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The world‘s energy supply – 
A future challenge

Currently some 80 % of the world‘s overall energy 
supply of about 400 EJ per year is derived from fossil 
fuels. Nevertheless roughly 10 –15 % of this demand is 
covered by biomass resources, making biomass by far the 
most important renewable energy source used to date.

On average, in the industrialised countries biomass 
contributes by some 3 – 13 % to the total energy supplies, 
but in developing countries this proportion is much 
higher. In quite a number of countries biomass covers 
even over 50 to 90 % of the total energy demand. 

Biomass combustion is responsible for over 90 % of 
the current production of secondary energy carriers 
from biomass. Liquid biofuels cover only a small part 
and the most used are ethanol and biodiesel. Ethanol is 
produced from sugar- or starch crops, while biodiesel is 
derived from vegetable oils or animal fats.

Currently biogas plays a smaller, but steadily growing 
role. Traditionally applied for sewage sludge treatment- 
and stabilisation purposes, energy recovery from biogas 
was a welcome by-product. However, biogas has become 
a well established energy resource, especially through the 
use of renewable biomass i.e. “energy crops”. Since about 
1950, biogas production from manure and /or energy 
crops, continued to develop as an important new farm 
enterprise.

Development of 
energy crop digestion

The idea to use dedicated plant bio-
mass, the so called  “energy crops” for 
methane production (biomethanation) is 
not new. Early investigations on the bio-
methanation potential of different crops 
and plant materials have been carried out 
in the 1930s by Buswell in the USA and 
later on in the 1950s by Reinhold and Noa-
ck in Germany. In 1980, Stewart described 

the potential use of oats, grass and straw in New Zeal-
and, resulting in methane yields of 170–280 m3.t-1 TS. 
Even water hyacinths and fresh water algae were shown 
to result in medium methane yields between  
150–240 m3.t-1 TS. In the USA a large project on microalgae 
and kelp for aquatic raw material production was started.

Although the digestion of crop material was demon-
strated, the process was hardly applied in practice. Crop 
digestion was commonly not considered to be economi-
cally feasible. Crops, plants, plant by-products and 
-waste materials were just added occasionally to stabilise 
anaerobic waste digesters.

With steadily increasing oil prices and improved 
legal framework conditions, “energy crop”-research and 
development was again stimulated in the 1990s. In Ger-
many for example, the number of digesters using energy 
crops has  increased from about 100 in 1990 to nearly 
4,000 in 2008 (Figure 1).

The steady increase in energy crop digester applicati-
ons in Germany and similarly in Austria, can be directly 
attributed to the favourable supportive European and 
National legal frameworks of eco-tariffs, paid for rene-
wable energy. Depending on the electrical power capaci-
ty of the digestion plants, staggered feed in tariffs are 
guaranteed for the whole depreciation period of the 
investment. Similar subsidising systems exist for instance 
in Switzerland and France. Other European countries 
apply tax exemptions (e.g. Sweden) or certificates (e.g. 
UK) for renewable energies. 

Figure: 1: Number of Biogas Plants in Germany. 
Development between 1990 and 2008 (Weiland, 2009)





Substrate preparation and dosage
A wide range of annual and perennial plants may be 

used as energy crops (see Table 1). Nevertheless maize is 
most widely used by the majority of existing plants. 
Standard combine harvesters are used, simultaneously 
chopping the whole maize plant (Photo 5) for the subse-
quent ensiling. 

Ideally the biomass used for ensilage should have  
TS contents of between 30– 40 %. Biomass materials 
with TS contents below 20 % result in poor silage quali-
ties, high leachate accumulation and subsequently poor 
biogas yields. 

Optimal ensiling results in rapid lactic acid- (5 – 10 %) 
and acetic acid fermentation (2 – 4 %), causing a decrea-
se of the pH to 4 – 4.5 within several days. Butyric acid 
formation usually is prevented by the rapid pH decrease. 
Addition of acid, or of commercially available ensiling 
additives, can accelerate the lactic acid fermentation and 
prevent silage failures. Under such conditions, silage may 
be stored for many months, without major damage or 
losses.

Usually silage clamps (Photo 6) are used for ensiling 
the crop material, in order to maintain a year round 
supply to the digester. Silos must have sufficient storage 
capacity for a continuous digester operation over the 
year. In a medium sized installation, typically up to 
10,000 tons of silage are prepared during harvest time 
for continuous use as a substrate (feedstock) over the 
year. For the storage in silage clamps, shovel loaders feed 
and compact the material into the silos. The material 
must be thoroughly compacted and covered with plastic 
blankets to ensure that the clamp is airtight and to pre-
vent oxygen penetration. An alternative to the clamp is 

to use bag silos. These could be e.g. 3.5 m diameter and 
100 m length. A typical bag silo storage capacity is about 
6,000 tons of silage. Bag silos are filled by packing 
machines, able to load up to 100 t/h, corresponding to  
50 ha/d harvest capacity. In smaller energy crop digesti-
on plants, conventional big bale silos are applied for 
silage preparation and storage. In some cases dry storage 
of substrates is possible (e.g. maize corn). In some cases 
available surplus heat from the CHP is used for the dry-
ing process. 

Fresh energy crops or silage can be used as substrate 
in most existing digester designs. Precautions have to be 
taken when fibrous (cellulosic) crop material is going to 
be used. Cellulosic fibres are rather slowly degradable. 
Fibres can block pumps, pipes or even the mixing equip-
ment of the digester. When highly contaminated sub-
strates (with sand or soil) are applied (eg. grass, beets), 
bottom layers can occur and even pipes and pumps can 
be blocked. Under these circumstances appropriate 
measures have to be taken, e.g. chopping, homogenisati-
on, sand removal.

Frequently, crops or silage materials that are fed into 
the digester, have TS contents of at least 20 % up to 40 %. 
Dry crop materials can have even higher TS contents up 
to 90 %. Such materials cannot be pumped or homoge-
nised with conventional digester equipment. In this case 
the substrate needs to be chopped before feeding. In 
addition dilution may be required to maintain the dry 
matter content suitable for the use of existing mixing 
equipments. When required, recycled digestate may be 
used for the purpose of substrate dilution.

Large scale commercial energy crop digestion plants 
mainly use solid substrate feeding hoppers or container 
dosing units (Photo 7). Feed hoppers or containers are 
periodically filled with shovel loaders (e.g. once daily) 

Photo 6: 
Ensiling procedure 
of whole crop 
chopped maize, 
using a front loader

Photo 5: Typical maize harvesting, using a standard combine harvester
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and the material is continuously augered through gas 
tight auger tubes into the digester. Some applications use 
piston pumps instead of augers.

In digestion plants designed for manure, a small 
amount of energy crops usually is suspended with dige-
ster effluent, or other raw liquid substrates, prior to con-
ventional dosage with piston-, displacement- or rotary 
pumps. Some installations use more sophisticated liquid 
suspension feeding, applying continuous automatic sub-
strate dosage and control. Even dry solid substrates are 
fed (Photo 8) after grinding, either directly into the dige-
sters, or suspended in liquid digestate. Typically semi-
continuous substrate dosing is applied, from once a day 
up to hourly feeding. Only large installations use conti-
nuous feeding.

Special care has to be taken in case of substrate chan-
ges. Changing composition, fluid dynamics and bio-de-
gradability of some substrate components can severely 
change the digestion behaviour and can be responsible 
for digester failures. These can result from overloading, 
clogging of pipes and pumps, or interference with the 
mixing system. This in turn reduces the effectiveness of 
the digestion process and therefore lowers the gas yield 
and -productivity.

In case of a substrate change, new co-substrate addi-
tion or any substantial changes of the dosage, a proper 
and intensified process control is required. Any substrate 
change has to be performed carefully, with slowly increa-
sing rates. The resulting methane productivity (m3CH4.m

-3.d-1), 
the methane yield (m3CH4.kg-1VS), the course of pH, the 
volatile solids content and a possible formation of scum 
layers have to be controlled more frequently.

Co-digestion and only 
energy crop digestion

The design of the fermenters can differ slightly, 
depending on the technical solutions applied. Commonly 
energy crops are fed together with manure or other liquid 
substrates (co-digestion), in order to keep homogenous 
fermentation conditions. Similar to “wet digestion”, the 
TS content of these systems has to remain below 10 % in 
order to enable proper reactor stirring. In most cases 
mechanical stirrers are used to mix the digester contents.

Digesters using energy crops only, are applied to a 
lesser extent. Recirculation of digestate is required in 
such digesting systems in order to maintain homogenous 
and well buffered digester conditions.

However some designs of “dry fermentation” systems 
allow total solids contents much higher than 10 % TS. 
Without addition of liquid, the TS content can increase 
above 30 %. A typical practical example of full scale dry 
fermentation is described later.

Typically two-step, stirred tank, serial reactor designs 
are applied in most digestion plants (Photos 9 and 10). 
The second digester is often combined with a membrane 
type gas holder.  One step digesters are rarely used. 

Anaerobic digestion of energy crops requires in most 
cases prolonged hydraulic residence times from several 
weeks to months. Both mesophilic- and thermophilic 
fermentation temperatures are commonly applied in 
anaerobic digestion of energy crops.

Complete biomass degradation with high gas yields 
and minimised residual gas potential of the digestate is a 

Biogas from Energy Crop DigestionCo-digestion and only energy crop digestion
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Photo 7: Silage dosing unit (back) with spiral elevator (front). 
The silage clamps can be seen in the back.

Photo 8: Solid substrate grinder (right) as used for preparation
of the dry substrates (maize) in anaerobic digestion of energy crops
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Photo 9: General view of a 2-step energy crop digestion plant with 
digester 1 (right) and combined gas collector and digester 2 (left)  

Photo 10: General view of a 2-step energy crop digestion plant with digester 1 
and digester 2 combined with membrane gas collector (background). The 
covered final digestate storage tank can be seen in the right foreground.
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must in terms of proper economy, as well as ecological 
soundness of the digestion process. Volatile solids degra-
dation efficiencies of 80 – 90 % should be realised in 
order to achieve sufficient substrate use and thereby 
leading to negligible emissions (CH4, NH3) from the 
digestate.

The two products of anaerobic digestion – 
Biogas and fertilizer (digestate)

In all configurations, the digestate has to be collected 
in final storage tanks (Photo 11), before land application 
as fertilizer can be performed. Storage tanks should have 
gas tight covers in order to prevent unwanted green-
house  gas emissions as methane and ammonia. The 
additional biogas production, collected from digestate 
storage tanks, usually pays back the investments for 
covers within a short period of time. Furthermore 
covering of the storage tanks prevents emissions of 
odours around the plant.

Open lagoon storage of digestate (Photo 12) can only 
be accepted if a nearly complete fermentation (> 90 % 
VS degradation) can be guaranteed. Complete degrada-
tion must be additionally controlled by periodic residual 
fermentation potential tests with the digestates to be 
stored. 

Finally odour- and ammonia emissions from land 
application of the digestates as fertiliser must be preven-
ted through the use of proper application technologies. 
In most cases the digestates can be directly applied after 
production to the nearby agricultural land. If sufficient 
land area is not available, digestates have to be pre-
treated (e.g. sludge separation, NH3-separation, dewate-
ring) before further use. 

Solid fractions are often separated from the digestate 
to undergo further composting. 

The separated liquid fraction of the digestate is in 
some cases partly re-circulated for substrate homogeni-
sation. Residual digestate, whenever possible, should be 
applied on land as crop fertilizer. If continuous use can-
not be guaranteed, digestate must be further processed 
or aerobically purified.

Biogas collected from energy crop digestion is usually 
used for power production in combined heat and power 
engines (CHP). Since in CHP units roughly 2/3 of the 
energy contained in biogas is transformed into heat, 
continuous heat consumption year round must be assured.

Upgrading of biogas to natural gas quality (pure 
methane), respectively fuel, allows better use of the bio-
gas energy. Therefore grid injection and / or use of 
methane as fuel, is increasingly aimed by plant operators.

Practical applications of 
energy crop digestion
An example of only energy crop digestion 

The agricultural plant selected as a typical example 
(Photo 13), was one of the first, using solely solid energy 
crop substrates, i.e. maize silage and grass (Figure 2). 
The plant raw materials are harvested from roughly  
300 ha and ensiled for a whole year utilisation. The silage 
clamp capacity is about 15,000 m3. 

Roughly 25 tons of substrate per day are fed (Figure 3) 
into the first of two serial digesters. Both digesters are 
built from concrete, each one with a capacity of 1,500 m3. 
The two digesters are operated at 49.5°C. Stirring of the 
digesters is effected by two horizontally arranged, slow 
rotating paddles each one with a capacity of 5.5 kW.

The digestate leaving the second digester is separated 
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Photo 11: Gas tight coverage of a post storage tank for digestate in 
Sweden. Residual biogas developed from digestate is this way collected 
for energy use, while greenhouse gas emissions are prevented. 

Photo 12: Open lagoon storage for completely digested maize- and 
grass silage, where there is no longer any methane left in the digestate.
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Long term biogas plant 
operational experience
Performance of full-scale energy crop digestion plants 

Long term measurements of full scale energy crop 
digesters give insight in the process performance. In an 
Austrian project, 41 representative digestion plants were 
monitored over extended periods of time. A broad varie-
ty of substrates was used for biogas production (Figure 7). 
Energy crop addition varied between 10–100 %. The 
share of manure added was between 5 – 95 %, two plants 
used no manure at all. Most plants were also adding 
agricultural residues and by-products in minor amounts 
(5–10 %), in five digesters 20 – 60 % co-substrates were 
added and one plant was using agricultural residues 
exclusively. Bio-waste from source separated collection 
(mainly kitchen and restaurant waste) was digested in 11 
plants (15 – 25 %) and one plant was operated exclusive-
ly with bio-waste.

Fresh substrate processing capacity varied in a wide 
range of about 1 – 59 t/d (Table 5). A mean biogas yield 
of 0.67 Nm³kg-1 VS and a CH4-content of about 55 % 
was monitored. The VS degradation efficiency varied 
between  61.5 – 96.8 %, with a median value of 82.8 %. 
While power generation showed median efficiencies of 
31.3 %, the median thermal efficiency, due to missing 
heat utilisation, was fairly poor (16.5 %). As a result, the 

overall efficiency of the biogas energetic use was just 
30.5 – 73 %.

A similar, earlier evaluation of German biogas plants 
(Weiland, 2004) showed comparable results. Most plants 
were using manure based substrate mixtures, with diffe-
rent share of energy crops (i.e. maize, grass, cerials). 
Food- and vegetable wastes, potato processing residues, 
whey and fat trap contents were applied as co-substrates 
together with manure. Manure was dominating 
(75 – 100 % share) in nearly 50 % of the plants conside-
red. About 83 % of the new German agricultural biogas 

plants are operated with a mix-
ture of energy crops and man-
ure, 15 % use only energy crops 
and just 2 % were operated 
with manure only.

 In the considered Austrian 
digestion plants, an even dis-
tribution between one- and 
two step digester configurati-
ons was observed. In some 
cases (15 %) three step dige-
sters were used. Nearly 90 % of 
all plants are operated at meso-
philic temperatures between 
30 – 42°C, only 10 % of the new 
plants use thermophilic dige-
stion temperatures between 
50 – 55°C. 

Tab. 5: Typical long term operational data as derived from 41 full –  
scale energy crop digestion plants in Austria (Laaber et al., 2005).

Parameter Unit Median1 Min. Max.
Substrate processing capacity t . d-1 13.2 0.8 58.9
Hydraulic retention time2 d 133 44 483
Loading rate (VS) kg . m-‡.d-1 3.5 1 8
Amount of VS fed into digester t . d-1 2.3 0.3 13.8
Amount of biogas produced Nm‡ . d-1 1,461 232 8,876
Biogas yield referred to VS Nm‡ . kg-1 0.673 0.423 1.018
Biogas productivity Nm‡ . m-‡.d-1 0.89 0.24 2.30
Methane concentration % (v/v) 54.8 49.7 67.0
Methane yield referred to VS Nm‡ . kg-1 0.362 0.267 0.567
Degradation of VS % 82.8 61.5 96.8
Availability of CHP % 83.3 35.7 98.2
CHP operational hours per year hours 7,300 3,100 8,600
Electricity utilization ef�ciency % 31.3 20.7 39.2
Thermal utilization ef�ciency % 16.5 0.0 42.6
Overall ef�ciency of biogas 
energy use3 % 47.3 30.5 72.7

1) Instead of average values the statistic term median is used in calculations (weighted mean value)
2) Mass of substrate (t/d) instead of (m3/d) is referred to the reactor volume (m‡)
3) Net calorific value

Figure 7: Distribution of energy crops, manure, co-substrates and bio-wastes as used in 41 
representative Austrian full scale energy crop digestion plants (Laaber et al, 2005)


















