.2 Physical constraints 

Roadsides 
There are physical barriers along the road such as trees, guard railings, road signs and reflector 
post, which have to be avoided. For maintaining roadsides and watercourse areas there is a 
machine used with a mower on a pneumatic arm, but this creates problems and mowing around 
these obstacles takes longer. Also natural constraints of mowing like steep slopes and surface 
irregulations my hamper mowing. Possible solutions for overcoming the obstacles can be the 
usage of particular heads, articulated arms and straddles, touch probes and a detour around 
systems. 
 
Watercourses 
Due to obstacles like surface irregularities, steep slopes, embankments and sometimes wet areas 
it might be challenging to maintain these areas. Also, mowing machines should minimize ground 
pressure. Therefore some areas have to be mowed by hand. In other (wet) areas special machines 
are employed such as light and low ground pressures tractors. In Italy another problematic issue 
can be the proximity to cultivated plots. Applied solutions are the usage of special heads, 
articulated arms, lighter tractors, systems for raking mowed grass or planning the mowing 
operation in relation to the harvest time of crops. 
 
Nature areas 
In nature areas access with caterpillar trucks isn’t always possible. Sometimes if the terrain is not 
accessible for machinery because of slopes or wet areas, a not mowing of the area must be 
considered in order to avoid delivering grass that’s too wet or too contaminated with soil.  
Other constraints here can be again the surface irregularities, irregular shaped of the fields, steep 
slopes and herbaceous and shrubby vegetation. Currently these obstacles are met by using small 
machines with articulated or straddle arms or flail harvester.  
 
Agricultural areas  
The presence of tree crops in rows and residues of pruning, surface irregularities, irregular shaped 
fields or soil compaction hamper the mowing operation. A solution can be the use of small and light 
machines, articulated arms or a programming of the periods of collection. Especially the vineyards 
in Italy have difficulties with maneuvering in the headland of the field because of the steep slopes 
and the low width of the rows. The solutions are to use machines of low power and small size. 
The used solution in Portugal, the maintenance service for roadsides, watercourses and nature 
areas are provided with machinery capable to overcome all kind of soil obstacle as for example 
barriers and steep ditches. For wet and loam soils they are using tractors with special wheels. 
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4.2.3 Soil and weather constraints 

The richness of the soil will have an effect on the dry matter yield per ha. It is advised not to mow 
when a rainy period is announced. Rain will deteriorate the grass quality and will also jeopardize 
good preservation of the grass (see Chapter 3 on this matter). 
Gras mowed in June has a much better yield and has better characteristics for digestion than 
grass mown in the fall. When plots are only mowed once a years in September, the grass is least 
suited for digestion as it contains the highest amount of fibers. 
When mowing is done in function of digestion, it’s recommended to do so on a sunny afternoon. 
Then the sugar content in the grass is the highest, which is beneficial for ensilaging and digesting 
the grass. 
In agricultural areas physical constraints occur through the uneven surface and drainage through 
high groundwater. This is solved by identifying the optimal unit application of a machine. 
 

4.2.4 Legal constraints 

Belgium 
All roadsides, watercourses and most nature grasslands in Belgium are managed by public 
authorities. These authorities usually don’t have the capacity to maintain the areas themselves, but 
they hire contractors to mow for them. The mowing of public property has to be procured every 
year, with the first cut not before the 15th of June and second cut after the 15th of September, but 
sometimes exceptions for nature conservation purpose can be made. The grass has to be 
removed within 10 days after mowing. Therefore in spite of legal obligations some areas wont be 
mowed at all. In the case of nature areas the mowing contracts are publicly procured which means 
that the contractor can change every year or every few years. Long term deals with contractors to 
preserve grass quality are thus not possible. There exists certainly a tension between the 
grassland manager who should make a deal with a digester and the contractor who actually does 
the mowing. The manager needs to guarantee grass quality to the digester, while the contractor 
has no incentive to do so. Special attention needs to go to this when considering organizing a 
grass digestion chain. 
 
Germany 
According to the law, the material from roadsides is generally being mulched. Grass from verges 
should possess an average height less than 50 cm and should be mulched in May and October. 
Grass from service areas (motorway) and other recreation locations is to be mowed regularly. Here 
the average height should be less than 15 cm. Extensive areas (embankment) are to be mowed 
once a year (August/September). 
Generally, watercourses must not be mowed or mulched before the 15th June (sectionalised and 
time phased mowing). Tall forb communities and low-fertility meadow are to be mowed once a 
year from 1st September. Every german state can decide about to what extent grazing as well as 
fertilization and agricultural pesticide are prohibited. At least once a year, the material either has to 
be shredded and spread onto the area or has to be mulched. Otherwise the area (small 
watercourses) has to be mowed every second year. Here the material has to be removed after one 
to two days in order to avoid a dengue effect. Moreover, any pollutant substances must not flow 
into the water. Therefore the solution is that machines have to be checked regulary for leaking 
hydraulic and fuel lines. 
In Germany every nature protecting or landscape conservation area has their own regulations and 
objectives concerning land use management techniques. Therefore the permitted land use 
management techniques always depend on the defined protection purpose and the conservation 
objectives. There can be regulations for the use of fertiliser and pesticides, the date of mowing, 
prohibition for converting permanent grassland into cropland, the changing of the water resources 
especially in wetlands and the maintaining of watersides. Furthermore its also possible that 
sometimes there are no regulations for mowing and maintaining these areas. There is one 
exception if the nature area is under the "Kulturlandschaftsprogramm" (KULAP) certain mowing 
times and periods are determined. Thereafter, the area has to be mowed at least once a year and 
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no more than twice (depending on grass type and bird's breeding season). The average height 
should be less than 10 cm. The mowing date is 16th August (best cut for biogas production). It is 
prohbited to add nitrogen.  
Its the same for agricultural areas, if they are under the "Kulturlandschaftsprogramm" (KULAP) it 
determines certain mowing times and periods. The mowing dates: First cut: 16th June, Second cut: 
1st July (wet meadow) Third cut: 16th August Is is prohbited to add nitrogen. But in general there 
are no retristrictions on mowing or maintaining agriculutural areas, only the maximum and 
application of fertilizers is regulated by the fertilizing directive. 
 
Portugal 
The mowing of public property is established by contracts with entities after public tender. The 
contracts have 1 or 2 years validity. Case by case, the contract establishes the terms and 
conditions. Furthermore the maintenance contracts for watercourses and nature areas establishe 
the frequency of cuts, the removal of the grass period and the disposal of greens. 
 
Italy 
In some areas (roadsides, watercourses, nature areas) of Italy a regional authorization is required 
due to risks of fire, therefore usually contracts for the maintenance of the green areas are granted, 
but the grass is not collected. In addition for watercourses are problems with a competition to the 
agricultural use of certain areas, mainly accessing the levees. In fact the buffer zones of 5 m are 
not respected by farmers to facilitate the transit of machines. In the case of agricultural areas there 
are no legal constraints. 
Generally there should be special legal contrasts for the handling of roadside grass as this is 
defined by law like an organic waste by-product but is not considered a refusal. However, there is 
the real possibility that grass coming from the urban environment contains municipal solid waste 
requiring treatment that will lead to the separation of these materials. 
 

4.3 Critical aspects and influencing factors in grass purification 

It’s important to carefully select the parcels that will be mowed if the grass goes to digestion. In any 
case a purification step must be foreseen to avoid any plastic, metal cans, ropes in the digesting 
system. If a batch of grass is too contaminated it’s better to process it in a composting facility and 
not in the digester. When the grass has been baled be sure that all ropes from the bales are 
properly removed: they can clog up the digester. Be sure to remove any stones before sending the 
clippings through a cutter. 
After mowing the grass will always be accompanied by a fraction of the soil, especially grass 
mowed by a flail mower has this problem. More soil, means more ‘dead weight’ that doesn’t 
produce biogas. Soil piling up in the digester could also become a serious technical problem, 
because it hinders stirring. Shutting down a digester for cleaning purposes is economically not 
feasible. Wood doesn’t digest and is therefore also deadweight,; it can be washed out but this is 
labor intensive. 
The purification process has to be mechanized and needs to guarantee a smoothly operation in 
order to be economically feasible.  
Mostly the grass cuttings are sieved through an automated process. The quantity of the processed 
tons per day depends on the capacity of every plant. 
In the case of Portugal there are no known pollution problems within the considered grass 
materials.  
The purification processes in Belgium and Portugal arent legally restricted.  
 

4.3.1 Roadsides  

An important reason why roadside grass is currently not being used in processing, is the fear that 
the grass would be too contaminated with heavy metals, plastics or mineral oils. Recent research 
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in Flanders shows that this is not the case and that grass originating from roadsides can be 
digested and is not dangerously contaminated.  
Otherwise in Portugal it is a problem, the pollution of grass cutting through litter and some kind of 
heavy metals (in oil) from traffic, being the main reason for the non-usage of these materials.  
The main problem of regional and national roads are litter and waste material thrown out of cars. In 
Italy farm roads are less polluted with waste materials but therefore these are difficult terrains 
which cant be managed. In pretreatment processing plastic and metal items can be hazards in 
heavy machinery and often lead to a shutdown. It shows that stones and soil contamination can be 
washed out but with plastic bottles and litter sieving, pulping or wind shifters are necessary; which 
is too much and an to expensive process. This kind of contaminated material is best not to accept 
for digesters. 
Especially wet digester should avoid processing litter contaminated grass (Table 4.3). In wet 
digesters dry matter content of the biomass is usually lower than 15%. The biomass is mostly 
handled by pumps and pipes, which are easily clogged or even damaged by the passing of metal 
and plastic objects. 
With the existence of shrubs and other ligneous biomass beside the roadsides, there should be a 
small amount of wood parts within the gras expected, these can be sieved out. 
 
Table 4.3: Characteristic of pollution materials  

 mowing transport pretreatment reactor digestate 
Sand np dead weight “corrosion” of 

“abrasive”? 
- 

dead weight 
corrosion 
piling up 
- 

np 

Litter, stones  np -- -- -- 
Heavy metals, 
mineral oils 

np np np - --- 

Wood np dead weight np dead weight 
piling up 

np 

 

4.3.2 Watercourses 

In the case of grass materials originating from watercourses there are apart from wood, no 
distinctive polluting materials in the grass cuttings. However, the wood shares can be selected in 
the composting facility. 
If the areas are in proximity to urban areas there can be a presence of litter. With other pollution 
factors like stones and soil it depends of the type of used mowing technique, as it occurs only with 
a flail mowing system. 
 

4.3.3 Natural reserves  

Almost all countries mentioned that there are no known problems of distinctive polluting materials 
in the grass cuttings. In usage of a flail mowing system there can be problems with soil and stones 
within the grass material. Furthermore a small pollution of plastic materials and litter can be 
expected if the area is in proximity to urban areas. 
 

4.3.4 Agricultural areas 

For grass material coming from agricultural grassland there are no known problems of distinctive 
polluting materials of grass cuttings, too.  
In Germany in contrast to arable crops on permanent grassland the implementing of cultivation 
measures (adjustment of fertilization, frequency of utilization and ecological site conditions) is the 
preferred method for weed control and herd management. In comparison, herbicide application is 
only the last resort in weed control. Herbicide application on permanent grassland is always 
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associated with limitations on the utilization of cuttings. On pastureland on areas planted with fruit 
and vegetables and in the forest, the application of sewage sludge is not allowed in Germany. So 
no pollution with heavy metals or pathogens must be feared. 
 

4.4 Critical aspects and influencing factors in grass storage 

4.4.1 Temporary storage 

Temporary storage can be necessary when grass clippings are produced in huge amounts (June 
and September): transport can’t keep up or the processing units can’t process more grass for a 
while. In most cases the grass will then be temporary stored on large heaps on the mowing site. 
Drying the grass on the field for a few days in order to increase dry matter content is not 
considered temporary storage. 
As a rule uncontrolled storage must be avoided whenever possible as it deteriorates the quality 
dramatically. Warm, wet weather even speeds up quality loss, so that after a few days losses are 
so large that digestion isn’t an interesting option (anymore). 
 

4.4.2 Storage in silo 

The silo will be in most cases located at the digester site, as this is the most flexible. In this way 
the digester operator can see to it that ensiling is done in a proper way. 
In most cases the grass will be stored in a bunker silo, dry matter content and particle size are the 
most critical factors when ensiling. Good practice on ensiling grass can be found in Chapter 3.  
But also a silo bag, a trench silo or bales can be used, this last technique however is more costly 
and labor intensive (Elsen et al., 2009), but can be useful if handling small amounts (Table 4.4).  
 
Table 4.4: Strengths and weaknesses of storage methods (Elsen et al., 2009) 

 Strengths Weaknesses 

Wrapped 
bales 

Flexible in storage space 
Good preservation when sufficiently 
dried 

Spontaneous combustion possible 
Chopping is necessary before digesting 
Grass has to be mowed with a drum or disk 
mower 
Financially more interesting when ensiling 
small quantities 

Bunker silo Available in all sizes 
Well known process 

Large investment for concrete structure 

Silo bag Easy sealing and adding 
Different sizes available, for different 
capacities 

Labor-intensive, a lot of plastic waste 
 

Trench silo Simple, cheap Knowledge and precise finishing are 
needed in order to get good ensiling results 

 

4.5 Definition of SOTA for biomass handling  

4.5.1 Mowing techniques 

To mow roadsides or grassland different machines can be deployed. The best mowing technique 
to use, depends greatly on the location on which the mowing takes place. Relief, obstacles, 
vegetation and soil type are the most important factors herein. 
The following mowing techniques are being discussed: disk mowing, flail mowing, drum mowing, 
rotary mowing and mowing by cutter bar. The first uses rotating knives on disk, rotary mowing 
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consists of rotating knives which cut the grass underneath, in a drum mower the knife is 
incorporated in a drum which needs less power to function, but also flails can cut the grass and a 
cutter bar uses 1 or 2 knives to scissor the grass. 
 
Disk mower 
A disk mower consists of a girder on which several disks with each 2 knives are mounted. The 
number of disks can vary from 2 to 8; the maximum working length of a disk mower is 4 m; disks 
can be round, oval or triangular. The girder has gliders to slide over the terrain. The mowing height 
is set by tilting the disk to the front or back. Compared to other mowing techniques the range of 
heights is limited. If the disk is tipped to much to the back the stobs will be shredded and a lot of 
sand will be coming with the mowed grass. Too much to the front gives a wavy pattern in the 
terrain. It’s important to set the mowing height correctly especially on sloping terrain. 
A disk mower can perfectly handle sloping roadsides up to 45° (Figure 4.7). A disadvantage is the 
sliding of the mower which can be easily damaged by obstacles in the ground. Obstacle security 
can be a solution for this problem. Disk mowers can be pulled, mounted or put in front of the tractor, 
also versions on a hydraulic arm are available. It’s possible to install a mower in front and in the 
back in order to mow more efficient. 
 

 
Figure 4.7: Disk mower 
 
The efficiency of a disk mower depends on:  
- the width of the mower 
- the power of the tractor 
- the sharpness of the knives 
- the layout of the mowing path 
- the length of the vegetation 
- the presence of obstacles 
 
When mowing roadsides without obstacles an efficiency of 3300 m²/h can be reached. With 
obstacles it’s only 2600 m²/h.  
The mowed grass passes above the disks which limits soil contamination. A disk mower can also 
be used on sloping terrains and is less vulnerable for stones than a cutter bar. In comparison with 
a flail or rotary mower the needed power is higher. 
 
Drum mower 
A drum mower can be used on the same terrains as a disk mower. Only when the vegetation is too 
high it can get into trouble. Because of its framework a drum mower is more fragile than a disk 
mower: obstacles need to be avoided at all cost or an obstacle security system has to be used 
(Figure 4.10).  
The rotating part of a drum mower is a drum which broadens when closer to the ground. At the 
edge the drum becomes so small, it’s more like a disk. On this part the cutting knives are located. 
Depending on the working width 2-6 drums are used. Under the rotating drums a disk hangs which 
glides over the ground, the mowing height is set by the distance between the rotating drum and the 
sliding disk (Figure 4.8 and 4.9). The rotating direction of the drums is set in a way that the grass 
can be collected in the same gap between two drums which are side by side (Figure 4.8). 
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Mowing sloping roadsides is possible but limited to 25° if the girder can’t move. Drum mowers can 
be carried in all possible ways: mounted, semi-mounted or on a hydraulic arm. 
Drum mowers have a high efficiency if there are not too many obstacles. It’s maintenance is cheap, 
but the mower requires a lot of power. Because the grass has to pass between the drums, high 
vegetation can cause blockages. 
 
According to Elsen (2009) drum mowed grass gives a higher dry matter content. Therefore the 
biogas yield is typically higher then when the grass mowed with a flail. A disadvantage of long 
clippings is that it needs to be chopped before it can be digested properly. 
 

 
Figure 4.8: Rotation in a drum mower (Delarue and Willem, 1999) 
 

 
Figure 4.9: A drum mower (http://www.hiwtc.com/) 
 

 
Figure 4.10: Obstacle security (Delarue and Willem, 1999) 
 
Rotary mower 
A rotary mower can be compared with a disk or drum mower but instead of small knives on a 
rotating disk or a drum, large rotating knives are used. It’s way of cutting the grass is similar to a 
classic lawn mower. The knives cut the grass and then hit the cut grass again several times, 
crushing the grass a bit, but not as much as a flail mower. The cutting height is set by the gap at 
the front of the mower. A rotary mower can handle vegetation up to 25 cm high. High obstacles or 
litter are not a problem, because they don’t get under the hood. 
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A rotary mower is perfectly suited for large, clear areas. Sloped areas or bushy terrains are not 
suited for a rotary mower. It’s possible however to mow plane slopes from 20° to 45° (Figure 4.11). 
 

  
Figure 4.11: Rotary mower (http://best-used-tractors.com/mowers.html) 
 
Flail mower 
The mowing element consists of a horizontal rotor axis where flails are attached over the entire 
length of the bar. The axis can be small with multiple flails attached to each other or long with 
single flails. Single flails will less pulverize the material. Also versions exist where a cage rotor is 
built around the horizontal axis on which the flails are attached. This design pulverizes the material 
more. 
The used flails are adapted to the terrain that is mown. For light vegetation types like grassland, a 
lot of small Y-flails are used. Rough vegetation types require less broader flails, sometimes in a 
chisel-shape, also the rotor axis is build bigger. Y-flails require less power, but are fragile when 
stones or wood blocks get into the mower. Flails usually have a length of 7-15 cm. the longer the 
flail, the larger its peripheral speed. The rotor axis spins with a speed of 1000-3000 rpm. 
When mowing roadsides the more robust type of flails is used (Figure 4.12). This means that more 
soil is coming with the clippings as the chisel and flat types work like a spade. In order to ensure 
the quality of the clippings for digestion, the use of Y-flails is recommended. 
 

 
Figure 4.12: Flail types: Chisel type, flat types, Y-type(http://www.everythingattachments.com/Flail-
Mowers-s/9833.htm) 
 
The mowing height can be set by lowering or raise the support roll or girder of the flail box in which 
the rotor axis is built. The use of girders is recommended when mowing uneven terrain to avoid 
soil contact and flail wear. 
A flail mower is well suited for rough terrain, because the equipment isn’t easily damaged by 
stones or obstacles, therefore they are often used to mow roadsides. Another advantage of a flail 
mower is its multifunctionality: it can also trim hedges or other shrub vegetation. On the other hand 
a flail mower can have a destructive effect on the terrain. Mowing with it on ecological valuable 
areas is not recommended. In any case the handler most take care not to disrupt the terrain, 
because this would lead to a high soil content in the grass, which is a disadvantage to digest it. 
Because of its sturdiness, a flail mower needs a lot more power than disk or drum mowers. Flail 
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mowing can be an easy solution for mowing grass for digestion, because no extra chopping of the 
grass is needed.  
A flail mower is essentially an add-on tool. It can be mounted unto a 1-axis tool, on a hydraulic arm 
and at the end, front or side of a tractor. To reach steep or narrow areas, a compact system like a 
1-axis tool with a flail mower can be the solution. There exist rider systems, but also self-propelled 
walking mowers. The standard type flail mower is pulled or pushed by a tractor and used to mow 
roadsides. Sometimes a combination of a front and side mower is used to enlarge the working 
area. When the mower is mounted on the side it can be used to mow slopes or riverbanks from -
60° up to 90°. Often side mowers are provided with a side shift element, so that the side mower 
can avoid obstacles in its path (e.g. road signs). A flail mower is the most multifunctional when it’s 
attached to a hydraulic arm. With a reach of more than 6m 180° around the tractor many otherwise 
unreachable areas, like ditches, can be mowed. 
Because the grass is pulverized by flailing, the collection of the clippings should be done at the 
same time: a mowing-sucking combination can be a proper solution. The clippings are sucked 
behind or above the mowing unit. This can be done indirectly by sucking it after the clippings fall on 
the soil or by removing the clipping directly from the flail box. This last technique is known as 
‘ecological mowers’ as it doesn’t disrupt the terrain: since ecological mower also limit sand 
contamination of the clippings, this is certainly an interesting mowing technique when mowing in 
function of digestion (see also Paragraph 4.7.2) (Figure 4.13 and 4.14).  
 

 
Figure 4.13: Ecological mower: disk and flail mowing combined (Cardoen 2013b) 
 

  
Figure 4.14: Flail mower (www.herder.nl) 
 
Besides the mowing-sucking combination, the clippings can also be gathered by collector which 
sweeps the clippings from the soil after cutting. This technique collects too much soil to deliver a 
good digester feed (Figure 4.15). 
Because flails can be quite destructive, the handler must take care not to disrupt the terrain: 
indeed this would also lead to a high soil content in the grass, which is a disadvantage to digest 
the grass.  
When mowing on terrains with a lot of stones, it’s recommended to provide nets on both sides of 
the flail in order to protect against slung stones (Figure 4.16). 
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Figure 4.15: Mowing-sucking combination (http://www.rekord.com) 
 

 
Figure 4.16: Obstacle adaptations on a flail mower for mowing roadsides 
 
Cutter bar 
The cutting part consists of 2 rows of V-shaped fingers: a moving row and a stationary row. On the 
moving row knives are attached which cut the grass when it passes between the rows. It’s the 
same principle as a hedge trimmer. The distance between the knives has to be adjusted according 
to the height of the vegetation: 75 mm for rough vegetation, 50 mm medium and 35 mm light. 
Cutter bars can be mounted on a simple 1-axis tool, on a hydraulic arm or behind, besides or in 
front of the tractor. The mowing width lies between 0.75 and 2.50 m (Figure 4.17). 
 

 
Figure 4.17: A special type of cutter bar exists where all fingers carry knives. This limits blockage 
of the machine when mowing tough grass. In some types both rows of knives move, which 
increases mowing speed. (Biogas-E 2012) 
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A cutter bar cuts the grass and doesn’t pulverize it, therefore it’s more suited for flat terrains. 
Because of the cutting movement and fixed knives they are easily damaged by rocks or obstacles.  
Using a cutter bar causes little disruption, doesn’t require a lot of power and is ideal for high 
vegetation types as it cuts the grass underneath. However a cutter bar is not so sturdy and is 
sensitive to rocks, litter and obstacles, so it should not be used on uneven terrain. A cutter bar 
mows slowly compared to the other techniques and the grass can’t be collected at the same time 
as the mowing. 
 
Special designs 
Many constructors offer designs of mowing equipment, adapted to specific terrains or needs. For 
example Herder designed a mower for riverbanks which has a basket to intercept the clippings 
from the steep bank. Another example is the chopper from ELHO which mows, chops and collects 
the grass in 1 movement, but is still very usable and flexible on small parcels (Figure 4.18). 
 

 
Figure 4.18: The ELHO chopper (elho.com) 
  
Mowing equipment can also be mounted on vehicles adapted to specific terrains. Caterpillars can 
operate in very wet terrain when conventional tractors do too much damage to the soil or risk 
getting stuck. For delicate soils low pressure tyres can be used so that the impact is minimal 
(Figure 4.19 and 4.20). 
 

 
Figure 4.19: Mowing with low pressure tyres (ANB 2004) 
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Figure 4.20: Using caterpillars when picking up grass in windrows on wet terrain (ANB 2004) 
 
Overall it can be concluded that in order to get maximum grass quality for digesting, a disk or drum 
mower should be used. However these machines need even and clean terrains in order to function 
efficiently and avoid breakdown. In addition, the grass has to be collected and shredded after the 
mowing, which means extra costs and labor. Disk or drum mowing should best be used on large, 
even extensive grasslands. 
Rotary mowers and cutter bars are best used for small scale operations, for example on difficult 
accessible grassland. Mostly rotary mowers are developed for intensive maintenance of lawns, 
sport fields etc. and are less adapted for roadside verges, riverbanks and nature grasslands. 
To mow on more rough terrain, a flail mower is the best solution as it is highly efficient and does 
not easily break down. Mowing roadside verges and river banks are also best done by a flail 
mower, because direct removal of the clippings is possible (Table 4.5). To guarantee grass quality 
the type of flails and the mowing technique of the driver is essential. Also several technical 
solutions already exist to limit sand and litter contamination when flail mowing. 
 
Table 4.5: Overview of the most important parameters when considering which mowing technique 
to use (ANB 2004) 

Mower Type Flail Disk Drum Rotary Cutter bar 

Efficiency High Moderate High High Low 

Disruption of the 
terrain 

Very high Moderate Moderate High Low 

Terrain all even even very even very even 

Vegetation 
grass and 

bushes grass low grass low grass High grass 

Obstacle sensitivity Very low Moderate High Low Very High 

Collecting the grass 
suction 
possible 

picking up picking up 
suction 
possible 

picking up 

Quality of the 
clippings 

shredded, 
high sand 
content 

not 
shredded, in 

windrows 

not 
shredded, in 

windrows 
reduced size not shredded 

Best used on 
roadsides, 

watercourse 
banks 

grassland grassland grassland 
difficult 

accessible 
grassland 
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4.5.2 Harvesting process chain 

After mowing the process it’s essential to get the grass in a sufficiently good quality to the digester. 
Ideally the grass is already chopped at 1-2 cm and doesn’t contain litter, stones or too much sand. 
In order to do this cost efficiently, the harvest process chain has to be strictly organized. 
Contractors will optimize the mowing and collecting of the grass at the expense of the transport to 
the processing facility. This means that the grass will be stored temporarily on site, so that the 
mower can mow as fast as it can. However long uncontrolled storage is detrimental for the grass 
quality. 
 
4.5.2.1 Self-loading mowing 
When using a mowing-sucking combination, the grass is sucked into a hose which collects the 
grass into a wagon or container behind the tractor. In theory the sucking combination can be 
installed on all type of mowers, except on a cutter bar. In most cases however it is used on flail 
mowers and rotary mowers, because they are more resistant against obstacles and it’s the easiest 
and fastest way to remove the clippings for this kind of mowing. However, with a sucking 
combination the mower loses maneuverability. Great care must go to prevent the sucking of soil 
and stones, the use of direct suction is therefore recommended.  
Self-loading systems have the advantage that machinery only needs one passage per cut. On the 
other hand the mower will need to stop mowing to unload, when grass storage is full. So the 
clippings must be stored temporarily on site awaiting transport by trailers. To load the trailers a 
telehandler is necessary. Keep in mind that the temporary storage can’t take longer than a few 
days in order to preserve grass quality for digestion (Figure 4.21). 
 

 
Figure 4.21: Mowing-sucking combination (Biogas-E 2012) 
 
4.5.2.2 Transport by trailers 
When the grass is mowed but not collected at the same time, a second and third passage is 
needed to put the grass on windrows and pick up the clippings, respectively. If the cut grass is too 
much shredded, e.g. flail mowed, picking up is difficult. This technique is mostly used when the 
grass is being mowed by rotary, disk or drum mower. In most cases the loader wagon will not 
transport the grass to its final destination. A telehandler can be necessary to transfer the grass 
from the wagon to a trailer. Sometimes the grass will be temporarily stored between wagon and 
the transport by trailer (Figure 4.22, 4.23, and 4.24). When using trailers a cutter can be installed at 
the input side to shred the grass and reduce the volume. Picking up is not done when cutting 
roadside verges because of the limited space and caused traffic hindrance. 
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Figure 4.22: Automatic unloading directly into a trailer 
 

 
Figure 4.23: Picking up grass with a loading wagon (http://www.claas-group.com/) 
 
Some digesters only accept grass when it is already shredded. The shredding must take place at 
the mowing site or where it is temporarily stored.  
 

 
Figure 4.24: picking up windrows and shredding (Van Cauwenberg 2010) 
 
4.5.2.3 Transport and handling by bales 
The grass can also be baled on the field. Baling can be done by wrapping in plastic foil which 
ensiles the grass. With this method there is no need for extra ensiling labor, but using much foil is 
expensive and in the long term not ecological. By making bales using ropes, the plastic is avoided, 
but it can be very labor intensive to unwrap the bales and the grass isn’t ensiled. Experience with 
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digesting such bales show that the presence of the ropes mean a real threat to the functioning of 
the digester. Every single rope must be removed before the grass can be processed. 
To be able to be picked up by a baler, the clippings have to be put in windrows. The grass cannot 
be too much contaminated and a baler cannot operate on uneven terrain. Small bales are usually 
round, large bales rectangular. 
Baling can be useful to handle small quantities quickly. But for large tonnages, baling is expensive 
(Elsen et al., 2009). Loading and transporting bales can be done fast, but the unpacking of the 
bales requires a lot of manpower and it must be avoided at all cost that strings from the bales get 
into the digester (Figure 4.25).  

  
Figure 4.25: Bales in plastic: immediate ensiling baling with ropes: labor intensive to unwrap (Van 
Cauwenberg 2010) 
 

4.5.3 Purification 

4.5.3.1 Preventive: purification before or during mowing 
In the case of sand presence, usage of ecological mower which doesn’t suck up as much soil and 
stones as conventional mowers, can greatly improve grass quality (see also 4.7.2 study). 
In the case of litter presence, cleaning up roadsides before mowing is very labor-intensive and 
expensive and can’t be done on a large scale. Therefore only grass from plots which are clean 
enough must be considered for digestion. 
 
4.5.3.2 Curative: Purification during the feeding phase of the digester 
A lot of techniques exist to purify biomass from metal, plastic and heavy objects. Most of them are 
already commonly used in the composting sector, which treats kitchen and green waste. However 
not all of these machines can be used to purify grass, as grass itself , tests with a windshifter for 
example indicated that 90% of the grass was rejected in the wrong fraction (Biogas-e 2012). In the 
following we only discuss those techniques which have proven to be effective for grassy materials. 
 
Sieving 
Two different sieve systems exist: rotary sieves and star sieves. A rotary sieve is a cylindrical sieve 
that rotates in a drum: the heavy fraction doesn’t go through the sieve and comes out at the end of 
the cylinder, the fine fraction is sieved and goes into the drum where it’s intercepted. Rotary sieves 
are commonly used in composting plants as a first purification step (Figure 4.26). 
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Figure 4.26: Rotary sieve (Biogas-E 2012) 
 
A star sieve consists of parallel placed axles, on every axis some disks in a star shape are placed. 
They are mounted so that a star rotates between its 2 neighbors. All axles rotate in the same 
direction. The fine fraction falls between the star disks, the coarse fraction is transported by the 
star disks to the edge of the sieve. A medium fraction can be separated between the last and the 
next-to-last axle (Figure 4.27). 

 
Figure 4.27: Star sieve (Biogas-E 2012) 
 
Ballistic separator 
A ballistic separator focuses on separating heavy objects like stones and glass from the biomass. 
It’s functioning is based on the difference in weight and hardness of the fractions. When introduced 
the material collides with a special bouncing plate. The heavy fraction bounces up more and is 
separated from the light fraction, which falls to the bottom (Figure 4.28). 
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Figure 4.28: Ballistic separator (Biogas-E 2012) 
 
Magnets 
The use of magnets is a simple but effective way to remove metal objects (Figure 4.29). 

 
Figure 4.29: Band magnetic separator (http://www.magneticdrumseparators.net/) 
 

4.5.4 Silage techniques  

4.5.4.1 Loading and unloading 
The grass is dumped in the silo, which the tractor then can load (Figure 4.30). 

 
Figure 4.30: Grass dumped in the silo (Van Cauwenberg 2010) 
 
4.5.4.2 Cut length 
The ideal cutting length for ensiling grass is 2 cm. If it’s cut too small the grass will leach too much 
of its nutrient to the bottom of the silo; on the other hand, long grass cannot be compacted enough 
to create anaerobic conditions for a good silo. To digest the grass it’s recommended to shred it as 
small as possible. The grass can either be shredded at the mowing site or just before ensiling 
(Figure 4.31). 
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Figure 4.31: Shredding on the field or in the silo before ensiling (Van Cauwenberg 2010) 
 
4.5.4.3 Ensiling additives 
See pretreatments on Chapter 3. 
 
4.5.4.4 Roll bales wrapping 
Very easy to do and easy to transport. Make sure the bales are protected from birds as they tend 
to make holes in the plastic. Baling can be very handy for small quantities, but is not efficient for 
large scale processing. It requires much labor to bale, transport and unload the bales for 
processing. The plastic used to wrap the biomass in can be very costly and produces an extra 
waste stream. 
 
4.5.4.5 Horizontal silos 
Bunker silos are widely used in agriculture to preserve maize and grass. When ensiling in a bunker 
silo a certain amount of knowledge and experience is needed.  
It’s important to determine the silo dimensions by the speed the silo will be unloaded. If possible 
get the dry matter content of the biomass between 30 and 35% and make sure that the biomass is 
chopped. The supply track is preferably in concrete in order to limit soil contamination and make 
sure the surface area of the silo is swept clean before ensiling. Spread the biomass in thin layers 
over the total surface of the silo and compress it carefully. Chopping and unloading are secondary 
to compressing as the compressing must be done carefully and is most important to get good 
silage. The compressing machine must weigh 15 ton or more. Don’t pile the biomass more than 
30-50 cm above the concrete walls. Ensile quickly and seal the silo immediately with plastic foil 
and make sure a bunker silo is finished smoothly at the top to avoid condensation. Use 2 layers of 
plastic and a canvas against birds. Special care must go to the edges. Leave the silo closed for 6 
weeks to let it stabilize. (Elsen et al., 2009) 
If the infrastructure for a bunker silo isn’t available, the grass can be ensiled in a trench silo. This 
type of ensiling is mostly used for temporary storage, as biomass doesn’t preserve as good as in a 
bunker silo (Figure 4.32). 

  
Figure 4.32: Ensiling grass in a bunker silo (Van Cauwenberg 2010) 
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4.5.4.6 Silobags 
Using silo bags is very costly and labor intensive to fill. If the grass is too dry it is difficult to fill the 
bag, because of its higher ductility, compared to maize (Figure 4.33). 
 

  
Figure 4.33: Filling a silo bag (Inagro) 
 

4.6 Assessment of qualitative and quantitative parameters 

4.6.1 Harvesting technique  

For 3 scenarios some key figures will be given: using a disk mower and picking the grass up with a 
forage harvester, baling of the grass and using a flail mower with direct suction. 
 
4.6.1.1 Scenario 1 
Grassland has been mowed by a disk mower with picking up and shredding of the grass 
afterwards. The harvest chain for scenario 1 is as follows: 
- Disk mowing 
- Windrowing 
- Tedding (optional: if weather conditions allow it) 
- Picking up and shredding with forage harvester 
- A tractor and wagon to catch the shredded grass 
 
The following parameters were given to each machine involved (Table 4.6). 
 
Table 4.6: Machine parameters (Popp and Hogan 2007) 
 

 Power Weight Working 
width 

Velocity Transport 
time 

Transport 
capacity 

Fuel 
consumption 

 kW ton m h/ha h ton l/h 

Disk mower 
(+tractor) 

56 7.1 2.5 0.4 - - 12 

Windrower 
(+tractor) 

56 5.8 4 0.5 - - 12 

Tedder (+tractor) 56 5.5 4 0.75 - - 12 

Forage harvester 370 4.6 2.5 1 - - 40 

Tractor + wagon 70 7.6 - 1 0.5 8 20 

 
According to this data, it’s estimated that it would take 3 hours to mow and collect 1 ha of nature 
grassland (including 0.5h delay). 
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4.6.1.2 Scenario 2 
Grassland has been mowed by a disk mower with picking up by a baler.  
The harvest chain for scenario 2 is as follows: 
- Disk mowing  
- Windrowing 
- Tedding (optional: if weather conditions allow it) 
- Baling and wrapping in 1 movement 
- Transporting bales to the road 
 
The following parameters were given to each machine involved (Table 4.7). 
 
Table 4.7: Machine parameters (Popp and Hogan 2007) 

 Power Weight Working 
width 

Velocity Fuel 
consumption 

 kW ton m h/ha l/h 

Disk mower 
(+tractor) 

56 7.1 2.5 0.4 12 

Windrower 
(+tractor) 

56 5.8 4 0.5 12 

Tedder 
(+tractor) 

56 5.5 4 0.75 12 

Baler + wrapper 70 10 4 1 20 

Tractor with 
bale clamp 

56 4.6 - 1 12 

 
According to this data, it’s estimated that it would take approximately 4 hours to mow and bale 1 ha 
of grassland (including 0.5h delay). 
 
4.6.1.3 Scenario 3 
Roadside verges are mowed by flail mower with direct suction of the grass.  
The harvest chain for scenario 2 is as follows: 

• Flail mowing  
• Suction into a wagon 
• Transport when wagon is full 

 
The following parameters were given to each machine involved (Table 4.8). 
 
Table 4.8: Machine parameters (Popp and Hogan 2007) 

 Power Weight Working 
width 

Velocity Transport 
time 

Transport 
capacity 

Fuel 
consumption 

 kW ton m h/ha h t l/h 

Flail mower with 
suction 

112 8 1.2 0.83 - - 30 

Transport when 
wagon is full 

84 8 - - 0.5 8 22.5 

 
According to this data, it’s estimated that it would take approximately 4 hours to mow and bale 1 ha 
of grassland (including 0.5h delay). 
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4.6.2 Economic analysis 

Some values are available from literature and current market prices in Flanders (see Table 4.9) 
Baling seems to be the more costly way of handling the grass. Flail mowing is the cheapest, as 
expected: this the way roadsides and nature areas are mowed in most cases. 
 
Table 4.9: Current market prices in Flanders 

 Scenario  Reference Remark 

 1 2 3    

 cost per ton (€/ton)   

Disk mowing x x  10 market price 30 euro/h 

Flail mowing with suction   x 20 market price  

Windrowing/tedding x x  10 market price 30 euro/h 

Shredding x   22 contractor  

Baling  x  40 (Elsen et al., 2009)  

Transport bulk x  x 4 contractor 25 km 

Transport Bales  x  5 contractor 25 km 

Ensiling Bulk x  x 10 (Elsen et al., 2009)  

Scenario cost: 56 65 34    
 

4.6.3 Technical and economic potential harvested areas  

Belgium 
In 2012 a grand survey took place in Flanders, in which nature management authorities and 
organizations, airports, harbors and municipalities were questioned about the amount of grass 
that’s mowed (De Vocht 2012). Theoretically 280 000 ton (dry matter) would be produced in 
Flanders, of which only 10% is composted, the rest is not valorized. 
 
Germany 
Grass from watercourses is rarely removed, roadside grass is mostly composted, grass from 
natural areas is digested or used as feed. 
 
Portugal 
It’s estimated that only 5% of mowed grass reaches a processing facility, there are no known 
cases where grass is being digested 
 
Italy 
Considering 2012 data for the Veneto Region, the collection of waste grass and pruning accounted 
for some 274,300 tons. Some 80% of this wasted material (219,000 tons) is then treated in 21 
composting plants. This grass is generated in urban areas and roadsides and is therefore 
considered as a waste (code 20.02.01). For this reason it is collected and treated. All the 
remaining grass (watercourses, parks, landscape …) is generally mowed and remains in place and 
is therefore not valorized.  
 

4.6.4 Quality and quantity of all types of grass 

It’s assumed that roadside verges give a yield of 3 ton/ha, while nature grassland yields 6 ton/ha. 
Of course this varies according to local characteristics. 
De Vocht (2012) gives an overview of characteristics of grass from nature areas and roadside 
verges in terms of dry matter, lignin, cellulose, hemicellulose and protein content (Figure 4.34, 4.35 
4.36 and Table 4.10 ). 
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Figure 4.34: Distribution of dry matter content from (De Vocht 2012) 
 

 
Figure 4.35: Lignin content distribution, dependent on the mowing time (De Vocht 2012) 
 

 
Figure 4.36: Lignin, hemicellulose, protein and cellulose content per mowing time (1: July, 2: 
September) (De Vocht 2012). 
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Table 4.10: Some results from various studies on biogas yields of nature and roadside grass 

Reference m³/t vers m³/t OS Digestion 
type 

Test type Biomass type 

Elsen et 
al., 2009 

105-390  wet batch roadside grass 

 230  wet full scale roadside grass 
 33.7  wet full scale 10% roadside 90% manure 
 100  dry full scale roadside grass (2% of input. 

thermophile) 
 70  dry full scale ensiled grass (2% of input. 

thermophile) 
OVAM 
2003 

 247 wet full scale roadside grass 

  142 wet full scale roadside grass (uncontrolled 
stored 

van 
Dooren et 
al., 2005 

 320 wet full scale 4% nature grass. 96% cow 
manure 

   wet full scale extra yield by adding grass 
to manure 

Ehlert et 
al., 2010 

221 558 wet calculated roadside grass spring 

 180 562 wet calculated roadside grass fall 
 65  wet full scale nature grass 
Teeselink 
2008 

230  wet  fresh grass 

 150-180  wet  nature grass 
 120  wet  roadside grass 
Wierinck 
2011 

100  dry full scale roadside grass fresh 

 70  dry full scale roadside grass silaged 
 200  dry full scale silage grass 
 120  dry full scale kitchen waste 
 190  dry full scale maize 
Devriendt 
et al., 
2012 

80.6 276.7 wet batch nature grass silaged 
shredded  

 93 337.5 wet batch nature grass silaged 
shredded extrusion 

 115 593.1 wet batch nature grass fresh shredded  
 143 614.2 wet batch nature grass fresh shredded 

extrusion 
 134 595.8 wet batch nature grass fresh long 
 148 602.3 wet batch nature grass fresh long 

extrusion 
 17.7 60.8 wet calculated extra gas yield silage grass 
 0-2.2 0-10 wet calculated extra gas yield fresh grass 
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4.6.5 Sustainability of the process chain: energy and CO2-eq comparison 

This part is intended to indicate where the differences lay in energy consumption and CO2-
emission between different logistical options. The shown values are not to be interpreted as 
individual data: they only fit in this comparison (Table 4.11, 4.12 and 4.13). However, in order to 
validate data, the values calculated are more or less compatible with the energy and emissions 
given in Ehlert et al., (2010). 
The following assumptions were made: 
- 2 types of terrain were considered: roadside verges with a yield of 3 ton fresh clippings per ha 
and nature grassland where a yield 6 ton/ha is reached. 
- 3 scenarios were observed: using a disk mower and picking the grass up with a forage harvester, 
baling of the grass and using a flail mower with direct suction 
- the given data on power (kW) and transport capacity were taken from literature. The fuel 
consumption for each machine has been inquired by contractors so that it should be a realistic 
figure. 
- only actions during the mowing and transporting were taken into account, all other direct and 
indirect energy uses, like maintenance or travelling time, were not adopted in the calculation as we 
only want to make a comparison between the different mowing techniques. 
- the starting situation is the same for every scenario, but in the end scenario 2 produces wrapped 
bales, while in scenario 1 and 3 the grass has been ensiled, however in all scenario’s the grass 
has been stored for the long term. 
- the yield does not influence mower velocity or fuel consumption (Popp and Hogan 2007)) 
- CO2-eq emission has been calculated based on the fuel consumption 
- final transport and ensiling has been taken into account so that it can be compared to the 
production of wrapped bales 
 
Table 4.11: Comparison of different mowers: 

 
Energy demand kg CO2-eq per ton 

(MJ/ha) (MJ/ton) 
(based on Energy 
demand) 

(based on Fuel 
consumption) 

rotary mower 60 20 1.5 2.6 

drum mower 90 30 2.3 5.5 

disk mower 67.2 22 1.7 3.5 

 
 
Table 4.12: Scenario’s for roadside verges 

  Energy demand CO2 

  MJ/ha MJ/ton kg CO2-eq per ton 

Scenario 1     

 disk mower 80.6 26.9 4.2 

 windrower 100.8 33.6 5.3 

 (tedder) 151.2 50.4 7.9 

 forage harvester 1332.0 444.0 35.1 

 tractor + wagon 252.0 84.0 17.5 

 intermediary transport 47.3 15.8 3.3 

 final transport (+ loading) 259.2 86.4 8.4 

 ensiling (telehandler) 56.7 18.9 1.6 

  2279.8 759.9 83.2 
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Scenario 2     

 disk mower 80.6 26.9 4.2 

 windrower 100.8 33.6 5.3 

 (tedder) 151.2 50.4 7.9 

 baler+wrapper 30.2 10.1 2.1 

 bale clamp 201.6 67.2 10.5 

 bale transport 270.0 90.0 16.4 

  834.5 278.2 46.4 

Scenario 3     

 flail mower with sucking 336.0 112.0 21.9 

 intermediate transport 403.2 134.4 3.7 

 final transport (+ loading) 259.2 86.4 8.4 

 ensiling (telehandler) 56.7 18.9 1.6 

  1055.1 351.7 35.6 

 
Table 4.13: Scenario’s for nature grassland 

  Energy demand CO2 
  MJ/ha MJ/ton kg CO2-eq per ton 
Scenario 1     
 disk mower 80.6 13.4 2.1 
 windrower 100.8 16.8 2.6 
 (tedder) 151.2 25.2 3.9 
 forage harvester 1332.0 222.0 17.5 
 tractor + wagon 252.0 42.0 8.8 
 intermediary transport 94.5 15.8 3.3 
 final transport (+ 

loading) 
518.4 86.4 8.4 

 ensiling (telehandler) 113.4 18.9 1.6 
  2642.9 440.5 48.3 

Scenario 2     
 disk mower 80.6 13.4 2.1 
 windrower 100.8 16.8 2.6 
 (tedder) 151.2 25.2 3.9 
 baler+wrapper 60.5 10.1 2.1 
 bale clamp 201.6 33.6 5.3 
 bale transport 540.0 90.0 16.4 
  1134.7 189.1 32.5 

Scenario 3     
 flail mower with sucking 336.0 56.0 11.0 
 intermediate transport 201.6 33.6 3.7 
 final transport (+ 

loading) 
518.4 86.4 8.4 

 ensiling (telehandler) 113.4 18.9 1.6 
  1169.4 194.9 24.7 



71 

 

 

4.6.6 Possible scenario evolution 

If removal is obligated 
Everything will depend on the price a manager or contractor will have to pay to process his grass 
residues. As the removal of the clippings is obligatory, he or she will try to find the cheapest way to 
dispose them. Now this is often a composting facility, however if the gate fee at the digester and 
the extra cost to ensure grass quality are lower than the gate fee at the composting plant, the 
grass will generally be processed through digestion. If this is not the case the grass will still go to 
composting. 
 
If removal is not obligated 
If the clippings don’t have to be removed, grassland and roadside mangers will valorize the grass 
only if a profit can be made from it: if the gate fee of the digester (considered you get paid for the 
grass) minus the extra handling costs must be positive in order to develop a grass supply chain. 
 

4.7 Noticeable case studies 

4.7.1. Removal of sand from roadside grass by washing  

A technological solution for the purification of soil particles from cuttings is necessary (Cardoen 
2012). A prototype purification line with a sinking bed for easy sedimentation of the soil particles 
was previously ineffective . Presumably this was at least partly due to the insufficient contact 
between the washing waster and the clippings that has a tendency to float. The excessive sand 
content of the cuttings and the resulting maintenance costs for the biogas plant stood in the way of 
a cost - effective processing of clippings. In the experiment described below, an alternative 
consisting washing technique was for the first time used on verge cuttings .  
In what follows sinkable soil particles are referred to as 'sand'.  
Road side verges were used as test material. These were mowed with a cutting - suction 
combination with Y - flails, adjusted to a cutting height of about 8 cm. Two batches of cuttings were 
used, to the second batch extra sand was added (grain size 0.2 mm) and thoroughly mixed 
through the clippings. The latter was done because of the fact that the day prior to test the 
precipitation was 9mm, so there would be relatively little sand in the verge cuttings compared with 
a worst-case scenario of a dry soil. The soil in the area is the sandy loam type. On the day of the 
test, a third batch of freshly mown verge cuttings was mown. This time it was a cutter - suction 
combination using standard flat flails.  
The clippings were introduced into the washing installation from a dosing bunker. Then the washed 
clippings fell on a conveyor belt where it could drain before being discharged to a heap. The 
washed cuttings were then fed into the biogas plant of DIGROM nv on the site. In total, 
approximately 3 tons of cuttings were washed during the test. 
Due to the absorption of the washing water by the clippings the water level had to be restored a 
few times. Also the feeding had to be halted a lot because of accumulation of biomass in the 
washer.  
On the test day from the untreated  (' input') and treated  ('output') verge cuttings ten samples were 
taken and merged into a mixed sample for each batch of clippings. For two of the batches also 
separate samples were also collected after additional water was added to the system with a view 
to processing at a higher rate.  
The dosage went too fast and too irregular, making the process not fluently enough at times. This 
also encouraged accumulation of clippings in the system. This is largely due to the fact that the 
cuttings were introduced into the installation insufficiently loosened, this prevented a smooth 
passage of the clippings. Because the clippings absorb part of the wash water, the water level 
dropped systematically. If not replenished, this further contributed to the accumulation of cuttings.  
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After draining, a certain amount of sand was observed in the bottom of the installation. Also cans 
that were in the cuttings were recovered at the bottom. The processing capacity of the plant during 
the test was about 1 ton / h, without the time needed to empty after use counted in (Figure 4.37).  
 

 
Figure 4.37: Composition of the cuttings samples before ('in') and after washing ("out"). The top 
row panels shows the total composition. In the bottom row of panels will focus on the dry matter 
fraction of the same samples.  
 
It’s recommended to use a dosage system that loosens the clippings well and ensures a more 
uniform supply to avoid accumulation.  
The usage of a sophisticated dosage system, the regularly replenishment of the water level and 
the use of an automatic purge system that can remove sand settled without the need of stopping 
the installation, are measures that may increase the processing capacity of about 1 ton / h.  
Other possible minor optimizations for the use of plant in the processing of roadside cuttings, are:  
- Washed cuttings should be more leaked . A light press may be used. Squeezed water can be 
returned to the washing installation.  
- Detection and removal of metal and plastics before or after the washing.  
The sand content of the cuttings was 1.6 , respectively 4.2% on VM for fresh , respectively two-day 
old grass. On dry solids (DS) basis, this amounts to 6.0 , respectively 13.8% sand on DS. In both 
cases the operators of the mowers were asked to do no special efforts to suck more or less soil 
particles along than usual . 
There might be argued that such sand contents are sufficiently low and that sand removal might be 
omitted under these conditions. However, experience teaches us that grass clippings in some 
circumstances  (and in particular when the soil is dry) can contain up to 15% or more sand on the 
VM. The batch clippings where extra sand was mixed (up to 13.4% sand on VM) was a pretty good 
simulation of this. Fresh and 2 days old clippings have a similar amount of biomass dry matter (i.e. 
excluding sand) from about 25 to 26% DS  (on VM , excluding sand) .  
For all three batches the ratio VS/DS of cuttings (excluding sand) was about 91% (±1%) . This 
implies that with sand-free cuttings of such quality a maximum of about 23% organic matter per 
fresh matter (FM) can be obtained  
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When a washing technique is used to remove sand there must be taken into account however that 
the biomass takes up moisture (see Figure 4.37), whereby the ratio of organic material per volume 
FM will be lower. The absorbed amounts of washing water which are shown in Figure 4.37 are only 
very indicative (because there has not been paid special attention in the execution of the test and 
the analysis to maintain the moisture content of the biomass unchanged), but it does indicate that 
the fresh weight can double as a result of a wash. Therefore the biomass must get enough time to 
drain (or squeezed with a press) after washing with return of the press water to the washer . This 
reduces water consumption and keeps the VS/VM ratio. Otherwise, VS / VM drops to only about 
10% .  
Generally the removal of sand by the installation was successful . In all output samples no more 
than 2% sand on DS was found . The highest residual sand was recovered in the fresh clippings , 
which indicates that the installation is relatively less -efficient with daily fresh clippings , although it 
may also be at least partly due to the dosing problems that occurred during this part of the test . 
For the two days old clippings that were dosed in a good way, the removal efficiency was 95% or 
more and only about 1% sand in the DS was found. If the grass clippings contain a relatively large 
amount of coarse-grained sand , the removal efficiency increases to 97%.  
The tested washing technique was convenient and relatively simple to purify flail cut road side 
clippings. When the washing system that was used in this test would be combined with the dosing 
system that was used during the pilot test to GSL , a successful pretreatment train for the removal 
of sand from roadside grass cuttings is realized. A number of modifications to the standard version 
of the system can optimize the process and deliver a relatively drier end product (i.e. with a 
relatively higher organic matter content). 
 

4.7.2 Comparative test between ecological mower and flail mower (Cardoen 2013b) 

The standard mowing equipment used here is a flail mower, with direct suction of the cuttings. 
However, the biomass that is collected by such system can contain very high amounts of soil that it 
is sucked up along with the grass. The extent of this contamination can vary widely - up to 40% of 
the DM-content of the collected biomass has been observed to consist of soil, dependent on 
weather, soil type, the height setting of the mowing head and the care taken by the operator of the 
mowing arm. This is very detrimental when the biomass is being used for biogas production in 
standard anaerobic digestion, as it reduces the amount of biogas produced per ton of biomass, 
compared to a situation where no contamination is present in the biomass (see Table 4.14). On the 
long term this also causes sedimentation, which ultimately will necessitate a shutdown and 
cleaning of the reactor.  
 
Table 4.14: Biogas potential (m³ biogas/ton FM) 

 DM/FM = 30%   DM/FM = 22%   

 uncontaminated 6% soil 
on DM 

40% soil 
on DM 

uncontaminated 6% soil on 
DM 

40% soil 
on DM 

6% lignin 
on DM 

158 148 95 116 109 69 

12% lignin 
on DM 

112 105 67 82 77 49 

 
Sand also leads to a high ash content of the digestate, which may cause problems in terms of 
regulation on the admissible quality of digestate it can cause abrasion damage to pumps and such.  
A new type of roadside mower may be the solution. It employs two rotary mowing elements, in 
combination with central flail unit that is located behind the rotary mowing units. The rotary 
elements cuts the grass from the verge, which is tossed/sucked towards the central flail element, 
which cuts the long stems into small pieces and transmits it into the suction tube so it can be 
sucked without problems into the trailer. The central flail unit also mows the small central section (a 
couple of centimeters) of the verge which is not covered by the two rotary mowers.  
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This mower was initially developed as an alternative to the flail mower which would have a less 
detrimental impact on the fauna and flora of verges: by using the rotary mowing elements, a 
‘sharper cut’ is achieved than by a flail mower (see photos), causing less disturbance to the plants, 
and in addition due to less turbulence created in comparison with a flail mower, less small animals 
would be sucked up along with the grass (Figure 4.38). 
 

  
Figure 4.38: Ecological flail mower 
 
The results of these tests were quite encouraging (Figure 4.39). At very low mowing height, the 
result of the flail mower is quite disastrous (16% on FM, or 40% soil on DM). But also at higher 
mowing heights, the rotary mower performs on average 8 times better than the flail mower. The 
soil contamination from the rotary mower was never higher than 0,4% on FM (or 1,6% on DM), and 
when operating at an optimal mower rpm, it went down to 0,18 ± 0,01% on FM (or 0,76 ± 0,06% on 
DM). Thus the use of an ecological mower would make the biomass much more suitable for biogas 
production. 

 
Figure 4.39: Sand content when mowing with an ecological mower and a flail mower 
 

4.7.3 Purification train of roadside grass 

An agricultural digester in Pajottenland (BE) wanted to digest roadside grass, therefore, with the 
help of several partners, a logistic scheme and purification train was developed and put into 
practice. 
Because different stakeholders delivere the grass at different times and have different peaks in 
“production” of the grass, the planning of the grass deliveries has to be continuously adapted. 
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When the grass was directly unloaded from the wagon behind the mower, the least impurities were 
observed. When the grass was reloaded, more stones and sand contamination were found. So it 
was preferred that the mowers cam delivering their grass immediately after mowing, without 
temporary storage or reloading. In total 461 tons of road side grass were treated. Daily 8.5 tons of 
grass could be processed by the digester (20% of the solid feed). Due to high sand content of the 
grass, maintenance costs of pumps and centrifuges increased by using grass instead of maize. In 
order to preserve grass quality fresh processing is needed, ensiling was in this case not an option. 
The purification train consisted of following steps: 
- Feeding 
- Metal detection and removal 
- Sorting conveyor with social economy labor 
- Sedimentation tank to remove sand 
- Cutting of the grass 
- Mixing to get a homogenous feed for the digester 
The cost of the operation was on average 36 euro/ton. This included: labor for sorting out waste, 
feeding and handling the purification train, removing sorted waste, all machinery costs. As the 
process can still be optimized, it is expected this cost can be lowered. 
To make a pretreatment train cost efficient, the system will have to be adapted to reduce extra 
handling and a solution will have to be found to reduce sand content further as it causes too much 
damage in the digester (Figure 4.40, 4.41 and 4.42). 
 

 
Figure 4.40: Delivery of the grass 
 

 
Figure 4.41: Purification train  
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Figure 4.42: Zooming in on the pretreatment train 
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Chapter 5 

Evaluation of optimal logistics and 
modes of grass transport 
 

5.1 Introduction and current situation 

Logistics is the part of the supply chain process that plans, implements and controls the effective 
flow and storage of goods, services and information related to them from the point of origin to point 
of consumption to meet customer requirements. Then logistics not only encompasses a physical 
distribution of products (transportation from production to use location) but also includes a 
transverse process of planning, organizing and control of activities aimed at making available the 
right thing at the right time and in the right location (Bodria and Berruto, 2011). 
Some methods that belong to the logistics in industrial sector can be used in the field of energy 
valorisation of the grass, but it must be adapted to the characteristics of this sector (transport and 
storage of perishable product, seasonal production and demand, constraints of timeliness). 
Herbaceous biomass resources are typically available on an agricultural field and, before being 
converted to an energy carrier, it will need to be brought to an energy plant. This requires a series 
of steps to be performed before energetic valorisation: harvesting/extraction of biomass on the field, 
transportation, drying, comminution, storage, homogenization, compaction/densification, conveying 
and quality control. Some of the mentioned steps may be excluded, while their order depends on 
the final process requirements, the biomass characteristics and economic considerations. 
Harvesting, storage and some sort of transportation are almost always included in the supply 
chains of herbaceous biomass. 
In general it is important to highlight the following key points, in order to have a clear picture of the 
differences of the supply chains for herbaceous biomass fuels compared to fossil fuels and/or 
woody biomass ones (Karampinis and Grammelis, 2012): 
- harvesting of herbaceous biomass can be typically performed in a very narrow time span, mainly 
due to weather conditions which can make its application impractical or impossible.  
- herbaceous biomass is available only for a specific period in the year and needs to be stored for 
periods of up to 12 months before its usage.  
- low energy density of herbaceous biomass is an important factor, negatively influencing the 
overall economics and thus limiting potential applications. Also, the transport distance is likewise 
limited and the energy plants tend to be much closer to the source of biomass.  
After harvesting, herbaceous biomass has to be loaded on a vehicle and shipped to its next stop 
along the fuel supply chain: a storage facility, a pellet production plant or directly to the energy 
plant itself. For herbaceous biomass, the energy density is generally very low. Hence, transport 
costs for herbaceous biomass per tonne of transported material are quite high and tend to limit the 
supply chains in distances usually on larger than 50 km.  
In cases where the material is harvested by forage harvesters, it is loaded directly onto road 
tractors or agricultural trailers. The transported density with some light-weight materials can be 
quite low. Taking cut straw for example, a figure of 45-50 kg/m3 is reported, which is about one 
third of the density of baled biomass.  
In the case of transport of product in bales, bales of herbaceous biomass are loaded on tractor 
trailers or truck trailers. Tractor trailers require more man-power and fuel for handling and 
transporting and the capacity is lower compared to trucks. The difference tends to increase the 
longer the transport distance is. However, the option of truck transport is available mostly in cases 
where straw delivery is arranged by a third contractor and not by the farmers themselves.  
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5.2 Critical aspects and influencing factors in transportation  

Transportation and logistics problems are quite common, both in private and public sectors. 
Optimizing flow materials and services through complex and constrained networks certainly pose 
significant challenges, often demonstrating the impossibility of univocally determine a best solution. 
The same challenges occur when dealing with grass management and transportation.  
However, carefully analyzing boundary conditions, some guidelines and indications can be 
achieved, helping drawing of a solution which is the optimal one for the studied context.  
To this end, such boundary conditions have to be clearly defined to all of the actors involved in the 
definition of the optimal grass management and logistic solution. Indeed, due to the relatively large 
volumes involved when handling grass, some factors have an amplified effect on the final 
optimization problems.  
Most critical influencing factors can be attributed to five important groups, which will be discussed 
in deeper detail in the following paragraphs:  
- physical constraints  
- grass 
- grass processing before storage 
- legal constraints  
- safety issues 
 

5.2.1 Physical constraints  

As already discussed in previous paragraphs and chapters, grass is a relatively voluminous 
material, and its harvesting and transportation need implementation of relatively large machines. 
Supposing a reasonable grass production of 5-6 tons per hectare, and considering an average 
apparent density of the harvested grass of 200-220 kg/m³, an average volume of 20-25 m³ has to 
be collected and moved. In case of grass compaction, a relative increase in apparent density can 
be expected, nevertheless several cubic meters of product have to be handled and moved. 
Correspondingly, both for harvesting and transportation, machines have to be implemented for 
mowing, loading and transportation, which are adequate in terms of power and capacity.  
Very often such requirements result in machines which trade-off between agility, capacity and 
envelope dimensions, so very often machines are available which can reach almost inaccessible 
field portions with poor loading capacity or conversely high capacity machines which are suitable 
primarily for flat large lands. Since normally both conditions are present in the same 
neighbourhood (e.g. Figure 5.1), physical constrains have to be carefully analysed and considered 
before definition of the best harvesting and transportation system. Such constrains can be mainly 
related to grassland surface size and shape,to the presence of natural or artificial barriers, and to 
the accessibility to the areas of interest. 
 
  a   b 

  
Figure 5.1: Different physical conditions with the same municipality a) Left Bacchiglione river bank 
(Codevigo, PD); b) fields in Venice lagoon proximity (Codevigo, PD).  
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5.2.1.1 Grassland surface  
Critical factors to be considered with respect to grassland surface are mainly to be ascribed to its 
size and shape.  
The size is certainly one of the most important factors. It can be considered linearly proportional to 
the total amount of harvested biomass and therefore has to be carefully analysed before definition 
of an optimal logistic and transportation system. Indeed self-propelled machines are available 
allowing loading and transportation of volumes which can typically range from a minimum of 1-2 m³ 
to a maximum of 15-20 m³; similarly a wide variety of trailers is available, with volumes ranging 
between 5 and 70 m³ (see Figure 5.2). Depending on the size of the grassland to be managed an 
adequate solution or combination of solutions have to be chosen and implemented. In particular 
when areas is constituted by small sized and isolated grasslands, dynamic machines have to be 
preferred, with relatively fast speeds useful in road transfers and high manoeuvrability useful in 
narrower field portions.  
 
  a   b   c 

  
Figure 5.2: Different loading harvesting and loading solutions: a) Picker (by Berti Macchine 
Agricole) with a maximum loading capacity of 2.5 m³; b) truck 150E25 (by Iveco), integrated with a 
Cyclone mowing and flushing element (by Hymack) with a maximum loading capacity of 8 m³; 
10055R forage wagon with a front-mounted mower (by Taarup) with a maximum loading capacity 
up to 55 m³ (www.fwi.co.uk/articles/18/04/2012/132472/zero-grazing-can-add-value.htm) 
 
Shape and unevenness of soil certainly play an important role in the definition of the optimal 
logistic and transportation system. Indeed really different conditions can be detected moving from 
one site to the other. In Figure 5.3 an example is shown, presenting different types of grasslands in 
the same quarter in the Italian city Padua.  
Some well limited and even areas can be recognised, highlighted with green colour: they are 
located within public parks, and are typically characterized by a quasi-circular shape. The size can 
range between a quarter to several hectare, even though sometime dimensions can exceed such 
limits. The borders are defined by park limits (walls and/or bushes), the ground is typically even 
and easily accessible to most of vehicles, and grass is generally homogeneously growing over the 
area.  
Other limited areas not related to parks can be detected, highlighted with yellow colour. They are 
public transition areas mainly ascribable to roadsides and watercourse banks. Most often borders 
are well defined, limited by roads rivers or private properties, but the shape can be very different: 
depending on the location, they can exhibit a quasi-circular shape as well as an oblong or a 
completely random shape. The ground is typically horizontal but the unevenness of the ground or 
the position can limit machines accessibility. The grass is generally not homogeneously growing 
over such area.  
Roadsides and watercourse banks are highlighted with red colour. Such areas are clearly 
characterized by long and narrow shapes, with a good accessibility in the proximity of the roads 
and fast worsening of accessibility at a few meters from the roads due to unevenness of the 
ground.  
The shape and the unevenness of the grasslands play then an important role in the choice of the 
machines. In particular if the soil roughness is very high or the ground uneven, machines with large 
wheels and raised suspension have to be preferred. Conversely if machines have to move along 
slopes, low centre of gravity will be of choice. In the case  
Additionally, if slopes are excessively steep, or shapes excessively narrow, not allowing access to 
the vehicles, articulated arms controlled from the vehicle will be recommendable. 
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Figure 5.3: Different grassland conditions within a quarter in Padua (Italy): colours highlight parks 
(green), transition areas (yellow), Roadsides and watercourse banks (red). 
 
5.2.1.2 Natural and artificial barriers 
It has been said how the shape of the grassland can be a problem, limiting vehicle manoeuvre or 
access. The possibility of mowing or harvesting grass can be even further reduced by the 
presence of natural or artificial barriers.  
Independently from the natural or artificial kind, barriers can be generally divided in two main 
types: delaying and reducing.  
Delaying barriers are those which still allow mowing, collection and transportation of grass, but 
which slow down the same operations, requiring repositioning of machines and tools or 
modification of trajectories. Then, they cause an increase in the total operations time, with an 
eventual increase in logistics costs.  
Reducing barriers are those which do not allow one or more operations (mowing, collection or 
transportation), therefore causing an apparent reduction of the available grassland area.  
Some example of delaying and reducing barriers are reported in Figure 5.4.  
While with reducing barriers, no solutions are available, when dealing with delaying barriers 
technological alternatives can be taken consideration, allowing reduction of time losses by means 
of more versatile and manoeuvrable vehicles, longer arms, etc.  
 

 
Figure 5.4: Operations can be delayed or limited by many obstacles; on the left group examples of 
delaying barriers (road signs and guard rails, curbstones, trees, poles), on the right group 
examples of reducing barriers (parked cars, high voltages pylons, noise barriers). 
 
 
 
 



83 

 

5.2.1.3 Accessibility 
Accessibility of machines is the other critical factor among physical constrains to be taken into 
consideration when evaluating optimal logistics and modes of grass transport.  
As already discussed there are different machines, with different capacity and dynamic envelope 
dimensions, different wheels size, high or low centre of mass, etc. As a consequence, such 
vehicles can exhibit completely different manoeuvrability not only when considering grass ground, 
but also when considering accessing pathways.  
Four main cases can be classified, with different level of accessibility:  
- fast and easy access, for areas which can be directly reached from main roads as is typically the 
case of public parks, roadsides or transition areas (e.g. see Figure 5.5a) 
- slow and/or difficult access, for areas separated by dirt roads, narrow paths, but still accessible to 
a majority of vehicles (e.g. see Figure 5.5b). 
- partial access, for areas where, due to unevenness of the ground or to climatic factors (as for 
instance frequent precipitation causing water stagnation), only for specific vehicles (as for instance 
off-road means) or only in determined periods the site can be reached (e.g. see Figure 5.5c). 
- limited or no access, for areas where access is possible only to pedestrian or to very specific 
means of transport (as can be in the case of the access from the water in Figure 5.5d). 
 
  a   b 

  
  c   d 

  
Figure 5.5: Different levels of accessibility: fast and easy (a), slow and/or difficult (b), partial (c) and 
limited (d) access.  
 

5.2.2 Timing 

The timing issue is one of the focal points whenever dealing with optimization of logistics and 
transports. In the same way, time plays a critical role when managing grass.  
Reasons for this have to be ascribed to different facts:  
- considering large areas in their wholeness, grass grows according to the same season or even 
week timing;  
- grass growth takes place with minimum possibilities of time control;  
- considering small areas, grass growth can exhibit noticeable inhomogeneities due to different sun 
exposition or water availability 
- grass production is very difficultly foreseen in terms of time and yield, due to many influencing 
variables, mainly ascribable to meteorological and soil conditions.  
Then, it is very difficult to foresee with a an advance how much, where and when will be peak 
availability, and some realistic previsions can be assessed only a few days before mowing. As a 
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consequence only few days are left for fine definition and organization of optimal logistics, 
including mowing, transportation and storing. Actually, such optimization is very difficult since 
available fleet and personnel are commonly limited and in the shortest time huge amounts of grass 
(proportional to the size of grasslands) have to be managed.  
Timing plays an even more critical role whenever additional constrains have to be taken into 
consideration. This is the case for instance of:  
- legal constraints, which might regulate the use of vehicles in some periods of the day or of the 
year 
- safety issues, which must have a priority whenever dealing with both collection and transportation 
- traffic problems, which might slow down operations and transportations in some periods of the 
day or of the year 
In all of these cases timing and logistics are strongly influenced not only by determined factors 
(such as regulations) or partially predictable aspects (such as meteorological and ground physical 
conditions), but also by almost unpredictable variables (such as traffic, or unexpected events). 
Obviously, higher is the uncertainty level on influencing factors, more difficult is optimization of 
logistics (Figure 5.6). 
Such factors are discussed in depth in the next legal constraints and safety issues paragraphs. 
 

  
Figure 5.6: Examples of uneven vegetation and grass local and general growth.  
 

5.2.3 Legal constraints 

Feasibility and efficiency of the harvesting and transport logistic for grass residues can be 
restricted by legal constrains such as property, wildlife habitat conservation or transport regulation. 
Some specific regulation could be also present at local level because of the consideration of green 
grass as waste which avoids its energetic use. 
For what it concerns property, the main constrains can concern the access to the harvesting areas 
along roadside or watercourse and the feasibility to storage the harvested green in intermediate 
open storages. In areas where the agricultural land is extremely fragmented in small properties, 
the exploitation of roadsides and watercourses green grass can be compromised because of the 
challenge to obtain the access authorization from many land owners. 
Several rules at local and European level are applied to preserve the environmental benefits of the 
natural or semi-natural areas. Focusing on green grass along watercourse and in natural reserve, 
rules can limit the harvesting to every other year or to precise period of the year. For example 
green grass harvesting does not affect nesting birds, particularly if they are protected under the 
Habitat 2000 directive.  
The wildlife Habitat 2000 directive has to be evaluated carefully. Rules change according to the 
characteristics of the habitat and their animal and plant species. In some case it is possible also to 
have more constraints in the same habitats which can seriously restrict the harvesting period. In 
the case of watercourses or natural reserves the limitation could concern not only the harvesting 
period but also the harvesting methods; for example a recommendation could indicate to harvester 
half of bank area of a watercourse, without mowing the part nearer to the water surface as this part 
is critical for amphibious and aquatic birds.  
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Transport regulation is a key figure in the green biomass transportation. Transport restrictions can 
limit the payload of the different transportation system and axle configurations along both public 
roads as rural roads. National transport regulation can be different in terms of maximum load and 
dimension. Table 5.1 and Table 5.2 report some indications about the Italian transport regulation. 
 
Table 5.1: Maximum dimension according to the Italian transport regulation (D.Leg.285/92). 
Oversize are considered special transportation system (ENAMA 2011) 

Dimensions Maximum (m) Notes 

Width 2.55 Not included rear-view mirrors 

Height 4  

Length 12 Included pintle hook or any type of tow hitch 
 
Table 5.2: Maximum load according to the Italian transport regulation (D.Leg.285/92). Oversize are 
considered special transportation system (ENAMA, 2011) 

Vehicle type Axle (n.) Maximum 
load (t) 

With wheels, without tyres 1 5 

 2 8 

 3 or more 10 

Self-propelled or pulled 
machine with tyres and with a 
unit load on the road surface 
<8daN/cm2 

1 6 

2, with a distance between axles 
≥1.20 m 

14 

2, with a distance between axles 
<1.20 m 

11 

3 or more with a distance between 
contiguous axles ≥1.20 m 

20 

Tracked vehicles  16 
 

5.2.4 Safety issues  

As already said, different safety issues are key figures for the management of green grass of 
watercourse banks, roadsides, and natural reserves. 
With regard to the management of roadsides, its first aim is safety and aesthetics as a healthy 
roadside environment reduces road maintenance needs and costs. In particular for what concerns 
safety, roadside management plays a crucial role in the prevention of accidents often ascribable to:  
- fires and smoke, due to the presence of high load of dried biomass (Figure 5.7a) 
- excessive height of the grass reducing roadway width and worsening visibility, in particular in the 
proximity of curves or cross-roads (Figure 5.7b) 
- excessive vegetation hiding road signs or curbstones, important for traffic regulation (Figure 5.7c) 
- vegetation residuals decomposing on the roadway, with a consequent enhancement of 
slipperiness. 
Occurrence of potential risks and accidents is less critical in the case of watercourses banks or 
natural reserves, but still fires can increase their incidence in the case of badly managed areas, 
especially in the summertime and in hot countries (in Europe this is the case in particular of the 
Mediterranean basin). 
Therefore in such cases it is imperative to operate with mowing and collection before security 
comes to a risky level. Optimization of logistics has to take such constrain in consideration, and 
define supply chains keeping security rather than productivity or efficiency as a priority.  
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Figure 5.7: Excessive grass can be a concern for safety, with fire risk (a) or reduction of roadway 
width (b) and visibility (c).  
 
Security has to be a primary condition also with regard to harvesting and transportation. As already 
said in the previous “Physical constraints” paragraph, accessibility can be very difficult especially in 
the case of watercourse banks and isolated areas. When machines are driven through narrow 
pathways, soft verges, steep or slippery banks management can be problematic because of the 
risk of overturn, and adequate procedures or security solutions have to be taken.  
This is typically more critical during abundant precipitations periods, when ground consistence and 
top soil conditions can be heavily worsened by an excess of water.  
Therefore in such cases adequate vehicles have to be implemented, with a careful choice of 
intervention times.  
Finally, security is of concerns also for traffic matters. Indeed vehicles operating in grass mowing, 
collection and transportations are typically characterized by relatively low speeds (typically not 
higher than 10 km/h, especially for harvesting) and large dynamic envelopes (especially when high 
capacity trailers are implemented for transportation). In particular when machines are operating 
moving along public roads, the eventuality of accidents is relatively high, mainly due to: 
- temporary reduction of roadway width 
- traffic congestion often arising by roadway width reduction  
- difference of speeds between travelling vehicles and operating machines 
In order to minimize security problems for public roads users, intervention times have to be 
carefully organized, considering those solutions which allow reduction of operations times (such as 
with multiple vehicles, Figure 5.8a), saving traffic effects by operating when traffic flow is low and in 
general by improvement the road safety by managing properly the safety signs (Figure 5.8b). 
 

a b 

  
Figure 5.8: Security problems for public roads users can be minimized reducing of operations 
times (a), operating in low traffic times and with adequate road warnings (b) 
(http://www.colacherald.com.au).  
 

5.3 Optimal logistics for biomass transportation  

The optimal logistic of harvester and post-harvester chain is a key figure in minimising the time 
required for harvesting and the resultant costs (Gunnarsson et al., 2008). Harvest, preservation 
and storage technology of grass as feedstock for anaerobic digestion resembles that for forage, 
mainly in form of silage, partly as fresh grass (Prochnow et al., 2009). That means a process 
involving mowing, picking up and transporting and eventually ensiling. 
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After mowing, the collection of the grass consists of using machines such field choppers, self-
loading forage wagons or balers. Therefore the supply process can continue as a direct chain to 
fed digestion plants or it can be interrupted by an intermediate storage where the biomass can 
ensiled and then transported to the digestion plant when it is required. 
The choice of technique for harvest, transport and conservation is essential in order to perform an 
optimal supply chain of grass for anaerobic digestion feedstock. There are two basic concepts of 
supply chain which differs for the transport chain: direct transport chain and interrupted transport 
chain. 
 

5.3.1 Transport chain from the harvesting site to the digestion plants  

Two main transport chains can be indentified: direct transport chain and interrupted transport chain. 
 
5.3.1.1 Direct transport chain 
The direct transport supply chain means that mowing and transport to the final digestion plant is 
performed without interruption (Figure 5.9). The advantage of this chain depends mainly by the 
supply chain distance (in average 20 km, maximum 40-50 km) and by the transport configuration 
(longer is the distance, more payload capacity of the transportation system will be required). 
In the direct supply chain mowing, harvesting and transport can be performed by the same 
machine such as a mower with a self-loader trailer (transportation capacity changes from 10 to 40 
m3 or more depending from the axle number of the trailer) (Figure 5.10). 
 

 
 
Figure 5.9: Direct supply chain when mowing, self-loading and transport are performed by a 
combined machine 
 
  a   b 

  
Figure 5.10: Combined machine with a vacuum self-loader system during mowing (www.trilo.com) 
(a) and un-loading operations (Inagro) (b) 
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The direct supply chain can be alternatively performed by different machines. It depends from the 
distance from the harvesting area to the plants and if it is possible to leave the mowed grass on the 
ground for a short period after it is mowed. 
Mowing can be performed by flail mowers while the following harvesting operation can be 
performed by a baler machine (Figure 5.11). The grass bales are then transported short or long 
distance by tractor and trailer. 
 

 
Figure 5.11: Harvesting operation performed by a baler machine (www.tonutti.it) 
 
The schematic in Figure 5.12 summarizes the main operations for a direct transportation chain 
when mowing, harvesting and transport are performed by different machines. 
 

 
Figure 5.12: Direct supply chain when mowing, loading and transport are performed by different 
machines 
 
In both the cases at the digestion plant the ensilage is complete after the unloading operation and 
by using a wheeled tractor to pack thoroughly. After the ensiling process, if grass is still too long to 
be digested, shredding of silage could be also performed. 
 
5.3.1.2 Interrupted transport chain 
An interrupted transport supply chain means that the chopped grass is ensilaged in place in 
between the harvesting area and the digester plants. 
It can be an efficient solution when there is a high disposal of resource that can be supplied to 
different digestion plants. In this case of interrupted transport chain the transport capacity of the 
combined mower and self-loader trailer could be not necessary high as the distance to the 
intermediate storage location could be reasonable. The long distance transportation from the 
intermediate storage to the digestion plant are therefore performed by tractor and trailer with high 
payload capacity. 
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On Figure 5.13 is summarized the operation for a interrupted transportation chain when mowing, 
loading and transport are performed by a combined machine (Figure 5.9). 
 

 
 
Figure 5.13: Interrupted transportation chain when mowing, harvesting and transport are 
performed by a combined machine. 
 
Also the interrupted supply chain can be performed by different machines. It depends from the 
distance from the harvesting area to the plants and if it is possible to leave the mowed grass on the 
ground for a short period after it is mowed. 
In open nature area the mowing is usually executed by rotary/drum/disk mower. Therefore a 
windrower arranges the grass for the following picking up operation which can performed by a self-
loader trailer or a baler machine.  
The following flowchart (Figure 5.14) summarizes the mains operation for a interrupted 
transportation chain when mowing, loading and transport are performed by different machines.  
 

 
Figure 5.14: Interrupted transportation chain when mowing, harvesting and transport are 
performed by different machines. 
 

5.3.2 Strengths and weaknesses of the transport chain 

Main strengths and weaknesses are reported in the following for direct transport chain and 
interrupted transport chain. 
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5.3.2.1 Direct transport chain  
The direct supply chains can be defined by those where mowing is either directly or indirectly 
combined with the transporting to the ensilaging site at the digestion plant. Strengths and 
weaknesses of this system are summarized in Table 5.3. 
 
Table 5.3: Strengths and weaknesses for the direct transport chain 

Strengths Weaknesses 

Along road sides and watercourse banks the 
direct supply performed by a combined mowing 
and self-loading machine is a key figure for traffic 
safety. The grass harvesting and removal can be 
performed in fact in one unique operation 
decreasing the risk of accidents because of the 
reduction of supplementary operations. 

It require high payload and volume 
capacity transport system 

The logistic cost can be reduced when transport 
distance (up to 1-2 km) are operated by a 
combined machine with a high load capacity (at 
least 10 m3). 

Long distance performed by small 
payload capacity vehicle can be 
critical 

Reduce the cost of ensilage process and storing It requires a higher number of 
transport vehicles especially in the 
case of long transportation distance 

The management of the supply plan is simple.  
 
5.3.2.2 Interrupted transport chain  
The interrupted transport supply chains are defined by those where the ensilage activity and the 
transportation to the digester are separated and function independently of each other. Strengths 
and weaknesses of this system are summarized in Table 5.4. 
 
Table 5.4: Strengths and weaknesses for the interrupted transport chain 

Strengths Weaknesses 

If the supply chain concerns different digesters, 
the possibility to have different ensilage storages 
plays an import rule to optimize the ensilage 
transport cost 

The management of the supply plan 
can be critical. 

Reducing the storage area at the digester site. Availability of enough intermediate 
ensilaging storage in the area 

In the case of dimension constrains for the 
vehicle accessibility to the harvesting area, the 
interrupted supply chain can play a fundamental 
rule for reducing the logistic cost. A well location 
of the intermediate storages for ensiling can 
reduce the transport distance performed by 
small vehicle from the harvesting sites to the 
ensiling sites. After the ensiling period the 
transport of ensilage can be performed by high 
payload capacity vehicles.  

Higher cost for loading and 
unloading operation because of the 
cost of mowing machine between the 
storage site. 

 Temporary storage need to be 
enough wide to storage grass pile 
and to guarantee unloading, ensiling 
process and loading operations 
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Table 5.5: Strengths and weaknesses for the direct transport chain 
Strengths Weaknesses 

Along road sides and watercourse banks the 
direct supply performed by a combined mowing 
and self-loading machine is a key figure for 
traffic safety. The grass harvesting and removal 
can be performed in fact in one unique operation 
decreasing the risk of accidents because of the 
reduction of supplementary operations. 

The low volume capacity and the 
relatively low speed during the 
transportation can reduce 
dramatically the productivity. 

The logistic cost can be reduced when transport 
distance (up to 1-2 km) are operated by a 
combined machine with a high load capacity (at 
least 10 m3). 

A enough number of combined 
machine is required to cover 
efficiently wide nature area and/or 
long roadside and water course bank 
distances in short period. 

 Cost of the investment 

 Temporary storage place are key 
figures when mower is indirectly 
combined with the transporting 
system. Temporary storage need to 
be enough wide to storage grass pile 
and to guarantee loading operation 
by a telehandler to the trailer. 

 

5.4 Quantitative parameters 

For optimization of logistics and transportation operation two factors have to be obligatorily taken 
into account: grass quantity and total costs.  
 

5.4.1 Quantities 

When analyzing or designing a logistic and transportation system, transport capacity is a useful 
reference index (Janić, 2014). Indeed such transport unit is given by multiplication of the two 
following factors:  
- average load q moved with a certain reference period (typically one year), being q = Q/t, where Q 
is the total amount of moved stuff (in tons or kilograms), and t is time needed to move the same 
stuff (in days or years); 
- average transportation distance d (in kilometers). 
Then the average transport capacity, typically expressed in t·km/h, is given by: 

mt
vQdqd

t

Q
M ⋅=⋅=⋅=  

where vm is the average speed calculated within transfer paths. 
It is worth noting that transport units commonly travel empty during their travel to reach the grass 
harvesting location; as a consequence, considering for the vehicle the same speed unloaded as 
loaded, the capacity of a roundtrip is half the maximum exploitable capacity.  
The suitability of the logistic system is verified whenever in a given amount of time T, the logistic 
system can whitstand grass transportation needs. Then, said n the number of means available for 
grass transportation and s the number of sites where grass have to be collected, Qj the quantity of 
grass available on each site and dj the distance of the sites from the storage or digestion plant, the 
condition is summarized by the following equation:  
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Whenever the condition is not fulfilled, not all of the available grass will be collected and 
transferred within the wished time.  
 

5.4.2 Costs 

At present, at a research level, there is still a lack of knowledge with regard to optimal grass 
logistic for energy valorization.  
Some studies have investigated harvesting of maize silo aimed at energy production in biogas 
plants using cycle analysis (Harrigan, 2003) and simulation models, combined with linear 
programming tools (Berruto and Busato 2008; Berruto and Busato 2008). Costs of collection, 
transport and storage range from 15 to 23 €/t DM, depending on whether the collection is 
performed within 5 or 20 km, while the energy consumed by these operations is equal to 2,6 to 
5,8% of that contained in the biomass, from 5 to 20 km. The use of machines with higher capacity 
involves costs of 22 to 32 €/t DM with distances of between 10 and 40 km. 
Collection of residues (rice straw, corn stalks), due to the low production per hectare associated 
with the need of their timely removal from the field, involves higher costs than those of the silo 
maize. For the rice straw collection in the area of Vercelli, costs are estimated to be about 33 €/t 
DM if the collection takes place in within 5 km, to reach € 77/t DM if the harvest is within 15 km 
from the digester. 
Such studies are certainly interesting, but in the case of the grass an additional great limitation has 
to be ascribed to the density. Indeed costs for different transportation means are strongly 
influenced by density.  
As can be seen from Table 5.6, vehicle costs depends mainly on the transported volume rather 
than on the mass. 
 
Table 5.6: Average machine costs for different transportation means. 

Transportation 

Mean Capacity [m³] Average costs 
[€/(m³·km)] 

Small agricultural trailer 15 0.23 

Dump truck 26 0.18 

Trailer 64 0.11 

Harvesting 

Machine Power [kW] Average costs 
[€/h] 

Mowing 40 41 

Rake 40 47 

Round-baler 50 86 

Large round baler 90 263 
 
As a consequence costs depends very much on the density of the grass at the transportation time.  
For cut grass, density typically vary from 50 to 70 kg/m³ DM, while when pressed in bales density 
can grows up to 100-150 kg/m³ DM. Proportionally, transportation costs can rapidly multiply by a 
factor of 2 or 3 when bales are not produced after harvesting. The final cost has to be augmented 
by the driver salary, which can be estimated to be at least 20-30 €/h.  
It is clear how the necessity of having a storage or digestion plant close to the harvesting sites is 
not just a logistic matter, but is primary an economic issue, where investments for the machine and 
for workers grows linearly with the average distance.  
Obviously, such costs have to be added to those needed for mowing and collection, with an 
important incidence on the final economic impact in the case baler machines are considered 
before transportation.  
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It is not possible to define a priori the minimum grassland size needed to make implementation of 
baler machines advantageous: indeed, as already said, costs depends not only by collected grass 
quantity but also by its density and by its distance from the storage site.  
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