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INTRODUCTION

As energy systems transition toward renewable sources, anaerobic digestion (AD), which can
be used to recover energy from organic substrates, is receiving growing attention. AD research
and practice both rely on biochemical methane potential (BMP) tests to determine the methane
potential of sewage sludge, energy crops and organic wastes (Pearse et al., 2018). In contrast to
continuous reactor experiments, BMP tests are batch, and can be conducted without a major
investment of equipment, labor and time. However, this and other differences limit the applicability
of results from a BMP test to full-scale plant operation. Yet even in the peer-reviewed literature,
BMP test results are not always used appropriately. An example is the determination of synergistic
or antagonistic effects during anaerobic co-digestion in substrate mixtures. A BMP test is a
powerful and useful tool, but it is important to recognize the type of questions that can and
cannot be answered with this experimental setup. Clarification of these issues is the objective of
the present contribution.

DISCUSSION

The idea of a BMP test was first described by Owen et al. (1979). By design, a BMP test
measures “the biodegradability of material subjected to anaerobic treatment” (Owen et al., 1979).
The original approach was further developed and refined afterwards (Angelidaki and Sanders,
2004; Angelidaki et al., 2009; VDLUFA, 2011; Holliger et al., 2016; VDI 4630, 2016; Filer et al.,
2019). Now, four decades later, several companies sell complete automated BMP test equipment,
which led to a widespread use of BMP tests in AD research and practice. For the following
discussion, it is assumed that the BMP test is conducted correctly following the latest guidelines
(Holliger et al., 2016; VDI 4630, 2016).

Whether or not a BMP test is a suitable method depends strongly on the problem statement an
experiment is meant to address. This topic has been discussed before (VDI 4630, 2016) and has
been further developed here.

APPROPRIATE APPLICATIONS OF BMP TESTS

The BMP is the maximum amount of methane that can be recovered from a substrate per mass of
substrate organic matter as volatile solids (VS) or chemical oxygen demand (COD). Determination
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of the BMP of a substrate or a mixture is the most common
reason to conduct a BMP test. Similarly, BMP tests are one
option to measure the impact of a pre-treatment on substrate’s
degradability, although the transferability to continuously
operated systems is questionable (Janke et al., 2019). Providing
optimal conditions for the AD process is key in order to
achieve the highest possible degree of degradation. Therefore,
the conditions applied in a BMP test aim at the best possible
environment for microbial growth. This includes using inoculum
from a well-functioning digester (Raposo et al., 2011), including
a positive control (such as microcrystalline cellulose) to check
the performance of the inoculum (VDLUFA, 2011; Holliger
et al., 2016), choosing a suitable inoculum-to-substrate ratio
(ISR) to avoid both over- or under-loading of the process (Koch
et al., 2019), providing a suitable and constant temperature
combined with a gentle mixing, and removing the oxygen from
the headspace by flushing with an inert gas prior to incubation
(Koch et al., 2015a). Additionally, tests continue until methane
production rate is very low to avoid an underestimation of
the BMP due to only partial degradation of slowly degradable
substrates (Holliger et al., 2016). By definition, the methane yield
achieved in continuous experiments or in full-scale plants should
usually be lower compared to the value obtained in a BMP test
(Holliger et al., 2017). This is implied by the word biochemical
methane potential.

Related to the BMP is the anaerobic biodegradability of a
substrate (Jensen et al., 2011), which is obtained by dividing
the obtained experimental BMP by a corresponding theoretical
value. This theoretical value is usually calculated based on the
stoichiometry of the AD process according to the elemental
composition of the substrate (Buswell and Mueller, 1952).
The elemental composition of a substrate can be either
measured directly or inferred frommacromolecular analysis (e.g.,
carbohydrates, proteins, lipids) or even by a detailed forage
analysis (Van Soest et al., 1991), as it allows to further distinguish
between easily, hardly and non-digestible substrate components
(Angelidaki and Sanders, 2004). For liquid and sludge samples,
the theoretical value can be calculated based on the COD and
the theoretical methane yield of COD, i.e., 0.35 LCH4/gCOD
(Buffiere et al., 2006). Determine the COD of particulate organic
matter is also possible, but difficult (Noguerol-Arias et al.,
2012). These approaches are based on the same principles
of redox chemistry and expected values are identical. For
realistic approximation of anaerobic biodegradability, even
if the organic matter is 100% biodegradable anaerobically,
only about 90% will be transformed into methane since
about 10% will be utilized for microbial biomass production
(Rittmann and McCarty, 2001; VDI 4630, 2016).

BMP tests allow to evaluate the anaerobic degradation of
the substrate, but can only give a first indication for the
degradation kinetics owing to the different operation modes
between BMP tests and continuously operated experiments as
well as due to the sensitivity to ISR and inoculum adaptation.
Obtained kinetic parameters, such as the hydrolysis constant
(khyd), when assuming that the hydrolysis is the rate-limiting
step (Pavlostathis and Giraldo-Gomez, 1991), allow only for
a qualitative assessment of the AD process in a continuous
process. Hydrolysis constants estimated in BMP tests are typically

lower (slower) than those observed in continuous operation.
This can been attributed to the batch operation with a high
initial organic load and the potential necessity of inoculum
acclimation (Batstone et al., 2009; Jensen et al., 2011; Peces
et al., 2018). Hence, for amore precise determination, continuous
experiments are strongly recommended (Weinrich et al., 2018).

Furthermore, BMP tests might be used for the detection of
acute toxicity of an inhibitor present in the substrate or mutually
added. It is of utmost importance to consider the high ratio of
inoculum compared to the substrate, particularly for energy-rich
substances. For microcrystalline cellulose for instance, typically
<10 g of substrate is provided per kg of inoculum (1% on a wet
weight mass basis), showing quite plainly the potentially extreme
dilution effect in BMP tests. Hence, detecting an inhibition
by a substrate in a BMP test already indicates strong acute
toxicity. When testing the inhibitory effect of a mutually added
substance, the final concentration in the assay considering the
addition of inoculum has to be kept in mind. However, inhibition
assays, also known as anaerobic toxicity assays, are the preferred
experimental platform to quantify the toxicity of a compound
on the anaerobic digestion process and the methanogens in
particular (Owen et al., 1979; Astals et al., 2015).

INAPPROPRIATE APPLICATIONS OF BMP
TESTS

Synergistic or antagonistic effects linked to a better nutrient
balance in the anaerobic co-digestion of two or more substrates
cannot be studied using BMP tests (VDI 4630, 2016). When
conducted correctly, co-digestion results in a BMP for the
mixture close to the weighted average of individual substrates
(Koch et al., 2015b; Ebner et al., 2016; Thorin et al., 2018; Kim
et al., 2019). For a BMP test, substrate(s) aremixed with inoculum
at a VS-based ISR between 1 and 4 depending on the expected
degradability of the substrate (Holliger et al., 2016). Particularly
for substrates with a high energy density (i.e., high concentration
of biodegradable VS), the mass fraction of substrate compared
to inoculum (fresh mass basis) may be a few percentages.
A healthy inoculum sourced from a well-functioning digester
typically provides all necessary inorganic nutrients and trace
elements the substrate might lack. Therefore, a change of the
macronutrients (e.g., C/N ratio) or in the concentration of trace
elements in the substrate will only have a negligible impact on the
ratio/concentration in the mixture. A good example of this is the
degradation of cellulose, which is commonly used as a positive
control in BMP tests. Although it is composed of only carbon,
hydrogen and oxygen and lacks nitrogen, phosphorous, and
other essential elements, cellulose is well-degraded in BMP tests.
When apparent synergism or antagonism is found by comparing
different substrate mixtures in BMP tests, it should instead be
taken as an indicator that either the test design and execution was
improper or the inoculum was insufficiently diverse or lacking
some nutrients.

BMP tests are unable to provide information on chronic
toxicity due to a toxicant present in the substrate or added
independently. The reasons are the high proportion of inoculum
in the test mixture as well as the fact that the substance is only
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TABLE 1 | Power and limitations of BMP test. Is a BMP test suitable for the following applications?

YES NO

X Biochemical methane potential (BMP) of a substrate or mixture × Synergistic or antagonistic effects in co-digestion of substrate mixtures, by the

addition of trace elements, etc.

X Anaerobic biodegradability (by dividing the obtained BMP by a theoretical value) × Long-term effects of nutrients or trace elements due to monotonic feeding

X Acute toxicity of an inhibitor present in the substrate or mutually added × Chronic toxicity of an inhibitor present in the substrate or mutually added

X Qualitatively describing the kinetic of the AD process × Methane yield, process stability and achievable organic loading rate in a

continuously operated system

fed once at the beginning of the test. In this mode of operation,
any potential toxicant does not reach steady-state levels in the
mixed liquor over time. While continuous experiments are one
option to study chronic toxicity, repeated re-feeding of the assay
once the stable plateau phase of the methane production is
reached is another one (Patsalou et al., 2019). Also, due to the
short test duration, BMP tests cannot assess the capability of the
anaerobic microbial community to adapt to the inhibitor over
time (Astals et al., 2015).

For a well-functioning AD process, the microbial community
has to be supplied with enough macronutrients and essential
trace elements in a bioavailable form. A monotonic substrate
spectrum can lead to a washout of required trace elements or
to an accumulation of inhibiting or even toxic substances in the
long-term. Effects of washout or accumulation can, logically, only
be observed under a continuous feeding regime and hence, not in
regular BMP tests with one single feeding event at the beginning.
It has to be noted that such effects are potentially detected only
after many hydraulic retentions times (Lebuhn et al., 2008).

Finally, the batch-mode operation of a BMP test also does not
allow any conclusions about the actual (vs. potential) methane
yield, the process stability, the achievable organic loading rate
(OLR) and related to that, the necessary hydraulic retention
time (HRT) in a continuously operated system. By providing
optimal digestion condition, a BMP test is designed to achieve
the maximum possible methane yield of a substrate (i.e., BMP).
Depending on OLR, HRT, digester concept, temperature, etc.,
the methane yield achieved in continuously operated systems is
by definition below the BMP, since this value is the maximum
achievable yield. A higher specific methane yield found in
a continuous experiment compared to the BMP is a clear
indication of improper conditions in the BMP test, such as an
unsuitable inoculum or a too short duration of the test. Similar
to the effects of washout or accumulation discussed above, no
conclusions about the process stability of the AD process in
continuous mode can be based on BMP tests. Typical parameters
for the design of digesters, such as OLR and HRT, can only be
deduced from continuous experiments, simplified mass balances
and reaction models (VDI 4630, 2016; Weinrich et al., 2018) or
from experiences in plants operating under similar conditions.

CONCLUSIONS

BMP tests are a powerful and useful tool in AD research and
practice. They can be applied for the experimental determination

of the BMP of a pure or mixed substrate. Based on the BMP,
the anaerobic biodegradability can be estimated by dividing
the obtained BMP by a theoretical value. Kinetic parameters
achieved from BMP tests allow for a qualitative evaluation of
the process kinetics. While acute toxicity of an inhibitor present
in the substrate or mutually added can be detected in BMP
tests, this is not possible for chronic toxicity. As in contrast to
continuously operator systems, the substrate in a BMP test is only
added once, and owing to the typically high share of inoculum
present in the assay, synergistic or antagonistic occurring in co-
digestion BMP tests can be different from those occurring in
continuous processes. BMP tests cannot be utilized to assess
long-term effects of nutrients or trace elements availability due
to monotonic feeding. Similarly, the methane yield, the process
stability and the achievable organic loading rate in a continuously
operated system cannot be elucidated by BMP tests. A summary
of the power and limitations of BMP tests can be found
in Table 1.
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