




The reactors are manufactured 
in double-walled construction. 
Located in the shell is water 
which circulates and is heated by 
means of a circulation thermo-
stat. The stirrer system is installed 
as central stirrer system. Liquid 
fermentation mixtures are mixed 
through with paddle or pitched-
blade stirrers. For highly viscous 
media, similar models of anchor 
stirrers have been developed. The 
test setup must be gas-tight. Prior 
to commissioning, a thorough 
leak test of the system should 

take place. Particularly susceptible to leaks are the cover gasket, the gas extraction nozzle 
and the hose connections. Figure 77 shows six biogas reactors in the complete test setup.

Execution method
The reactors are operated in the known temperature range for mesophilic and/or ther-
mophilic mode of operation. A continuous mixing through is taking place in the rotational 
frequency range of 50–100 min-1. In the case of paddle and pitched-blade stirrers, the 
stirring is carried out at a higher rotational frequency. A method that is gentler to the micro-
biology is the slower homogenisation with anchor stirrers. 
At the start of the test, the digester is fi lled with digestate/fermentation mixture of a biogas 
plant which, if possible, is fed with substrates that are similar to those in the test plan. In 
the ideal case, the organic loading rate of the plant corresponds to that of the test plan. 
In accordance with the organic loading rate and retention time specifi ed in the test plan, 
the substrate is weighed out fresh daily. Prior to feeding, digester content is retrieved via a 
spherical valve that is located at the bottom of the reactor. It is used to conduct process-ac-
companying analytics and/or disposed off as discharge. In this, it has to be taken into 
consideration that dead zones may occur in the discharge pipe and/or on the digester's 
fl oor in which solid components are deposited. To obtain a sample that is as representative 
as possible, it is therefore recommended to fi rst return a correspondingly large amount of 
fermentation mixture and to retrieve the sample thereafter. The feeding is carried out at 
least once a day manually via the feeding funnel. To make dry or long-fi bre substrates more 
fl owable for the feeding, they can be diluted with fermentation mixture. In the case of very 
liquid input substances, the feeding is carried out by means of hose pump multiple times a 
day. It must be ensured that the fi ll level in the reactor remains constant in any case. This 
can be checked visually with the help of a scale at the inspection window or by means of 
a measuring rod via the feeding pipe. During the digestate retrieval and the feeding, the 
pressure equalization in the system must be ensured in order to avoid the entry of air or 
negative pressure at the gas meters. For this, a gas bag fi lled with biogas is attached to 
a bypass on the digester cover and the measurement of the gas amount is temporarily 
disconnected.

Figure 77: Laboratory for continuous fermentation tests at the DBFZ

For process control, the pH value in the discharge is determined daily (or, even better, 
continuously in the process). Depending on the test plan and necessity, the parameters 
VOA, VOA/TIC, NH4-N (TAN), TS/VS and/or COD and the individual acid spectrum are 
recorded 1–2 times per week. The biogas generated is fed through a gas meter in order to 
determine its volume. From there, it is passed into a gas bag and automatically checked 
for its composition by a process analysis system. In this, the concentration of the gases 
methane, carbon dioxide, oxygen and hydrogen is determined. 
The adaptation to the desired process state (in the start-up phase or over the course of the 
test) – in the majority of tests, this is associated with an increase of the organic loading 
rate – is therefore conducted differently. In the case of well-researched input materials, the 
load can continuously be increased every day by 0.1 gVS/L d. In this, an eye must be kept on 
the gas production and the concentration of organic acids in order to be able to intervene 
in case an overloading of the process occurs. 
An optional approach is to increase the organic loading rate by 0.5 gVS/L d and then wait 
until the process parameters remain unchanged over the course of approx. two weeks. 
Then, the next increase can take place. This variant is considerably more time-consuming. 
If the digester is fed with a constant amount and composition of substrate and the fi ll level 
is maintained, the process approaches the stationary state. In the stationary state, the 
change of the process parameters is zero. Inert substances, in this, show the following 
temporal progression of the concentration in response to a step function.
Corresponding to Figure 78, the process is approaching the stationary state; depending 
on the test objective, the test can be terminated in the case of a suffi cient approximation. 
However, it must be taken into consideration that the biological system may also have a 
delayed response to changes in the process. As such, the temporal forecast, for example, 
of process fl uctuations due to defi ciency symptoms (e.g. lack of trace elements) is very 
diffi cult. 

Figure 78: Tracer concentration in a stirred tank cascade due to a step function in the case of a retention time of 

80 d (Source: DBFZ)
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Weekend feeds
For a continuous process fl ow, a feeding should also take place on weekends and holidays. 
To shorten the work fl ow, on weekends the fermentation mixture is withdrawn only in excep-
tional cases. The correct fi ll level is then once again established the next workday. 

Analysis
If it cannot be ensured that the gas production is measured every day at the exact same 
time, the gas meter reading and the corresponding time must be recorded twice a day for 
the calculation of the daily biogas volume produced. Between the two reading points, at 
least 30 min should have passed, the second reading must be carried out shortly before 
the daily feeding. Then, the biogas volume fl ow standardised to 24 h can be calculated with 
the following equations.
First, the average gas production is determined. 
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V Average gas production (mL/h)

GM1 Gas meter reading at fi rst reading (mL)

GM2 Gas meter reading at second reading (mL)

Δt Time difference between 1st and 2nd reading (h)

Since the feeding does not take place every day at the same time, the time difference to 
24 h is taken into consideration.
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Δt24 Time difference to 24 h (h)

ΔtF
Time difference between the point in time of feeding on the current test day 
and the point in time of feeding on the preceding test day

(h)

The conversion calculation to standard pressure (101.325 kPa), standard temperature 
(273.15 K) and the standardisation to dry gas are carried out by means of the Antoine 
equation (BIERWERTH 2011).
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GM2-2 Gas production since the last feeding according to the gas meter reading (mL)

VSTD Standardised gas volume (mL (STP)/d)

pa Ambient pressure (kPa)

ΔpGM Pressure loss of the gas meter (kPa)

Ta Ambient temperature (°C)

For the calculation of the TS decomposition, the masses of the input and the discharge 
as well as the TS contents are put in relation to one another. Since some substrates and 
digestates contain volatile substances that get lost in the determination of the total solids 
in accordance with DIN 12880, the total solids are corrected with the concentration of 
volatile organic acids.
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TSdecomp Decomposition of the total solids (%)

mTS,dis Mass of total solids of the discharge (g)

mTS,inp Mass of [total solids] of the input (g)

cinp Concentration of the volatile organic acids in the input (inlet) (g/kgWW)

cdis Concentration of the volatile organic acids in the discharge (g/kgWW)

The mass of the output can – at constant fi ll level – be determined through weighing. A 
calculation of the digestate with the following equation is optional.
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mbiogas Mass of the biogas produced (g)

M(x) Molar mass of the respective index (g/mol)

Vm Molar volume of the ideal gas (L (STP)/mol)

c(x) Concentration of the respective index (%)

mWV Mass of the water vapour in the biogas (g)

The fed and withdrawn masses of volatile solids are utilised for the calculation of the VS 
decomposition.
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VSdecomp VS decomposition (%)

mVS,inp Mass of VS in the input (inlet) (g)

mVS,dis Mass of VS in discharge (g)

The correction of the TS content also has an impact here. Therefore, the volatile solids are 
corrected with the concentration of the volatile organic acids for the decomposition of the 
organic substance.
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oSdecomp Decomposition of the organic substance (%)

For the assessment of the deviations of parallel test, the data of the gas production of two 
digesters operated in parallel was utilised. In the test, the fermentation behaviour of renew-
able resources in the case of increasing organic loading rate was investigated. Figure 79 
shows the gas production and the organic loading rate. In comparison to this, Figure 80 
shows the cumulated gas production of the same test. The results of the gas production of 
the whole test period of 210 days (n = 210) were analysed. When comparing the average 
values of the production of gas of both reactors, a relative standard deviation of the daily 
gas production of 1.2 % results.
The relative standard deviation of the daily gas production of the individual digesters is 
6.2 %, on average. For this, the values starting on the 126nd test day (n = 84) were utilised. 
This period is considered to be a stable state. If during a test signifi cantly higher relative 
standard deviations occur here, a systematic error may be the reasons for that.
The quality of the continuous fermentation tests depends – in addition to the measuring 
errors of the measuring devices – essentially on a thorough and constant test support.

If the deviation of the average gas production of the single (or multiple) reference system(s) 
is to be assessed, statistical test methods must be utilised for this (e.g. Tukey Kramer).

Figure 79: Gas production and organic loading rate of two continuous fermentation tests in parallel test 
(Source: DBFZ)
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6.5 Microbiological tests 
Tobias Lienen, Hilke Würdemann, GFZ

Status The cultivation-independent molecular biology methods 
presented below are at the state of the art of science. Never-
theless, these methods are being optimised constantly and 
new high-throughput methods are being developed with which 
within an ever shorter period of time larger numbers of sample 
can be tested and characterised in even more detail.

Associated 
standards

The principle of the DGGE, qPCR and FISH is standardised. 
However, the protocols must be adjusted to the substrate 
mixtures to be tested. The methods are in application in a 
broad range.

Area of application The methods can be applied to different substrate spectra. 
Limitations with respect to the meaningfulness of the test 
results exist insofar as a lot of the active microorganisms in 
biogas plants haven not yet been suffi ciently characterised. 
This makes the interpretation of the test results and the 
recommendation of countermeasures more diffi cult.

Figure 80: Cumulated gas production of two digesters in parallel operation (Source: DBFZ)
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Need for research: Comparability to results of other methods;
A short time ago, new high-throughput methods such as 
the Next Generation Sequencing (NGS) were established 
which allow for a qualitative and quantitative analysis of the 
sample in a single step and which make it possible to conduct 
comprehensive analyses at the same time. The affi liation 
of the microorganisms to specifi c functions, however, often 
is only insuffi cient since a lot of bacteria and archaea have 
not yet been cultivated and a physiological characterisation 
has not yet been performed. However, knowledge regarding 
the physiology and biochemistry of organisms is decisive in 
order to optimise biogas plants and to uncover the reasons for 
process disruptions. Therefore, in addition to cultivation-inde-
pendent methods, cultivations of microorganisms occurring in 
plants as well as their characterisation are necessary. There 
still is a signifi cant need for a correlation of chemical and biolo-
gical process data for the enhancement of the understanding 
of the process with the objective of process optimisation, of 
improvement of the process stability, and of a performance 
increase.

The microbial composition and the number of cells of individual groups of microorganisms 
provide indications of the stability of the biogas production process and can provide indic-
ations of the causes of process disruptions. The four-stage biogas production process from 
hydrolysis via acidogenesis and acetogenesis to methanogenesis is carried out by different 
microorganisms that must encounter optimal conditions in order to ensure a stable biogas 
process. The cultivation of individual microorganisms from an environmental sample is 
time-consuming and costly. To obtain data regarding the composition and number of the 
microorganisms rather quickly, molecular biology techniques can be used. This includes 
so-called "fi ngerprint" analyses such as the PCR-DGGE (polymerase chain reaction – dena-
turing gradient gel electrophoresis) and methods for quantifi cation such as the fl uores-
cence in situ hybridisation (FISH) or the quantitative polymerase chain reaction (qPCR). In 
addition to these three techniques which will be covered in more detail below, there are 
numerous other molecular biology methods to better examine the microorganisms (RITTMANN 
et al. 2008).

Polymerase chain reaction – denaturing gradient gel electrophoresis
The polymerase chain reaction – denaturing gradient gel electrophoresis (PCR-DGGE) 
serves for the molecular biology screening of an environmental sample such as the sample 
from a biogas reactor (LERM et al. 2012). At fi rst, the whole DNA (deoxyribonucleic acid), 
that consists of a specifi c sequence of bases, is isolated from the sample. In this, different 
techniques can be used in which the cell lysis is based on different methods. For example, 
the cell lysis can be performed with heat, mechanically via small ceramic spheres, or via 

reagents. Often, commercially available DNA extraction kits, in which a defi ned protocol is 
followed, are used for this. Nevertheless, these protocols need to be optimised in most cases, 
depending on the type of sample and the microorganisms to be analysed (WEISS et al. 2007). 
In the polymerase chain reaction, a specifi c section of the overall DNA is amplifi ed. This 
section is particularly well suited for the identifi cation and the derivation of the capabilities 
of the organism found based thereupon. The amplifi ed DNA fragments are subsequently 
applied to a denaturing acrylamide gel. This gel contains a urea gradient which must be 
adjusted to the microorganisms to be analysed. The gel is connected to an electric fi eld and 
due to the negative charge of the DNA molecules, these migrate in the gel in the direction of 
the plus pole. Depending on the sequence of bases of the DNA fragment, the double strand 
is denaturing more or less, and the further or the short the DNA travels in the denaturing 
gel. A banding pattern shows on the gel in which, in an ideal case, each band corresponds to 
one microorganism. The bands are sequenced and the microorganisms and/or their closest 
relatives can be identifi ed via a comparison to a database freely accessible on the Internet 
(e.g. Basic Local Alignment Search Tool, BLAST). The affi liation helps in deriving the role of 
the different organisms in the digester and their signifi cance for process stability. 

Quantitative PCR
The quantitative PCR relies on the same principle as the polymerase chain reaction 
mentioned. Here, too, a specifi c section of the isolated DNA is amplifi ed. In contrast to 
conventional PCR, in which only a semi-quantitative analysis is possible, the amplifi ed DNA 
can be quantifi ed in the quantitative PCR so that the amount of DNA from specifi c microor-
ganisms can be determined. For this, a fl uorescent dye that binds to the DNA is added to 
the reaction. Alternatively, specifi c probes may also be used. The more DNA source material 
is available, the sooner the amplication can be detected so that a quantity comparison 
becomes possible. In this, the quantifi cation can be carried out absolute, with the help of an 
internal standard, or relative. In the case of relative quantifi cation, the DNA amount of the 
target microorganism is put in relation to the DNA amount of the total bacterial or archaeal 
DNA. Herein, differences in the DNA extraction of several samples can also be relativised. 
The quantitative PCR is very well suited to compare already characterized microorganisms 
of different samples in their quantity. In addition to the DNA, RNA (ribonucleic acid) may 
also be analysed by means of quantitative PCR. This can be meaningful if microorganisms 
can be detected in a sample, yet there is no certainty whether these are also metabolically 
active or whether only the DNA was introduced. The RNA is an evidence for the activity of 
organisms. Differences in the number and activity of microorganisms can be reasons for 
process disruptions and/or indicate them. A reduction of the activity of methanogenic organ-
isms, for instance, is directly related to a lower biogas yield.

Fluorescence in-situ hybridisation
The fl uorescence in-situ hybridisation (FISH), too, is a method for the determination of the 
number of metabolically active microorganisms. In this, a specifi c probe coupled with a 
fl uorescent dye binds to the ribosomal RNA (rRNA) of the microorganisms. Subsequently, 
the number of cells is determined with a fl uorescence microscope. With this method, 
primarily metabolically active cells are detected since the rRNA content correlate to the 
metabolic activity. With the help of specifi c probes for different physiology groups, the 
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microbial biocenoses in dependence on different process conditions can be analysed. 
The detection of the activity is an important parameter for the assessment of biological 
processes since under disadvantageous conditions the activity changes much quicker than 
the number of cells. A lower cell division rate results from the reduction of the metabolic 
activity, which in continuously operated reactors, such as in many biogas plants, quickly 
leads to a reduction in the number of cells due to eluviation processes. 

6.6 Determination of the residual gas/residual methane potential
Hans Oechsner, State Institute of Agricultural Engineering and Bioenergy, University of Hohenheim

Status: The method was tested, and a standard is currently under 
development as a part of the VDI GUIDELINE 4630 (GRÜNNDRUCK 
2014). An interlaboratory comparison is currently taking place 
for the validation of the method.

Associated standard VDI 4630

Substrates The method is applicable for solid and liquid digestate.

Limitations of the 
method

The setting in relation to an amount of methane generated 
presupposes the estimation of digestate mass fl ows and 
biogas yields at the biogas plant.

Advantages: Easy to implement

Need for research Relation between the residual gas potential and emissions 
in the case of open storage of digestate (i.e., fermentation 
residue); precise mass balance of substrates. 

The biogas plants, in which renewable bioresources are used as feedstock (i.e. substrate 
for fermentation), seek to explore ways in achieving economic viability and maximizing the 
utilisation of the energy potential of the feedstocks. Biogas plants select the fermentation 
process (i.e., plant design and operation mode) depending on the characteristics of the 
feedstocks used. The feedstock utilization rate varies signifi cantly with the design (e.g., 
single stage and double stage) and operational parameters (e.g., pH, temperature, organic 
loading rate, and retention time among others).
The following questions can be answered by determining the residual gas potential of the 
digestate from the biogas plant: 

 How much biogas/methane potential of the substrate is not utilized following the 
digestate leaving the gas-tight section of the biogas plant?

 How much economic benefi t (if any) does the cover of the digestate storage unit 
have?

 How large are the maximum emissions potential and the corresponding environ-
mental impact? For additional information, refer to VDI GUIDELINE 3475, part 4.

Depending on the objective of the analysis, the digestate sample could be incubated at 
different temperature:

 To determine an available energy potential (i.e., economic aspects), the ferment-
ation of the digestate at a mesophilic temperature (37 ± 2 °C) or at a thermo-
philic temperature (50 ± 1 °C) is recommended. If possible, a temperature range 
should be selected based on the operating temperature of the fermenter from 
which the digestate sample was collected. Operating at similar temperature 
allows a rapid gas production, which is comparable to the gas production from the 
substrate in the fermenter from where the digestate sample was taken.

 In accordance with VDI 3475 part 4, the residual gas potential of the digestate 
can also be estimated at 20 ± 2 °C. Additionally, this can be used to determine 
the emissions potential, given that the digestate are stored in an open and cold 
storage tank. Therefore, it is assumed that lower temperature prevail in digestate 
storage units than in fermenter systems. However, currently there is no any 
scientifi c evidence that establishes a close relation between residual gas poten-
tial measurement and the actual emissions from the digestate of the evaluated 
plant. 

Sampling from the biogas plant and data collection
The digestate samples must be collected from the biogas plant in order to determine the 
residual gas potential. This method requires diligence and compliance with the following 
procedures in order to obtain representative digestate samples for the selected biogas 
plant. 

The digestate that leaves the last fermentation stage may, depending on the mode of oper-
ation and the feedstock used, be inhomogeneous and may also vary over the course of 
time. Therefore, the sampling should not be conducted only at a certain point of time, 
but rather for multiple times per day (e.g., three times). Additionally, it should preferably 
be for various days over the week. If it is not possible, for technical reasons, to withdraw 
samples at multiple times over a day or week, the fermenter content must be thoroughly 
homogenised prior to the retrieval of the sample. It is also possible to analyse the digestate 
from solids fermentation plants and the freshly separated solids from liquid fermenters. In 
the case of the latter, however, the substrate fl ow must be thoroughly recorded in order to 
make a statement about the digestate generation potential of the biogas plant. Immedi-
ately after its retrieval, the digestate sample must be cooled to a temperature of approxim-
ately 4 °C. Such cooling will quickly stop any further decomposition of the digestate. Later, 
the digestate samples which are collected multiple times over a day or week are mixed 
together to create a cumulative sample. If sample contains fi bre components, a coarse 
cutting/crushing can ensure that a homogeneous and representative sample is available 
for the fermentation test.
The residual gas potential is usually based on the amount of biogas and the methane 
yield of the biogas plant in a stationary mode of operation. Therefore, in addition to taking 
digestate samples for analysis, the amount of biogas and methane generation at the plant 

172 6   Methods for the determination of biological parameters 1736   Methods for the determination of biological parameters 6   Methods for the determination of biological parameters 



must also be recorded. Besides, the results of the digestate analysis must be put in rela-
tion to the volume of the digestate fl ow. Thus, it is necessary to determine the volume of 
digestate that leaves the plant section under review (i.e., overfl owing fermentation mixture/
fermentation residue). The sample of the fermentation mixture (i.e., digestate) represents a 
mixture of a long period with respect to the feeding. In the case of stirred tank reactors, an 
approximation of the stationary state is achieved after approximately three retention times. 
It is therefore recommended that the data from three retention times be used to calculate 
an average amount of gas and digestate produced per day.

The volume of fermentation mixture/digestate can be determined through calculation if 
the measuring equipment does not quantify it. For example, the mass of input substrate 
(i.e., mass fl ow of substrate into the biogas plant) and the mass of the biogas produced 
are recorded. Later, the mass of the biogas generated is subtracted from the mass of the 
input substrate to derive the amount of the fermenter content/digestate (see in text below). 
The loss of mass caused by the biogas production should not be neglected since it can, for 
example, constitute up to 30 % of the input mass fl ow in the case of maize silage.

Fermentation approach
The representative digestate sample should be analysed for the contents of total solids 
(TS), volatile solids (VS), volatile fatty acids (VFAs) and pH value. The required amount of 
digestate is added into the fermentation test apparatuses without adding inoculum. The 
fermentation test should be replicated no less than three times.

If digestate from solid-state digestion plants and solids from liquid-state digestion plants 
are analysed after separation, tap water should be added in order to reduce the total solids 
content of the mixture below 10 %. The addition of water is necessary in order to obtain 
an optimally fermentable and stirrable mixture in the fermentation test apparatus. The 
fermentation test apparatus should be heated to the desired temperature. Additionally, a 
constant temperature and homogenisation conditions should be maintained throughout 
the fermentation test period as described in the gas yield test (batch) (see ch. 6.2). The 
produced biogas should be quantifi ed for its volume and methane content, which later 
provides the information on the temporal gas production. The fermentation test for the 
determination of the residual gas potential should be conducted over a defi ned period of 
60 days, as stated in VDI GUIDELINE 3475.

Analysis
The data can be analysed analogous to the batch fermentation test. It is simplifi ed by the 
fact that no inoculum is used. A gas production graph should be created to display the 
development of the specifi c biogas/methane production throughout the test period. 

The methane yield (L (STP) methane/kg VS ) from the digestate is less than the methane 
yield from the feedstock/raw substrate. Moreover, the daily average amount of methane 
generated at the biogas plant from where the digestate sample was collected completes 
the analysis. Currently, there are no reliable functioning system for the determination of the 
amount and quality of produced biogas in all biogas plants. However, the average amount 

of electricity generated per day can be used to estimate the amount of methane produced 
at the biogas plant. The latter must be combined with the effi ciency of the CHP unit in order 
to obtain the amount of methane utilised daily. In this estimation, the amount of gas that 
passes through the gas fl are is not taken into consideration, and may lead to a corres-
ponding overestimation of the residual gas potential. 

The following data should be collected from the biogas plant under study:

 Biogas/methane production [m3 (STP) methane/d] at the biogas plant over a 
period of three retention times. This is done through recording data (e.g., standard 
biogas amount and methane content) at the biogas plant. Alternatively, the daily 
electricity production [kWh/d] can be recorded for estimating the amount of 
methane production per day. The electricity generation data in combination with 
an electrical effi ciency of the CHP unit provides an estimation of the daily methane 
production [m3 (STP) methane/d]

 Daily discharge of digestate and its VS content from the respective last gas-tight 
covered fermenter/digestate storage unit [t fermentation residue * VS [%] / 100]. 
The mass fl ow can be estimated via the mass of the substrate input (i.e., liquid 
and solid substrates) per day minus the mass of the biogas produced daily.

m� � m� �m��				�m³� (87) 

 

(87)

mD Average mass fl ow of digestate per day (kg/d)

mS Average mass fl ow of substrate input per day (kg/d)

mBG Average mass fl ow of the biogas generated per day (mBG = VBG * ρBG) (kg/d)

VBG Biogas rate, standardised volume of the biogas generated per day (m³ (STP)/d)

ρBG
Density of the biogas (= 1.25 kg/m³ at 55 % methane content, dry gas, 
standard conditions)

(kg/m³)

These data are put in relation to the following values determined in the fermentation test: 
Specifi c methane yield from the residual gas analysis [m³ (STP) methane/kg VS].
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VRG Average methane potential of the digestate from the biogas plant per day (m³ (STP)/d)

VSRG Specifi c methane yield from the residual gas analysis (m³ (STP)/kg VS)

VSRG
Average amount of volatile solids that exit the last gas-tight tank of the 
biogas plant per day

(kg/d)

From this the residual gas potential of the biogas plant in [%] is determined using the 
following formula:
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RGP Residual gas potential (%)

VBGP Average methane production of the biogas plant per day (m³ (STP)/d)

6.7 Determination of the maximum possible biogas output of 
substrates by disintegration with sodium hydroxide 
Björn Schwarz, Fraunhofer IKTS

Status The method described is based on a regulation from the 
sewage sludge sector (among others, published through 
MÜLLER et al. 2000), in which the maximum disintegration 
potential of sewage sludge is determined via the analysis of 
the dissolved COD. In this, the samples are diluted 1:1 with 
1-molar NaOH and treated for 10 min at 90 °C. This method 
was transferred to vegetable substrates at IKTS and currently 
represents an interim processing state. 

Area of application The method can be utilised for the determination of the 
maximum disintegration potential (release of dissolved COD) 
as well as for the determination of the maximum possible 
biogas production from biogas substrates such as renewable 
resources, residues (e.g. straw) or digestates.

Advantage of the
method

The maximum decomposition and/or energy potential 
possible by means of anaerobic conversion is determined 
without including fractions that are not biologically available 
(such as lignin). Any barriers within the substrate structure are 
removed and all biologically available substrates are made 
available to be decomposed. The method can easily be carried 
out as pretreatment method for comparative fermentation 
tests (low technical expenditure).

Need for research In the test of model substrates, it was determined that for 
the framework conditions selected to date for some groups of 
substances losses in the energy content were caused by the 
method of disintegration. A possible cause is the generation of 
biologically non-usable interim products. For real substances, 
these effects are diffi cult to estimate due to the heterogen-
eous composition. To eliminate these uncertainties, system-
atic investigations in combination with analyses regarding the 
material composition and structure would be necessary.

Devices and chemicals
 • Analytical scale
 • Heatable magnetic stirrer plate incl. magnetic stir bar
 • pH-meter
 • Beaker
 • Laboratory fume hood
 • 1-molar NaOH
 • 1-molar HCl (for neutralisation – other chemicals may also be possible)
 • Distilled water

Execution method
For the determination of the dissolved COD, it is necessary to exactly record – in addition to 
the empty weight of the beaker – all weighed-in materials as well as the fi nal weight prior to 
the COD determination so that evaporation and dilution effects are known. 

For the determination of the gas potential of the fully disintegrated sample, the amount of 
sample should fi t the size of the batch reactor (gas yield test) in order to avoid unnecessary 
splitting of samples and losses. In this case, only the exact weight of the sample must be 
recorded since the added chemicals as well as any evaporation losses do not have any 
impact on the result of the gas yield test.

The sample and the 1-molar NaOH solution are mixed in the beaker at a ratio of 14 g NaOH 
solution to 1 g of VS of the substrate (for instance, approx. 63.2 g NaOH [1-molar] to 16.8 g 

Figure 81: Sample gas yield graphs before and after a disintegration by means of NaOH (Source: IKTS)
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leaves [31.7 % TS, 84.4 % VS]). For an improvement of the stirrability of the preparation 
that may be necessary, distilled water can be added (e.g. 20 g). Under constant stirring, 
the beaker is heated on a heatable magnetic stirrer plate within approx. 15 min to at least 
90 °C. A temperature of 90–95 °C is maintained for 20 min. During this disintegration, 
evaporation losses can be minimised through heat-stable and humidity-stable covers. The 
vapours generated are potentially noxious and should be exhausted (working under a hood 
is recommended). Subsequently, the preparation is cooled down to room temperature and 
neutralised to pH-values of 6–8 by means of 1-molar hydrochloric acid.

The analysis of the dissolved COD is performed through pressure fi ltration of the sample via 
0.45 µm as well as by means of cuvette tests.

For the determination of the gas yield, the complete preparation is transferred timely into 
a batch reactor. To minimise losses, a fl ushing with a small amount of distilled water can 
be performed.

Sample results and open questions
Via an analysis of the development of the gas yield graphs, it can be determined whether 
it is worthwhile to carry out a substrate pretreatment for the substrate being tested. By 
means of a disintegration via NaOH, for example, only an acceleration can be observed in 
Figure 81 for maize silage after a 30 d retention time, but no increase in yield. This roughly 
corresponds to the results of numerous tests regarding the pretreatment of maize silage 
that did not achieve signifi cant rates of increase under the ideal conditions of the labor-
atory fermentation tests. For the disintegration of straw, on the other hand, it was possible 
to achieve a signifi cant improvement of the gas production velocity and yield. This is a 
clear indication of the aptness of disintegration methods in the area of residues containing 
lignocellulose.

But generally there are still uncertainties in the interpretation of the effects of the disinteg-
ration by means of NaOH since obviously lower gas yields are obtained for select groups 
of substances than without the disintegration. One example is the micro-crystalline cellu-
lose, which is also depicted in Figure 81. Subsequent to the disintegration by means of 
NaOH, about 10 % lower gas yields are obtained which also were evident in case of shorter 
treatment times and in case of lower utilisation of NaOH. A return of condensed vapours 
produced during the disintegration led to the same result. Possibly, individual groups of 
substances or components of them are converted into no longer usable interim products 
during the disintegration. Tests with peptone (protein model substrate) and glucose have 
also resulted in reductions of approx. 15 % and 50 % regarding the gas yield by the disin-
tegration by means of NaOH. To which extent these reductions also occur in real substrates 
has not been investigated yet systematically.

7   Calculation and assessment methods 
       (parameters that describe processes/               
     meta-parameters)

7.1 SWOT analysis 
Christof Heußner, Oliver Kugelstadt, Tobias Bahr, Klaus Fricke, TU Braunschweig

The SWOT analysis (S-Strength, W-Weaknesses, O-Opportunities, T-Threats) is a tool that 
originates from the area of strategic management but is also used for formative evaluations 
and quality developments. This analysis method serves for deriving suitable strategic solu-
tion alternatives for the achievement of previously defi ned objectives from the strengths 
or weaknesses of an organisation or enterprise (internal view) and the opportunities and 
risks (external view), and presenting them clearly. The internal analysis is intended to make 
it possible to recognise strengths and weaknesses of a company – or, in this case, of a 
process. These result from the competencies, skills (and/or technical capabilities) and 
resources of the unit under review. 
In the course of the external analysis, the closer and more distant environment of this unit 
is investigated. Only through the alignment with the environment (and/or the framework 
conditions) can strengths and weaknesses be weighted subsequent to a stocktaking and 
transitioned into options for action (LOMBRISER & ABPLANALP 1998).
The objective of the analysis consists of working out to what extent the strengths of the 
currently applied technologies and methods for the utilisation of the available biomass are 
suitable and – given the background of the current circumstances and those expected in 
the future – relevant. As a result, it becomes possible to react to the current and future 
needs based on the energetic and material utilisation of existing biomass. This objective is 
achieved by reworking the aforementioned sub-areas of the SWOT analysis. 
The SW portion (strengths and weaknesses) deals with the internal factors. These are the 
technical options and development potentials of the method under review. Here, there 
are numerous forms of development that essentially result from the specifi cs of the indi-
vidual case which, however, due to the viewpoint from which it is viewed, also feature a 
lot of commonalities. Therefore, a prior identifi cation of decisive factors (so-called critical/
key success factors), (PANAGIOTOU 2003), is helpful for the SW analysis. In relation to these 
factors, strengths and weaknesses are then checked. These factors or objectives must 
be defi ned before working on the actual analysis. In doing so, concrete and non-abstract 
objectives must be selected. Abstract objectives such as an increase of the energy effi -
ciency must be put into concrete terms based on test results and must be evaluated by 
means of existing literature references and own assessments (LOMBRISER & ABPLANALP 1998).
Furthermore, it must be ensured that all identifi ed strengths and weaknesses are relative. 
They only gain meaningfulness through a benchmarking against other methods or utilisa-
tion options. In the case of the energy effi ciency, the method is – differing from traditional 
SWOT analyses – applied to a multitude of technical solutions and processes. The more 
important it is therefore to fi nd a suitable benchmark based on which the state of develop-
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ment (in particular the energy effi ciency) of the individual processes can be categorised. 
For this, an objectivisation of the rather subjective factors of the individual results of the 
SWOT analyses is necessary.

1. Comparison of the respective processes to the best assessed plant on the 
market (real comparison);

2. Comparison of the respective processes to a hypothetical best practice plant by 
combining the best assessed sub-processes of multiple plants available on the 
market (hypothetical comparison – state of technology);

3. Comparison of the respective processes to a hypothetical best practice plant 
through idealised combination of optimised sub-processes taking into considera-
tion the latest state of research (hypothetical comparison – state of research); 

4. Comparison of the respective processes with a hypothetical theoretical 
approach. Reference here is the energy content as target parameter (100 % 
effi ciency) – exploratory comparison of fundamental utilisation variants (thermal 
utilisation, material utilisation, fermentation, ethanolisation)

The OT portion (opportunities and threats) includes trends and changes that result from 
the general and specifi c circumstances for the respective process. To be considered to be 
external factors they must be those on which a company (in the case at hand, a plant oper-
ator or technology provider) does not have any direct infl uence. This could, for instance, be 
statutory regulations, limit values, or funding programmes (LOMBRISER & ABPLANALP 1998):
Criteria are defi ned for both the internal as well as the external analysis that ensure a stand-
ardised approach and a comparable method response even in the case of the analysis of 
different processes for biomass utilisation (e.g. composting, fermentation, thermal utilisa-
tion). A compilation of superordinated criteria can be found in Table 22. These criteria are in 
turn refi ned by subordinate criteria (c.f. R&D potential and ecological framework conditions). 
During the collection of the criteria, often the problem arises to what extent individual 
criteria are being categorised based on their importance and/or how important the criterion 
is with respect to the objective of the analysis. Furthermore, a multitude of criteria renders 
the subsequent analysis more diffi cult. In the categorisation of the criteria, SWOT analysis 
of the University of Warwick may serve as an exemplary model to follow (DYSON 2004). 
Here, the strengths, weaknesses, opportunities and threats are collected and subsequently 
assessed with a corresponding point scale. If a criterion does, for example, not reach a 
certain number of points, it is removed from the catalogue of criteria. 
From the actual SWOT analysis itself, no concrete measures are decided or implemented 
but rather fi rst only states are described in relation to best case scenarios and in a 
subsequent step strategies are developed. To transition these strategic approaches into 
concrete measures, typically a concrete action plan is required (DYSON 2004). The plants to 
be reviewed are technically complex and feature different stages of treatment and levels of 
utilisation. For the identifi cation of optimisation measure that are as effective as possible, 
the processor has permission to compare individual process steps (where applicable: indi-
vidual aggregates) to the state of technology and derive optimisation potentials. The data 
necessary for this are captured at the plants in parallel to the SWOT analyses, specifi c 
values are bundled into groups and summarised in evaluation indexes. 

7.2 Calculation of plant/process indexes 
(optimisation potential of individual process steps) 
Christof Heußner, Oliver Kugelstadt, Tobias Bahr, Klaus Fricke, TU Braunschweig

Plant and process indexes serve for the assessment and comparison of individual process 
areas, plant components or treatment concepts and thus support the working out of optim-
isation potentials with respect to the treatment objective. For this, specifi c energy consump-
tions of fermentation and composting plants are recorded and weighted.
Based on the recorded data, the different plants are assessed individually (part A). For this, 
it is necessary to subdivide the process steps within the plant into main process stages in 
order to allow for a delineation from other process steps (part B). It is, for example, defi ned 
where the area of the feed ends and where the sorting starts. 
The data of the separated process steps are standardised to a functional unit (e.g. 1 Mg 
total solids) in order to ensure comparability, and specifi c indicators are derived (e.g. 
specifi c thermal and/or electrical energy demand). Since it is to be expected that the 
specifi c energy consumption of large plants is lower than that of small plants, initially a 
categorisation based on the plant throughput is performed to establish comparability and 
to avoid distortions of the results. A fi nal classifi cation and categorisation is conducted after 
the recording of the underlying data.
Parts of the plant that do not correlate to the mass throughput are reviewed separately. 
This includes rooms and any buildings that cannot solely and directly be allocated to the 

Table 22: Working draft of a catalogue of criteria for the internal and external part of the SWOT analysis (incomplete)

Criteria catalogue strengths/weaknesses analysis Criteria catalogue opportunity/risk analysis

  General process characteristics:
• Temperatures
• Pressures
• Corrosivity
• Residues
• Heat integration potential

  Offer potential (products, services)
  Distribution (collection and distribution)
  Market communication 
  Prices and conditions
  Procurement (educts, aids and operating 

resources)
  Finances 
  Personnel
  Management and organisation
  R&D potential:

• Amount of R&D investments
• R&D know-how
• Technical equipment
• Patents and licenses
• Access to external R&D sources/cooperations 

  Market structures
  Competition
  Statutory/state framework conditions
  Societal framework conditions
  Procurement of raw material (prices and 

supply)
  Energy prices 
  Other economic conditions
  Technological/technical development
  Ecological framework conditions:

• Air quality management
• Water pollution control
• Soil conservation
• Waste disposal and avoidance
• Energy utilisation
• Utilisation of raw materials 
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plant operation such as the location's fi re brigade, the administration, the central weighing 
station, the canteen, staff buildings, etc. 
For the mass balance, the mass fl ows generated based on the type of plant are taken into 
consideration. This includes, for example, process water and exhaust air as well as the input 
and output of the processed substrate (part C). Furthermore, particularly process-relevant 
individual substances (special valuable materials or harmful substances) as well as valuable 
materials produced (for instance compost and other fertiliser substituents) are recorded for 
later analysis since they constitute an impact on the life-cycle assessment effi ciency of the 
respective plant or process due to energy/raw material savings and/or consumption (in the 
case of substitution or utilisation of industry products that are using a lot of energy or of 
fossil resources). For the energy balance, the consumption data of thermal, electrical and 
chemical energy are recorded separately for individual aggregates or process steps.
The data determined in parts A–C is compiled into a data matrix. From this matrix, the 
minimum and maximum values for each mass and energy balance are determined. As such, 
the lowest individual value of the gas yield of all plants recorded is utilised as pessimum 
of the gas production potential and the highest one as optimum. With the help of these 
minimum and maximum values, an energy and/or mass indicator is calculated for each 
process step. Via this indicator it is possible to categorise the results of the energy and/or 
mass balance of the process steps under review and to compare it to results of energy and/
or mass balances of the same process of other plants (part D). Even for the same plant and 
the same process, different energy effi ciencies may be achieved, for instance dependent 
on the current load or quality of the input materials. The processes may feature a different 
"minimal load capability" and may, for instance, become very ineffi cient at a reduced load. 
This is, for example, relevant in the case of a pronounced seasonality in quantity and/or 
quality of the input material. These differences are taken into consideration in the assess-
ment, too. 
Energy and mass indicators are aggregated into a process indicator in a next step. This 
indicator allows for both the comparison of the energy effi ciency of the same process in 
other plants as well as the relative comparison to other processes in the same plant (part E). 
With an analysis, plant-internal optimisation opportunities can be determined on the one 
hand, while, on the other, allowing for comparisons to the same process in different plants.
In a last step, a plant index is determined from the process indicators calculated (part F). 
The plant index allows for the classifi cation of all systems relative to one another, wherein 
the model makes it possible to compare different types of plants (e.g. biowaste ferment-
ation, composting) with one another. The model is designed such that through the utilisa-
tion of the specifi c minimum and maximum values of each energy and mass balance for 
each process step and standardisation is achieved that is independent of the type of plant 
analysed.
Systems with little or a lot of technical equipment remain in detail comparable to one 
another since each individual process step is compared to the same process step in other 
plants. In the calculation of the evaluation index, the lower number of individual plant-spe-
cifi c indicators for smaller or more simple plants is taken into consideration. Depending on 
the scope of the analysis, energy and mass balances of individual parts of the plant may 
be recorded down to individual aggregates and thus may feature a previously unachieved 
acuity and depth of analysis.

The maximum value utilised for the standardisation is a real best practice value that is taken 
from the data matrix, c.f. Figure 82. In the sense of an ideal borderline case consideration, 
the real maximum value for the determination of the energy and mass indicators can be 
replaced by a hypothetical maximum value – determined from theoretical considerations 
and the latest research results. While the latter has not yet been implemented in practice, 
it does allow for an estimation of the best possible progress in the implementation of the 
current state of research.
This method of simulation can also be used for developing a plant with the latest state 
of technology (best practice approach). For this, for each energy and mass indicator the 
maximum value (from the data matrix, c.f. Figure 83) is assumed, from which a maximum 
process indicator and/or plant indicator is calculated. In comparison to this indicator, the 
optimisation potential can be estimated for each plant since the maximum values in the 
case of this simulation consist of real, existing values. However, in the near future the frame 
of consideration can be expanded via the inclusion of currently hypothetical, yet realistically 
achievable energy effi ciency of relevant plant components (state of research). 
Another important option for the utilisation of this model is the optimisation of individual 
plants. With the help of this model it can be determined which plant component features 

Considered PlantPart A:

Processes
e.g. delivery, sorting, fermentation

Part B:

Mass and energy balance of the 
processes

e.g. thermal & electric energy, gas & 
compost production, process & waste water

Part C:

Mass and energy key figures of the 
processes

by means of minimum and maximum values
Part D:

Process key figuers
by means of mass and energy characteristics

Part E:

Plant Index
by means of process keyfigures

Part F:

calculation of

calculation of

calculation of

generation of

subdivided in

Data matrix of existing 
plants

Minimum and maximum values of mass 
and energy balances

e.g. minimum and maximum values: thermal and 
electric energy, gas and compost production, 

process and waste water

Figure 82: Schematic for the determination the plant index (Source: TU Braunschweig)
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the greatest optimisation potential. This is possible because different processes become 
comparable to one another through standardisation. The higher the indicator, the more 
costly and expensive an optimisation of this process will be.

Database e.g. plant X, plant Y

Breakdown of data according the process 
stage and allocation of variables

e.g. delivery = A; fermenter = B; 
gas purifi cation = C

Mass and energy balance of the process 
stages and normalization to 1 MgInput; 
allocation of variables

e.g. water consumption/Mg = α; 
KWel/Mg = β; kWtherm/Mg = γ; 
gas production/Mg = δ

Determination of the min/max-values for 
the mass and energy balances on the 
basis of the overall database

e.g. αmin/αmax; βmin/βmax

Calculation of the corresponding mass 
and energy indicator of the reviewed plant

e.g. αn = (αact – αmin)/(αmax – αmin)
n = variable of the process stage

αact = specifi c actual value of the corresponding plant

act = actual

Calculation of the process key fi gure of 
the corresponding process stage of the 
reviewed plant

e.g. Atot = (αa + βa + γa)/nbalance steps

tot = total

Calculation of the evaluation index (EI) of 
the reviewed plant

e.g. EIx = (Atot + Btot + Ctot)/nprocess stages

Figure 83: Mathematical depiction regarding the calculation of the plant index (both fi gures) 
(Source: TU Braunschweig)

7.3 Determination of the effect of organic fertilisers 
on the humus supply of soils
Doreen Zirkler and Peter Dominik, TU Berlin

Status The method introduced for the determination of the impact 
of organic fertiliser on the humus supply of soils (laboratory 
experiment) is modelled on ISO standard 16072: Soil quality – 
Laboratory methods for determination of microbial soil respir-
ation (2001).

Associated 
standards

ISO 10381-6:1993, Soil Quality – Sampling – Guidance on the 
collection, handling and storage of soil for the assessment of 
aerobic microbial processes in the laboratory
ISO 11274:1998, Soil Quality – Determination of the water 
retention characteristics
ISO 11465, Soil quality – Determination of dry matter and 
water content on mass basis – Gravimetric method
ISO 4796, Laboratory glassware

Area of application 
of the method

Applicable to all organic fertilisers and terrestrial soils. A soil 
with a δ13C signal that differs from that of the fertiliser should 
be selected.

Limitations of the 
method

The plant roots that exist under natural conditions change soil 
chemistry and soil biology, which have an essential infl uence 
on the decomposition of organic matter. This aspect is not 
taken into consideration in the respiration experiment. The 
time span of incubation that is needed until the humus contri-
bution of the fertiliser remains in the soil for longer periods is 
controversial.

Advantages Compared to the VDLUFA method, the respiration method 
has the advantage that the effect of the organic fertiliser on 
the humus supply of soils does not only have to be gained 
from long-term fi eld experiments in which a lot of other factors 
play an important role, too, but can be determined specifi c-
ally for the given fertiliser and the corresponding soil. Further-
more, novel organic fertilisers that have not been listed in the 
VDLUFA position paper so far can also be tested. In compar-
ison to fi eld experiments, the respiration method is time and 
cost saving.

Need for research The method can be improved by the simulation of plant roots. 
Currently, experiments are conducted to test the integration of 
ion exchangers as plant root substitute. Moreover the simu-
lation of root exudates in respiration experiments should be 
developed and investigated. 
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Humus supply plays an important role for the fertility of soils. Humus increases the nutrient 
supply for plants as well as the water storage capacity and aggregate stability of the soil 
(VDLUFA 2004). In crop production, humus decomposition differs depending on agricultural 
measures such as tilling or liming, but also on specifi cs of the type of crop such as soil cover 
duration. In contrast to natural vegetation, biomass is removed from the soil by harvesting. 
This defi cit can be compensated for by returning organic residues such as harvest residues, 
slurry, manure, compost, but also biogas residues to the fi eld.

In case an organic fertiliser provides insuffi cient or too easily degradable organic matter, the 
soil remains undersupplied with humus and the soil fertility decreases. In case it provides 
too much easily degradable and nutrient-rich organic matter, undesirable effects such as 
nutrient leaching or volatilisation (e.g. nitrogen) may occur (ibid). The extent of contribution 
of an organic fertiliser to the humus supply of soils can be tested in a variety of ways.

The VDLUFA method
The objective of the VDLUFA method (2004) is to estimate the organic matter supply of a 
fi eld and to compensate defi cits with organic fertilisers if necessary. The humus balance 
method regards humus dynamics as a balance, i.e., with inputs and outputs. For this, the 
humus demand of different crops and cultivation types is specifi ed in kg humus-C ha-1a-1. 
This value can be positive (humus increasing) or negative (humus depleting). The deriv-
ation of these values was based on long-term tests and expert knowledge (DOMINIK et al. 
2009). A negative value must be compensated for by the humus reproduction of organic 
fertilisers. The corresponding humus reproduction values of various organic fertilisers 
can be found in the VDLUFA position paper as well. They are specifi ed in kg humus-C (t 
substrate wet weight)-1. These humus reproduction values can be used for estimating the 
impact of organic fertilisers on the humus supply of soils. Although suggested by the unit 
(kg Corg*ha-1*a-1), actual changes of the humus reserves cannot be concluded from humus 
balances since the method neither takes local conditions such as type of soil and climate 
into account nor the former land use. Furthermore, changes of humus reserves are not 
linear but tend asymptotically to a new equilibrium. Thus it is possible that a specifi c loca-
tion exhibits decreasing humus reserves, despite a positive humus balance. The VDLUFA 
method cannot be applied to ecological farming. For ecological farming, LEITHOLD & HÜLS-
BERGEN (1998) have developed the humus unit (HU) method. They indicate a higher humus 
depletion for crops than VDLUFA since no mineral N mineral fertilisers are used in ecolo-
gical farming and the N supply for plants must be ensured by the mineralisation of soil 
organic matter (humus). Therefore, the demand for compensating reproduction-effective 
organic fertilisers is higher (FEDERAL ENVIRONMENTAL AGENCY 2008).

Determination in fi eld experiment
TThe most exact method to determine changes of the humus content due to organic 
fertilisers are long-term fi eld experiments. They take all infl uences of agricultural practice 
(such as crop rotation, tilling, sowing, harvest and weather conditions) into consideration. 
In fi eld experiments, different (amounts of) fertilisers are applied to different fi eld plots 
under otherwise identical test conditions, and the changes of humus content are meas-
ured. Since the humus contents of arable soils also vary locally and over time – the annual 

supply and decomposition of harvest residues can account for up to 10 % of the humus 
reserves – the parameter must be measured over many years in order to give reliable 
results about changes of humus content and their direction. In each land use system with 
constant cultivation and climate, an equilibrium between humus supply and decomposition 
will establish for a longer period, i.e. a stable humus content. A quantitative statement 
requires measurements for at least 20–30 years. As a result, this method becomes very 
expensive and is ill-suited for short-term predictions of the effect of novel organic fertilisers 
(such as biogas residues from renewable resources).

Determination in laboratory experiment
In respiration experiments at laboratory scale, the mineralisation time can be shortened 
by setting a temperature that is optimal for microorganisms. The number of days that are 
needed to get the same mineralisation effi ciency as within one year in the fi eld is called 
biological active time (BAT). It can be calculated with the help of the fi ne portion of the 
soil, the annual mean air temperature, and the annual amount of precipitation (FRANKO & 
OELSCHLÄGEL 1995).
In order to detect a priming effect, the soil used for the incubation should have a δ13C signal 
different from that of the organic fertiliser. Soil and fertiliser are mixed with one another, 
adjusted to a water content of 40–60 % of the maximum water holding capacity and fi lled 
into sealable vessels. A smaller open vessel containing a base (potassium hydroxide, KOH) 
(Figure 84) is integrated in these vessels. The CO2 emitted by the soil/fertiliser mixture is 
converted into carbonate ions in the base. The resulting increase in electrical conductivity 
is measured via electrodes installed in the base and converted into emitted CO2. During 
the incubation, the vessels are placed in a water bath at constant temperature and under 
exclusion of light.
If no respirometer is available, the amount of CO2 released can also be determined via 
titration of the base. For this, the CO3

2– is fi rstly precipitated with barium chloride (BaCl2) 
as BaCO3. The rest of the base is titrated to pH 7 with a titration device or manually with 
hydrochloric acid (HCl) after addition of phenolphtalein. The amount of hydroxide ions 
neutralised during the titration in the base of the control (incubated soil without fertiliser) 
is deducted from the amount of hydroxide ions in the base of the soil/fertiliser sample. 
Subsequently, a conversion into CO2 is carried out. 
The shares of soil and fertiliser in the CO2 emission can be gained by the determina-
tion of the δ13C signal of the emitted CO2 in the base and subsequent mixture calcula-
tion. The difference between the C amount of the fertiliser prior to incubation (measured 
by elemental analysis) and the amount of C emitted by the fertiliser corresponds to the 
amount of C added to the soil by the fertiliser. The corresponding humus content is given 
via multiplication with the factor 1.72 (SCHEFFER & SCHACHTSCHABEL 2002). The δ13C analysis 
can furthermore reveal whether the fertiliser is triggering a so-called priming effect, i.e., 
whether the application of the fertiliser leads to a higher amount of mineralised soil C 
than in the control. If a soil with a δ13C signal that differs from that of the fertiliser is not 
available, the sources of the emitted CO2 (soil and biogas residue) cannot be determined 
quantitatively. In this case, the difference between the amount of C emitted by the soil/
fertiliser sample and the amount of C emitted by the control is calculated. The result is 
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fi nally deducted from the C amount of the fertiliser prior to incubation and multiplied with 
the factor 1.72 (see above). Any priming effects occurring cannot be identifi ed this way. 
A problematic aspect of the determination of the effect of organic fertilisers on the humus 
supply is that the mineralisation time required until a fertiliser is no longer decomposed 
quickly but is rather considered as long-term "humus effective" is controversial. It is recom-
mended to include one or two well researched fertilisers (e.g. manure) as reference in the 
experiment for comparability and an approximate classifi cation of the results (DOMINIK et al. 
2009).

7.4 Mass balancing of biogas plants
Jürgen Pröter, Sören Weinrich, Josephine Hofman, DBFZ; Jürgen Kube, Agraferm Technologies AG

With increasing importance of energy production from biogas plants, the requirements 
posed to the description of the biogas process are increasing. In this, also moving into the 
foreground is the estimation of the potential biogas yield that is or can be produced as one 
of the most important criteria for the assessment of a biogas plant.
Different approaches exist in this for the presentation and assessment of the process engin-
eering processes. Mass balancing (material balance), for example, provides the opportunity 
to assess the plant operation in dependence on: the respective amount and composition of 
the substrate used, the process engineering process parameters as well as the metabolic 
activity of the microorganisms involved. In addition to the prediction of the biogas rates or 
the residual gas potentials, the mass balancing therewith also allows for an optimisation of 
the process control and constitutes the foundation for a realistic plant sizing or economics 
calculation of biogas plants.

Figure 84: Example of a measuring cell of a respirometer

A direct, exact and comprehensive mass balancing is practical but often not implementable 
since the measurement of the material fl ows entering and exiting as well as the kinetic 
reactions cannot be realised with justifi able effort or the technical foundations are at times 
missing. Nevertheless, a variety of methods already exist today to estimate the maximum 
biogas potential or the actual biogas yield in real plant operation.
Based on basic considerations, the different methods, options and uncertainties of the 
mass balancing of biogas plants are detailed below.

Fundamentals of mass balancing
In order to be able to create a complete mass balance, a defi ned balance space must be 
specifi ed in the beginning. Within the context of this short introduction, the balance or 
system boundary will encompass only a single reactor, Figure 85. However, in the respective 
application case it is possible to apply the methods described here to a whole plant design 
including the substrate storage or multiple digesters.

The masses fed to the system generally include the substrates and co-substrates utilised 
as well as additional additives (trace elements, enzymes or preparation for binding H2S) 
and water. The biogas generated and the digestate exit the process as discharged masses. 
If a recirculation of digestate takes place, it may be sensible to leave the return within the 
system's boundaries in order to not have to additionally balance the recirculate. In addition 
to the direct transport of substances across the system boundary, the different biochemical 
and physical-chemical conversion reactions of the individual groups of substances have a 
decisive impact on the mass balancing of a biogas plant. 

Based on these fundamental considerations, the general mass balance in the stationary 
operation of a continuous reactor can therefore be formulated to:
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As such, no statements can be made under these conditions about the start-up and shut-
down of a reactor or the dynamic operation at different load levels. 

Figure 85: Mass balancing of a biogas digester (Source: DBFZ)
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Supplied masses

Substrate
The material characterisation of the substrates fed is a core element of the mass balan-
cing of a biogas plant. The different substrates do not solely consist of organic compon-
ents but also contain water as well as inorganic and non-fermentable components. Gasses 
dissolved in the substrate can generally be neglected for a rough mass balance.
Errors in the characterisation of the different substrates therefore primarily occur already at 
the sampling as well as in the determination and interpretation of the individual measure-
ment methods. In this, fundamentally different indicators exist in order to be able to asses 
and balance the different substrates:

Wet weight (WW)
Based on the wet weights (WW) fed and discharged as well as the respective biogas produc-
tion, a meaningful mass balance can already be prepared. Since a lot of the problems for 
substrate characterisation and material conversion listed below are avoided here, the wet 
weight is as such already a robust and sensible indicator for a practise-oriented balancing 
of an industrial-scale biogas plant. 

Volatile solids (VS)
The determination of the volatile solids is carried out based on standardised methods 
(Chapter 3.1). In the case of a high share of highly volatile substrate components, a total 
solids correction according to WEISSBACH must be performed (Chapter 3.2). In addition, 
the volatile solids do contain, for instance, non-fermentable components so that a futher 
estimation of the non-fermentable components is necessary for the calculation of the 
substrate-specifi c biogas potential.

Fermentable volatile solids (FVS)
The fermentable volatile solids (FVS) describe the total solids actually degradable under 
anaerobic conditions and can be calculated for selected substrates in fi rst approximation 
according to WEISSBACH (2008, 2009). Since for the material conversion (biogas production) 
of the substrates also only the actually fermentable substrate components, the estimation of 
the non-fermentable substrate components is a prerequisite for a sensible mass balancing. 
Fundamentally, it is therefore important to further intensify the calculation, interpretation and 
utilisation of this indicator in practice. To date, standardized methods for analytical determin-
ation of the ferementable substrate components under practical conditions are still missing.

Feed analysis (Weender and van Soest analysis)
The feed analysis (c.f. Chapter 2 "Defi nitions" as well as Chapter 4.7–4.12) describes 
the various substrates based on the different composition of carbohydrates (structural 
substances and cell contents), proteins as well as fats and thereby constitutes often the 
basis for a differentiated description of the stoichiometric decomposition pathways of the 
different classes of nutrients. In addition to a reduced comparability of the measuring results 
due to different sample preparation and analytical methods, the assessment of the actually 
fermentable shares of the individual components is of decisive importance here, as well.

Chemical oxygen demand (COD)
The chemical oxygen demand (COD) indicates the amount of oxygen that is needed for the 
complete oxidation of the existing organic compounds of the respective sample. Similar 
to the volatile solids, the COD is a measure for the organic substrate components, but is 
typically utilised for the assessment of highly diluted samples in the area of wastewater 
analysis. During the anaerobic digestion of highly diluted substrates with a high share of 
volatile substances (for instance percolate) it may also be sensible to rely on the chemical 
oxygen demand since obviously no meaningfulness is to be expected here that is based on 
a determination of total solids.

Total carbon (TC)
The total carbon (TC) content describes the sum of the carbon from all inorganic and organic 
compounds of the substrate. In particular, the total organic carbon (TOC) is often utilised, 
similar to the chemical oxygen demand (COD), for the characterisation of the organic substrate 
shares in the area of wastewater analysis. Depending on the substrates and methods util-
ised, it is important to select the analytical parametersto be utilised based on the respective 
advantages and disadvantages with respect to the main objective of the mass balancing. 

Additives
In practice, additives in the form of trace element mixtures, iron preparations or enzymes 
are utilised for stabilisation, desulphurisation or optimisation of the biogas process. Since 
the amount of such preparations utilised are often very small (< 0.1 % of the total substrate 
feed), the proportion of weight within the masses fed can generally be neglected. Rather, 
these additives change the activity and degradation velocity of the microorganisms involved 
and thereby may have a decisive impact on the growth-limiting and/or inhibiting processes 
in the kinetic description of the material conversion processes. 

Water
If additional water is provided to the process in order to ensure the fl ow capacity of the 
substrates fed or of the digester content, it must be included in the balance. In this, the 
mass of water contained in the substrate is already included in the wet weight of the 
substrate fed and can be removed calculatorily based on the respective total solids content 
for the creation of a water balance. 

Discharged masses

Biogas
In the balancing of the amount of biogas produced, a clear defi nition of the measuring point 
as well as of the measuring conditions (temperature and pressure) of the biogas should 
exist. Since moist biogas exits from the reactor, it must be ensured that the gas is dried 
upstream of the measuring site and that the temperature of the gas is measured. Typically, 
the gas temperature will approach the ambient temperature at the measuring site and will 
thereby deviate considerably from the digester temperature. In each case, a correction of 
the measured biogas to standard conditions and – where applicable – to dry biogas (steam 
correction) should be performed (STP).
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From a reaction engineering point of view, a difference may exist between the biogas actu-
ally generated and the gas volume fl ow measured. This different can be traced back to the 
fact that part of the biogas generated exists dissolved in the substrate suspension. As such, 
the concentration of a gas in a liquid phase is directly dependent on the partial pressure 
of the gas and the substance-specifi c Henry constant. The temperature and the content of 
dissolved substances in the liquid also determine the solubility of a gas.

Digestate (fermentation resdiue)
In the characterisation of the digestate it must be taken into consideration that it does not 
consist solely of inorganic substance and water but rather additionally contains non-utilis-
able and non-convertable volatile solids as well as newly formed bacteria biomass. Further-
more, the digestate also contains portions of the generated biogas in dissolved form. The 
mass of the salts contained in the digestate (inorganic VS or ash) corresponds approxim-
ately to the mass of the salts fed. This applies exactly to all heavy metals. In an analysis of 
these substances, the mass of the digestate can be derived in the case of knowledge of 
the mass of substrate fed. Fundamentally, the analytical methods of substrate assessment 
already discussed are available for the characterisation of the different components of a 
digestate.

Material conversion
In addition to the characterisation of the masses fed and discharged, the description of 
the material conversion of the different substrate components is a central element of the 
mass balance. 
In this, the amount of biogas produced is infl uenced both by the biogas (formation) poten-
tial of the substrate utilised as well as the kinetic growth conditions of the microorganisms 
involved so that the determination of both elements is decisive for a realistic mapping of 
the balanced process. But since a comprehensive description of the individual degradation 
pathways and intermediate products is possible only based on elaborate measurement 
methods and kinetic modelling approaches, these scientifi c balancing methods are rarely 
utilised in practice and are furthermore – due to the multi-layered dependencies – not 
usable for generally applicable and practice-oriented process evaluation as part of this 
short introduction.
Nevertheless, in uninhibited and continuous (stationary) reactor operation, simplifi ed 
calculation methods and balancing approaches can also be utilised for a practice-oriented 
process description. Therefore, the differentiated decomposition of individual intermediate 
products is neglected below and only the overall reaction (brutto stoichiometry and kinetics) 
of the organic substrate into biogas is considered. However, in the respective applica-
tion case it must be taken into consideration that individual growth-limiting intermediate 
products or inhibitors may severely inhibit the anaerobic digestion process and thereby may 
severely infl uence or relativize the meaningfulness of the balance.

Stoichiometry (biogas [formation] potential)
The biogas (formation) potential defi nes the biogas yield that maximally can be generated 
in the anaerobic digestion from the substrates utilised and must therefore not be mistaken 

for the actual biogas yield that can be achieved in real plant operation, taking into consider-
ation the respective process conditions (retention time and reaction kinetics).
In principle, the biogas (formation) potential can be determined from experimental batch 
tests (c.f. Chapter 6.2) or otherwise base on stoichiometric calculations. But since the 
different test conditions (inocula/activity of the inoculum) and theoretical considerations 
(model substrates) differ considerably a comparability and/or transparency of the prac-
tical and analytical method does not exist to date. Fundamentally, different stoichiometric 
approaches exist for estimating the biogas potential based on the individual fermentable 
nutrient fractions.

BUSWELL & MÜLLER

The anaerobic degradation of organic model substances can be described "by the simpli-
fi ed" reaction equation (oxidation reaction) of (BUSWELL & MUELLER 1952). Based on the indi-
vidual coeffi cients from the stoichiometric formula of the respective substrate components 
and pure substances, the biogas yield (methane and carbon dioxide) as well as the needed 
water share can be calculated. The bacteria biomass generated is not taken into consider-
ation in this approach.
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BOYLE

Starting from the reaction equation of BUSWELL & MUELLER (1952), BOYLE (1976) expanded the 
stoichiometric equation by the components nitrogen and sulphur. This way, in addition to 
carbon dioxide and methane, the share of ammonia and hydrogen sulphide in the biogas 
(and in solution) can be calculated. Furthermore, the calculation can now also be applied to 
substrate components that contain nitrogen and sulphur such as proteins and amino acids. 
However, the bacteria biomass generated continues to not be taken into consideration in 
this approach.
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MCCARTY

To additionally map the share of the bacteria biomass generated, the reaction equation of 
BOYLE (1976) can be expanded, modelled after MCCARTY (1972) in PAVLOSTATHIS & GIRALDO-GOMEZ 
(1991), by the empirical formula C5H7O2N of biomass. In this, the stoichiometric yield coeffi -
cient α specifi es how much substrate is utilised for the creation of bacteria biomass (Equa-
tion 93).
In addition to the introductory examples, comprehensive stoichiometric balances exist 
which describe the differentiated decomposition of the different intermediate products of 
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anaerobic digestion (ANGELIDAKI et al. 1999; BATSTONE et al. 2002). In this, all methods depend 
on classifying the substrate mixture fed such that the individual substrate components can 
be characterised as close to reality as possible based on stoichiometric formulas, and can 
furthermore also be determined analytically. 
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Due to different model substrates and test methods, a variety of biogas potentials exist in 
the literature for the typical nutrient fractions, Table 23.

Table 23: Biogas (formation) potential of the fermentable nutrient fractions (WEISSBACH 2009)

(WEISSBACH 2009)a (WEILAND 2001)
(VDI GUIDELINE 4630 

2006)b (BASERGA 1998)

Biogas
[L (STP)/kg]

CH4
[%]

Biogas
[L (STP)/kg]

CH4
[%]

Biogas
[L (STP)/kg]

CH4
[%]

Biogas
[L (STP)/kg]

CH4
[%]

Carbo-
hydrates 787–796 50.0–51.1 700–800 50–55 750 50 790 50

Fats 1,340–
1,360 70.5–71.3 1,000–

1,250 68–73 1,390 72 1,250 68

Proteins 714–883 50.9–51.4 600–700 70–75 800 60 700 71

a Calculated for grains and cereals
b … "without taking into consideration the bacterial biomass production from the fermented substrate" (VDI GUIDELINE 4630 2006)

Fundamentally, it is of decisive importance that the whole biogas (formation) potential is 
calculated solely based on the actual amount of fermentable substrate components. In 
this, the calculation utilising the digestion factors from the classic feed(ing) value tables 
often provides very inaccurate results, so that the fermentable substrate components must 
be determined based on the non-fermentable shares according to WEISSBACH (2008, 2009). 
Depending on the stoichiometry utilised, an additional a correction of the biogas potential 
due to additionally produced bacteria biomass must also be performed.

Reaction kinetics
For a comprehensive and differentiated consideration of the microbial growth kinetics in the 
different decomposition stages of the anaerobic digestion, complex model considerations 
are necessary (ANGELIDAKI et al. 1999; BATSTONE et al. 2002). Instead, in the case of a 

disruption-free operation, the biogas yield can also be calculated based on simple fi rst-
order reaction kinetics.
As such, the concentration of any substrate component is obtained in dependence on the 
reaction constant and the respective retention time in continuous and stationary reactor 
operation, in 
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cin Substrate concentration in the input (kg/m3)

k First-order reaction constant (1/d)

HRT Average hydraulic retention time (d)

Depending on the substrates, test conditions and models utilised, a multitude of different 
and at times contradictory kinetic constants exists in literature, so it is important in the 
future to develop a systematic and practice-oriented foundation for the selection and calcu-
lation (identifi cation) of representative kinetic parameters of different substrates and/or 
substrate components. 

Summary
The mass balancing provides a variety of options allowing for the assessment or fore-
casting of the substrate decomposition in a biogas plants. Even if comprehensive model 
approaches are necessary for a complete description of the anaerobic digestion process, 
the methods described above can already be utilised for a meaningful and – more import-
antly – practice-oriented balancing. Using the research regarding substrate assessment by 
WEISSBACH as a starting point, a considerable need for research continues to exist regarding 
the following questions:

 Development of standardised, experimental or analytical methods for the calcu-
lation of fermentable volatile solids (FVS) and individual substrate components

 Development of suitable methods for the characterisation and/or stoichiometric 
description (chemical formula) of practice-relevant and complex substrates

 Comparability of the experimental (batch test) and theoretical (stoichiometry) 
methods of testing the biogas (formation) potential of different substrates

 Impact of different disintegration methods on the biogas potential and degrada-
tion kinetics

 Application of simplifi ed kinetic modelling approaches for the description of 
fundamental reaction engineering and process-engineering processes at labor-
atory scale and transfer (upscaling) to the practical operation of biogas plants

 Experimental test series regarding the identifi cation of kinetic parameters of 
simple decomposition reactions (fi rst-order) of practice-relevant substrates

 Impact and quantifi cation of the activity of the microorganisms involved (inoculum) 
on the meaningfulness and comparability of standardised batch tests based on 
reaction engineering and micro-biological tests
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 Amount and impact of the bacteria mass generated and/or died on the mass 
balancing of a biogas plant

 Impact of the solubility of gas components produced (carbon dioxide)

As such it is important in the future to include these essential approaches through further 
theoretical and practical research in a standardised and practice-oriented mass balancing 
approach in order to allow for an improved and close to reality assessment, optimisation 
and sizing of biogas plants with the help of reaction engineering balancing methods.

Example of a mass balance (WEINRICH 2014)
In conclusion, the principle of a straightforward mass balancing based on a practice-fo-
cused example for the mono fermentation of maize silage in a single-stage biogas plant 
(500 kWel) is presented (WEINRICH 2014). The specifi c substrate characteristics of the maize 
silage utilised correspond to the average analysis values of various analyses at the German 
Biomass Research Centre (DBFZ Deutsches Biomasseforschungszentrum gemeinnützige 
GmbH), Table 24. 
In accordance with common practice, the total solids content of the maize silage is being 
diluted via process water in the form of separated recirculate or fresh water in order to 
ensure the pumpability and stirrability in the digester, Figure 86. 

Table 24: Substrate characteristics of the maize silage utilised for the calculation example (WEISSBACH 2009)

Parameters Symbol Value Unit of measure

Total solids TS 33.5 % WW

Organic dry matter (volatile solids) VS 95.6 % TS

Fermentable organic dry matter/volatile 
solidsa FVS 78.5 % TS

Nitrogen-free extracts NFE 626.1 g/kgTS

Crude fi bre CFI 221 g/kgTS

Crude protein CP 78.8 g/kgTS

Crude fat CF 29.6 g/kgTS

Crude ash CA 44.5 g/kgTS

a Calculated with CA and CFI according to WEISSBACH (2008)

Under the assumption that 5 % of the FVS are incorporated into bacteria biomass, the 
stoichiometric calculations according to BUSWELL & MUELLER for grains and cereals on 
average result in a gas production potential of 809 m³ biogas and 420 m³ methane per t of 
converted FVS (WEISSBACH 2009). The corresponding stoichiometric integration of water into 
the biogas amounts to 11.25 %. Based on the fermentable components of the substrate 
fed, the specifi c conversion of the FVS as well as the resulting amounts and characteristic 
properties of the generated fermentation products (biogas and digestate) in the case of 
stationary plant operation can be calculated unambiguously, Table 25.

As such, straightforward mass balancing provides a variety of options allowing for the 
assessment or forecasting of the substrate decomposition in a biogas plant. Even if 
comprehensive model approaches and measuring scenarios are possible for a detailed 
description of the decomposition processes and intermediate products, the calculation 
methods described here above can already be utilised for a meaningful, robust, and – more 
importantly – practice-oriented balancing.

Table 25: Calculation equations for the mass balancing of biogas plants (WEINRICH 2014)

Options for the calculation of the conversion η of FVS in the biogas process

Biogas yield: η � V��
m� � ∙ TS� ∙ FVS� ∙ Y���

η � TS� ∙ FVS� ∙ Y��� � Y�
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η � k ∙ HRT
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ρ� � m� � ∙ TS� ∙ FVS� ∙ η ∙ Y���

Y� � TS� ∙ FVS� ∙ �1 � η� ∙ �1 � f� � f��
�1 � TS� ∙ FVS� ∙ η ∙ �1 � f� � f��� ∙ ρ� �

TS� ∙ FVS� ∙ �1 � η� ∙ Y���
1 � TS� ∙ FVS� ∙ η ∙ Y��� ∙ ρ�

m� � � m� � ∙ �1 � TS� ∙ FVS� ∙ η ∙ �1 � f� � f��� � m� � ∙ �1 � TS� ∙ FVS� ∙ η ∙ Y��� ∙ ρ��

VS� � oTS� � FVS� ∙ η ∙ �1 � f��
1 � FVS� ∙ η ∙ �1 � f��

TS� � TS� � TS� ∙ FVS� ∙ η ∙ �1 � f��
1 � TS� ∙ FVS� ∙ η ∙ �1 � f� � f��

FVS� � FVS� ∙ �1 � η�
1 � FVS� ∙ η ∙ �1 � f��
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Residual gas potential: � � TS� ∙ FVS� ∙ Y��� � Y�
TS� ∙ FVS� ∙ Y��� ∙ �� � Y� ∙ ρ�� 

 
Reaction kinetics:
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VS in digestate:

η � V��
m� � ∙ TS� ∙ FVS� ∙ Y���
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TS in digestate:
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Figure 86: Calculation scheme of a straightforward mass balancing for the mono fermentation of maize silage 
(WEINRICH 2014)
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