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Biomethane potential (BMP) tests are used to determine the amount of methane that
can be produced from organic materials in order to design different components of full-
scale anaerobic digestion (AD) plants such as size of the digesters and units exploiting
the produced biogas. However, little is known on how well BMPs compare with biogas
production from the same organic materials in full-scale installations. In this study, two
AD plants were chosen to carry out such comparisons, a dry AD plant treating green
waste from urban areas and food waste from restaurants and supermarkets, and a
liquid AD plant treating waste sludge from wastewater treatment and seven additional
organic wastes. The BMPs of multiple samples of the individual organic materials col-
lected during a period of 7-9 months were determined. Separate tests of mixtures of
organic materials confirmed that the BMP of the mixtures can be calculated by adding
the BMPs of the individual materials. The weekly methane production during the inves-
tigated periods was calculated from the full-scale installation data on the feeding of the
digesters and the BMPs of each substrate fed into the digesters and compared with the
weekly methane production measured on-site. The latter was calculated from the most
accurately measured entity, either the electricity or the volume of purified biomethane
injected into the grid. The weekly methane production rates calculated from BMPs and
the one measured on-site were very similar and followed the same pattern. Some excep-
tions could be explained by, e.g., an overload of the full-scale installation. The measured
weekly methane production accounted for 94.0 + 6.8 and 89.3 + 5.7% of the calculated
weekly methane production for the wet and dry AD plant, respectively. For 26 out of
29 weeks, the calculated weekly methane production overestimated the measured
one in the case of the wet AD plant and for 37 out of 39 weeks for the dry AD plant.
Based on these results, it is proposed using an extrapolation coefficient of 0.8 to 0.9 to
estimate the methane production of full-scale AD plants from BMPs of the substrates to
be digested and their specific organic loads.
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INTRODUCTION

Biogas from biomass is one of the possibilities of renewable energy
production to reduce greenhouse gas emissions. In Switzerland,
0.29% of the total national energy consumption in the year 2014
was covered by biogas, and biogas corresponded to about 8% of
the total renewable energy production excluding hydropower. In
wastewater treatment plants (WWTPs), biogas production has
been implemented since decades but rather for waste sludge stabi-
lization by anaerobic digestion (AD) than for energy production.
A recent review shows that in the United States of America, little
biogas is utilized for on-site process heat and power production
and most of it is flared (Shen et al., 2015). The situation is different
in Europe (Bodik et al., 2011; Bachmann, 2015). An example is
the WWTP of Bern that was part of the study presented here
and produces more than twice as much energy in the form of
biomethane than energy consumed from the grid (https://www.
arabern.ch/). Such high biogas productions at a WWTP can
only be achieved by co-digestion, i.e., the AD of waste sludge
together with other substrates with higher organic loads (Shen
etal., 2015). Co-digestion has become a hot topic in AD research
which is witnessed by the dramatic increase in the number of
publications on this subject and reviews summarizing the results
of this tremendous amount of work (Mata-Alvarez et al., 2011,
2014). Co-digestion has not only the advantage to increase
the overall biogas production of an AD plant but it also allows
to use substrates that are difficult to digest as single substrate due
to imbalanced nutrient contents, too rapid digestibility leading to
acidification, and presence of inhibitory compounds. Although
synergistic effects can occur in specific cases, co-digestion most
often follows the additivity principle, meaning that as much
methane is produced as the sum of the methane production
with the individual substrates (Astals et al., 2014; Ebner et al,,
2016). However, co-digestion can improve the process kinetics
that allows building AD plants with smaller digesters or using
oversized digesters with non-used capacity more efficiently
(Astals et al., 2014).

In order to have an estimate of the amount of methane that
can be produced with a specific substrate, one can apply the so-
called biomethane potential (BMP) test (Angelidaki et al., 2009).
This test is carried out at laboratory scale and is based on batch
assays where an aliquot of substrate is digested by an appropri-
ate inoculum (Raposo et al., 2012). The BMP is expressed as the
volume of dry methane gas under standard conditions (273.15 K
and 101.33 kPa) per mass of volatile solids (VS) of substrate
added, with the unit NLcus kgvs™. An international interlabo-
ratory test has shown that BMP tests are not yet standardized
enough to obtain consistent results for one and the same substrate
(Raposo et al., 2011). A recently published guideline, which was
the follow-up of an international workshop held in June 2015 in
Leysin, Switzerland, will hopefully help to obtain more robust
and consistent results in the future (Holliger et al., 2016).

Techno-economic assessments of AD plants depend on many
different parameters with the methane production from the
organic materials to be digested as one of the most important
ones (Zamalloa et al., 2011; Dave et al., 2013). The amount of
methane produced has also a significant influence on the design of

the downstream processing of the produced biogas. It influences
for example the choice of cogenerators to produce electricity and
heat, the number, and capacity. But also gas storage and gas puri-
fication systems will be calculated and designed according to the
amount of methane produced. In principle, industry uses three
ways to estimate methane production of full-scale installations.
They either take the methane production published for similar
plants in the case of AD plants that treat a single substrate and for
which it can be expected that its composition is almost the same.
Good examples are plants digesting maize silage. For co-digestion
plants, either pilot studies on laboratory scale with continuous or
semicontinuous systems are carried out, an option that is rarely
applied due to high costs, or the BMPs of the substrates are taken
and the methane production calculated from there. For the latter,
the BMPs are either determined by specialized laboratories on
samples of the substrates to be digested or they are taken from lit-
erature data for similar substrates. The methane production of the
full-scale installation is then calculated by multiplying the BMPs
with the organic loads of the specific substrates. Furthermore, an
extrapolation coeflicient of 0.8-1.0 is often taken into account
without knowing whether the applied coeflicient is justified or
perhaps too high or too low. The coefficient is applied in order to
take in account the differences between a batch and a continuous
process as well as scaling effects.

There are, however, very few studies that investigated the
scaling effect of methane production on specific substrates.
BMPs are normally determined at laboratory scale in batch
reactors, whereas full-scale installations are operated continu-
ously or semicontinuously. In addition, solid substrates are often
homogenized for laboratory BMP tests but in full-scale diges-
tion particle size can reach up to centimeters. A comparison of
methane production from bench- and sub pilot-scale anaerobic
digesters showed that BMPs of feedstock co-digestion mixtures
accurately estimated the range of methane produced from three
100-L plug-flow reactors (Sell et al., 2011). Methane production
in a 300-L semicontinuous reactor was approximately 75-80%
of the one determined in 6-L fed-batch reactors (Ruffino et al.,
2015). Comparison of laboratory scale BMP results with full-
scale biogas production has not yet been reported.

The goal of the present study was therefore to compare the
methane production calculated from BMPs of individual substrates
with the methane produced at the full-scale installation carrying
out co-digestion. Special care was taken to collect representative
samples of the substrates that are co-digested at the two studied
full-scale installations. In addition, the full-scale installation
methane production was determined by using the most reliable
parameter measured at full-scale, either the electricity or the puri-
fied gas injected into the corresponding grid. This also allowed
to propose an extrapolation coefficient that should be used when
calculating the full-scale plant methane production from BMPs.

MATERIALS AND METHODS
Full-Scale AD Plants

Two full-scale AD plants were chosen for the comparison of the
methane production calculated from BMPs of the substrates
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co-digested at the plant and the methane production measured
at the AD plant, one with a dry and the other with a liquid AD
process.

The dry AD plant belongs to the SATOM group, Monthey,
Switzerland, is located at Villeneuve, Switzerland, and is based on
the Kompogas process (Axpo Kompogas AG, Baden, Switzerland).
It is treating green waste collected from households and food
waste from restaurants and supermarkets. These two wastes are
processed separately before digestion. The green waste is chopped
to pieces with a maximal dimension of 10 cm. The food waste is
diluted, crushed, separated from plastic packaging materials, and
stored in a tank. The AD is occurring in the horizontal plug-flow
reactor, at a high solid contents of 25-35%, under thermophilic
conditions (approximately 55°C), and the average retention time
of the material fed is normally at least 15 days. The biogas is used
for co-generation of electricity and heat.

The liquid AD plant is part of the WWTP of the city of Bern
(arabern, Herrenschwanden, Switzerland). It is treating waste
sludge from primary clarification and biofilter backwashing, as
well as seven additional organic wastes from different origins to
increase biogas production. The additional substrates were food
waste, coffee-processing wastewater, whey, oil-fat remover sludge,
industry food waste, slaughterhouse waste fat, and industrial
alcohol. Food wastes are conditioned at an off-site installation
and pretreated to remove remaining undesired materials. The
cosubstrates are stored in several different reservoirs, one of which
is kept at 50°C to ensure good fluidity of fat-containing wastes.
The AD is occurring under mesophilic conditions (approximately
35°C) and the average retention time in the two-stage process is
18-20 days. The produced biogas is purified and injected in the
natural gas grid.

Inoculum and Substrates

The inoculum was collected at a WWTP (ERM, Morges,
Switzerland) that treats its waste sludge by AD under mesophilic
conditions (approximately 35°C). Waste sludge from primary
and secondary clarification is the only substrate of this full-scale
installation; hence no co-digestion is carried out. The inoculum
was taken from the first completely mixed stage of the AD process
a few days before starting BMP tests. It had a total solids (TS)
content of 38.9 + 2.6 g L' and VS content of 22.5 + 1.2 g L™
(n = 26), and produced on average 1,612 + 180 NmLcus L™
inoculum during the different BMP tests that had a duration of
23-49 days. The inoculum was stored on average for 2-3 days
at room temperature in a completely filled and closed plastic
container in the period from sampling to setting in the BMP tests
during which TS, VS, and eventually other parameters (pH, NH,,
and VFA concentration) were determined.

As already mentioned before, only two kinds of substrates are
digested at the dry AD plant in Villeneuve. The green waste was
very heterogeneous and therefore a specific sampling procedure
was applied. Each month of sampling (December 2013, March,
April, May, June, and July 2014), samples were collected on the
full-scale plant during four 4 days (Monday through Thursday).
Each week day, a sample of approximately 1 kg was collected
from the conveyor belt transporting the chopped green waste,
and this was repeated eight times during the day with an interval

of about 1 h. From the 8 kg green waste collected during 1 day,
approximately 1 kg was grinded to 10 mm large particles with
a cutting mill SM 200 (Rentsch GmbH, Haan, Germany) and
stored in a freezer at —20°C until use for BMP tests and other
analysis. Similar to green waste sampling, 1 L of the diluted food
waste was also taken once an hour and all eight samples were
mixed. From these 8 L of food waste, 1 L was stored in the freezer
until use. This resulted in 4 green waste and 4 food waste samples
for each month, and 24 in total for each substrate.

At the WWTP of Bern, the waste sludge was co-digested with
seven additional substrates. Since the substrates were delivered
irregularly, sampling was carried out by the staff of the WWTP
and samples were stored in a freezer at —20°C. Frozen samples
were transported to the laboratory on a regular basis and further
stored frozen until use in BMP tests and analysis. The numbers
of samples analyzed per substrate are indicated in the Results
section.

Microcrystalline cellulose purchased from Sigma-Aldrich was
used as positive control in all BMP tests. It had a TS-VS content
0f 95.1%.

BMP Tests, Data Analysis and
Presentation, and Chemical

Analytical Methods

The BMP tests were carried out using the AMPTS II system from
Bioprocess Control (Lund, Sweden) with some modifications of
the standard procedure proposed by the supplier. Prior to setting
inthe BMP tests, the TS and VS of the inoculum and the substrates
were determined according to standard methods procedures
(APHA 1998). On an irregular basis, pH, ammonium, and vola-
tile fatty acid concentrations of the inoculum were determined,
and depending on the substrate, also for the latter. Ammonium
concentrations were measured using the Merck Ammonium
Spectroquant® test kit 114739 (range 10-2.000 mgmsn L7,
whereas volatile fatty acids were determined by HPLC as previ-
ously described (Gonzalez-Gil and Holliger, 2011).

The 500-mL bottles were filled with either 450 g inoculum for
the blanks or 450 g inoculum plus substrate for the other test
bottles. The inoculum-substrate ratio (ISR) based on VS was in
general 4, only for green waste an ISR of 1 was applied due to the
low BMP of this substrate. The headspace was flushed with a mix-
ture of N, and CO, (60%/40%; v/v) and the bottles closed with the
specific stoppers of the AMPTS II system with the mixing device
included. Test bottles were incubated at 37 + 1°C with intermit-
tent mixing (1 min every 15 min at 80% of maximal speed). The
automatic removal of gas overestimation was inactivated since
the flushing gas was not N, only but a mixture of N; and CO,. The
blanks were carried out in duplicate, the substrates were assayed
in triplicate, and for the positive control only one assay per BMP
test was done. The BMP of the cellulose was 383 & 18 NmLcps gvs™
added for the 23 single-bottle BMPs determined, and all 23
measured BMPs for cellulose were within the range of 85-100%
of the theoretical BMP allowing validation of the BMP test results
(Holliger et al., 2016). The tests were terminated when the daily
methane production was <1% of the total accumulated volume
of methane produced.
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The volume of accumulated methane of the blanks and
substrates that are already normalized for dry gas under standard
conditions (273.15 K and 101.33 kPa) by the AMPTS II are used
to calculate the BMPs of the substrate. The average of the two
blanks is subtracted from the methane gas volume determined
for the three substrate batches to remove background methane
production due to the inoculum. The remaining methane gas
volume was divided by the mass of substrate VS added per batch.
The average of the triplicates represents the BMP of the substrate
which is expressed as NmLcus gvs™'. In order to take the vari-
ability of the replicates into account, the BMP of the substrate was
calculated as follows:

= BMPaverage, subtrate x %/(SDblank )2 + (SDsubstrate )2

BMP,

substrate

Calculation of Methane Production
by Full-Scale AD Plants from BMPs

The weekly methane production was calculated by multiplying
the mass of individual substrate fed into the full-scale digesters
on a weekly basis with the properties of the different substrates
determined in the laboratory. The obtained methane production
of the substrates were added up supposing additivity without
synergistic or inhibitory effects. The methane production was
calculated as follows:

P=QxTS, x VS, x BME,[ Nm},,, week ']

where Q is the mass of substrate fed into the digesters per week
[tons], TS is the total solids content of the substrate [%], VS is
the volatile solids content of the substrate [%], and BMP is the
biomethane potential of the substrate [Nm>cus tys™']. The data on
the mass of substrates fed per week were provided by the opera-
tors of the two full-scale AD plants.

Calculation of Methane Production
Measured by Full-Scale AD Plants

The methane production over the sampling period of approxi-
mately 6 months was calculated on a weekly basis. Although the
biogas production is measured online at the full-scale plants and
the methane content either online or manually, it was not used
directly for the calculation of the methane production due to
the imprecisions of full-scale plant’s instruments. The measured
methane production was compared with the measured energy
equivalents fed into the grids, either as electricity or natural gas
for the study periods since these are measured very accurately by
the companies running the grid systems. The energy equivalents
injected into the grid were transformed into methane produced
by applying a yield of 40% for the co-generation unit and 99%
for the gas purification system, yields that are guaranteed by the
suppliers of electricity and biomethane producing equipment
and confirmed by the operators of the plants. To this volume of
methane calculated from the grid operator data, the volume of
methane flared, which was low but not negligible, was added.
The latter was calculated by multiplying the hours of function-
ing during the 6 months with the nominal flow rate of the flare.
Finally, the two volumes of methane, one measured with on-site
instruments and one calculated from energy selling and flaring,

were compared and resulted in a correction coeflicient which was
then applied to the measured daily methane production. Methane
production and substrate quantities fed into the digesters were
considered on a weekly basis. As the two AD plants are fed con-
tinuously and are operated under stable conditions (as far as it is
possible on full-scale plants), it was assumed that a weekly period
allows to get average representative data.

RESULTS AND DISCUSSION

Additivity of Methane Production

during Co-Digestion

The approach that was chosen to compare laboratory and full-
scale methane production was to study two AD plants carrying
out co-digestion and their different substrates. Since the additiv-
ity of methane production from two or more substrates is subject
of controversy in the field of AD research (Astals et al., 2014;
Ebner et al., 2016), and since BMP tests are based on additivity of
methane production of the inoculum and the substrate, BMP tests
with different mixtures of substrates from the two AD plants were
carried out. Table 1 shows that the 10 co-digestion experiments
resulted in a very similar methane production compared with the
one calculated from BMPs of individual substrates. A Student’s
t-test confirmed that the results have no statistically significant
differences. Based on these results, only the BMPs of individual
substrates were determined and used in this study.

Comparison of Measured and Calculated

Methane Production of the Liquid AD Plant
The waste sludge of the WWTP Bern showed a very stable com-
position, which is reflected in its TS and VS content and the BMP
(Table 2). Waste sludge was in terms of VS fed to the digester the
most important substrate with on average 63.8 + 2.6% of the total
VS fed per week. The BMP of 407 + 22 NLcus kgvs™ determined
for the waste sludge was similar to the BMP reported in another
study (Zhu et al, 2011) and about one-third higher than the
BMPs reported elsewhere (Davidsson et al., 2008; Luostarinen
et al., 2009).

Food waste, slaughterhouse waste fat, and industrial alcohol
were the most regularly fed cosubstrates at the WWTP Bern
and accounted for 22.8 + 2.1, 5.2 + 0.8, and 4.4 + 1.5% of the
total VS fed per week, respectively (Table 2). The composition of
these cosubstrates was similar to waste sludge also quite stable.
The BMPs of food waste were in the order of magnitude of other
studies (Davidsson et al., 2007; Zhang et al., 2007; Browne and
Murphy, 2013), whereas the BMP of slaughterhouse waste fat
was rather low for a substrate that should be dominated by lipids
(Davidsson et al., 2008; Zhu et al., 2011). The industrial alcohol
BMP was very close to the theoretical value for ethanol which is
832 NLCH4 kgvsfl.

The other four cosubstrates were fed in smaller quantities and
had, for some of them, a quite varying composition reflected by
their TS content but also their BMP as it was the case for oil-fat
remover sludge (Table 2). The BMP of oil-fat remover sludge was
lower compared with other studies reporting BMPs for grease trap
waste that were between 850 and 1,000 NLcy, gvs™ (Davidsson
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TABLE 1 | Measured and calculated biomethane potentials (BMPs) of two-substrate mixtures.

Substrate 1 Substrate 2

Substrate ratio,* %-%

BMP measured (NLcns kgvs™) BMP calculated® (NLcus kgvs~)

Substrates of wastewater treatment plant Bern

Waste sludge Food waste 50-50 389.9 + 4.3 390.1 + 6.7
Waste sludge Food waste 75-25 413.7 £ 8.6 4289+ 17.3
Waste sludge Slaughterhouse waste fat 50-50 499.9 + 8.2 501.6 +11.9
Slaughterhouse waste fat Waste alcohol 50-50 682.6 + 9.6 690.2 + 6.0
Oil-fat remover sludge Waste alcohol 50-50 7475+ 125 723.3 +19.9
Qil-fat remover sludge Food waste 50-50 586.7 + 25.1 579.5 + 36.1
Coffee wastewater Waste alcohol 50-50 604.2 + 6.8 588.1 + 18.5
Substrates of dry anaerobic digestion plant Villeneuve
Urban green waste Food waste 50-50 382.9 +17.7 337.7 +£31.4
Urban green waste Food waste 70-30 254.8 + 14.7 248.1 + 23.6
Urban green waste Food waste 25-75 522.0 + 14.7 526.1 + 156.1
aThe substrate ratio is based on g VS added to batch assay.
bThe calculated BMP was obtained by adding up the methane produced from added substrate VS based on BMPs determined for individual substrates.
TABLE 2 | Characteristics of substrates that were co-digested at the wastewater treatment plant Bern.
Substrate # of # of biomethane potential TS (%) VS (%) BMP BMP VS fed/week®
samples® (BMP) tests® (NLchs kgvs™) (NLcha kguw™)° (% of total VS)
Waste sludge 8 3 3.7+04 742+1.8 407 £ 22 M1x11 63.8 + 2.6
Food waste 9 5 16.0+23 90.7 +2.0 519+ 29 70.4 +12.9 228+ 21
Slaughterhouse waste fat 9 3 35.3+5.0 90.7 +1.5 639 + 48 205 + 34 52+0.8
Industrial alcohol® 7 2 52.0+ 3.8 820 + 32 427 + 38 44+15
Coffee-processing 6 5 3.3+19 96.4 +2.5 459 + 52 154 +£10.4 1.8+0.9
wastewater
Oil-fat remover sludge 7 4 41+20 90.3+9.5 688 + 124 26.0 +14.8 09+04
Whey 3 1 77 +24 51.4+22 526 + 19 209+6.6 0.8+0.6
Industry food waste 3 1 1.7+0.3 97.0+1.0 499 + 43 82+14 0.2+0.1

aSamples of the different substrates were taken upon delivery which often happened on an irregular basis. Samples were stored in a freezer at —20°C.
bThe BMPs of the different samples were determined in multiple independent BMP tests with the exception of whey and industry food waste where the BMPs were analyzed in only

one test run due to the limited number of available samples.

°This BMP was used for the calculation of the methane production from the substrates fed into the digesters in their wet form; ww, wet weight.
9This is the average over the study period of 29 weeks. The first four substrates were fed on a very reqular basis, the other four quite irregularly.
¢The ethanol content was estimated by weighing a specific volume of the industrial alcohol and using the densities of pure water and ethanol.

etal.,2008; Zhu etal., 2011), whereas the BMP of whey was higher
(Ergtider et al., 2001).

The total mass of substrate fed to the full-scale digesters of
the WWTP was on average 5,253 + 279 t per week during the
study period of 29 weeks. This resulted in a residence time of
18-20 days, which is rather short for AD at a WWTP. The
cosubstrates accounted for 11.6 + 1.7% of the total mass fed per
week. The total mass of VS fed per week was 200.3 + 10.8 t and
the cosubstrates accounted for 36.3 + 2.2% of the VS fed. The
methane production calculated from the mass fed per week and
the BMPs of the individual substrates are depicted in Figure 1A.
The methane production varied between 82,067 and 104,576 m’
per week and was on average 92,860 m® per week. In total,
2,750,886 m* of methane were produced during the study period
of 29 weeks. The cosubstrates accounted for 44% of the methane
produced and on average 463.5 + 5.3 NLcus kgvs™ was produced.

As described above, the methane production of the WWTP
digesters was calculated from the on-site measured volume of
biogas produced, the biomethane that was injected into the grid,
and the flared surplus biogas. The flare was used on 38 days and
in total 2.3% of the methane produced was flared. The measured
methane production ranged from 69,721 to 100,930 m?® per week

(Figure 1A) and was on average 87,247 m’ per week. The total
methane production during 29 weeks was 2,569,907 m® and on
average 435.7 + 31.9 NLcuy kgvs™" was produced.

All these numbers indicated that the methane production
calculated from BMPs of individual substrates slightly overesti-
mated the methane production produced in the full-scale instal-
lation. The latter accounted for 93.1% of the calculated methane
production when taking the total production during 29 weeks
into account. Figure 1B shows that for 26 out of 29 weeks the
calculated methane production overestimated the measured
one that accounted on average for 94.0 + 6.8% of the calculated
methane production.

Comparison of Measured and Calculated

Methane Production of the Dry AD Plant

Green waste was the major substrate of the dry AD plant. The TS
content of the waste collected from December to July decreased,
indicating that the green waste was more humid in spring and
summer (Table 3). VS content was rather stable during the period
of study. The different seasonal composition is in agreement with
another study that investigated composting of bio-waste collected
during spring, summer, autumn, and winter (Hanc et al., 2016).
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FIGURE 1 | Weekly methane production at the wet anaerobic digestion plant over a period of 29 weeks. (A) Weekly methane production calculated from
biomethane potentials of substrates and weekly organic loads (light and dark gray surfaces) and measured at the plant (black line). (B) Relative difference between

week in 2014

The difference in green waste composition results apparently also
in an organic fraction better amenable to anaerobic degradation
since the BMP steadily increased and was more than double for
waste of June and July compared with winter waste (Table 3).

The food waste came from restaurants and supermarkets.
It was first processed to remove non-biodegradable materials
(mainly plastics), which implied a dilution with rather undefined
volumes of water resulting in a varying TS content from one
sample to another. For further calculations, it was decided to
consider the average TS. The food waste had a high VS content
and the BMP was on average about three times higher than
the BMP of green waste (Table 3). Green waste and food waste
accounted for 76.3 + 5.7 and 23.7 & 5.7% of the VS fed per week,
respectively.

The total mass of substrate fed to the full-scale digesters of
dry AD plant was 4810 t VS during the study period of 39 weeks.
However, in contrast to the liquid AD plant, the organic load
per week varied considerably due to seasonal production of

green waste. It increased from 66.5 t VS per week during the first
12 weeks to 110.7 t during the last 12 weeks for green waste. The
food waste accounted for 22.3% of the total mass fed and showed
no seasonal pattern. The mass of VS originating from centrifuga-
tion liquid varied considerably and ranged from 0.3 to 10.7% of
VS fed per week with an average 4.2 + 2.8%. The methane produc-
tion calculated from the mass fed per week and the BMPs of the
individual substrates are depicted in Figure 2A. The methane
production varied between 21,572 and 43,975 m?® per week and
was on average 24,846 m’ per week for the months December
to February, 34,447 m® per week for the months March to May,
and 37,371 m’ per week for the months June to August. In total,
1,234,193 m® of methane were produced during the study period
of 39 weeks. The food waste accounted for 50% of the methane
produced and on average 259.7 + 22.3 NLcus kgvs™ was produced
on the mixture of the two main substrates.

For the dry AD plant, the methane production was calculated
from the electricity that was injected into the grid and the flared
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TABLE 3 | Characteristics of substrates that were co-digested at the dry anaerobic digestion plant Villeneuve.

Substrate? # of samples # of Biomethane Total solids (TS) (%) Volatile solids (VS) (%) BMP (NLcus kgvs™') BMP (NLcus kGuw™')°
potential (BMP) tests®

Green waste—December 4 1 425+1.7 72.5+0.8 103 + 12 31.7+3.9
Green waste—March 4 1 431 +£2.4 741+ 24 147 +12 47.0+ 3.6
Green waste—April 4 1 46.8+7.3 67.8 + 3.9 156 + 44 473 +7.0
Green waste—May 4 1 33.6 +2.0 67.7 +1.7 207 + 55 46.3 +10.4
Green waste—June 4 1 38.1+28 70.3+1.1 235+ 13 62.9+3.8
Green waste—July 4 1 30.2+1.7 716+1.8 227 +9 491 +4.4
Food waste 24 6 166 +£2.5 91.1+20 595 + 34 88.2 +15.9
Centrifugation liquid 5 4 124+28 547 +4.2 91.8 +28.1 6.2+19

aDue to the seasonal pattern of BMPs of green wastes, the results of the different months are presented separately. BMPs of food waste samples did not show a seasonal pattern
and are presented as average of all 24 samples analyzed.

bThe BMPs of the monthly green waste samples were determined in one BMP test run, whereas the 24 food waste samples were determined in six independent BMP tests.

¢This BMP was used for the calculation of the methane production from the substrates fed into the digesters in their wet form; ww, wet weight.
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FIGURE 2 | Weekly methane production at the dry anaerobic digestion plant over a period of 39 weeks. (A) Weekly methane production calculated from
biomethane potentials of substrates and weekly organic loads (light and dark gray surfaces) and measured at the plant (black line). (B) Relative difference between
measured and calculated methane production.

surplus gas. The flare was used very regularly and in total, 16.8%  to February, 29,321 m’ per week for the months March to May,
of the methane produced was flared. The measured methane pro-  and 30,273 m? per week for the months June to August. The total
duction ranged from 18,509 to 34,126 m® per week (Figure 2A)  methane production during 39 weeks was 1,070,549 m*® and on
and was on average 22,756 m’ per week for the months December ~ average 224.2 + 24.5 NLcy, kgvs™ was produced.
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As it was the case for the data of the liquid AD plant, all these
numbers indicated that the methane production calculated from
BMPs of individual substrates overestimated the methane pro-
duced in the full-scale dry AD installation. The latter accounted
for 86.7% of the calculated methane production when taking the
total production during 39 weeks into account. Figure 2B shows
that for 37 out of 39 weeks the calculated methane production
overestimated the measured methane production that accounted
on average for 86.3 + 8.1% of the calculated one. However, the
organic loads applied during weeks 16-18 and 29-33 indicated an
overload of the digesters which resulted in an incomplete degra-
dation of the substrates fed. Therefore, the overestimation of the
potential methane production based on BMPs was even higher
during these periods and biased by this incomplete degradation
due to the overload of the system. If the data of these periods
were not taken into account, the measured methane production
accounted for 89.3 + 5.7% of the calculated one. For the weeks
with overload, the measured methane production only accounted
for 74.6 + 4.9% of the calculated one.

Scale Effect of AD of Substrates Used in
Co-Digestion

Several studies addressed the question of scale effects of AD by
comparing batch experiments at about the 1-L scale with pilot-
scale reactors operated in semi- and continuous mode. When
examining the relationship between results obtained with BMP
tests and sub pilot-scale reactors (100-L), it was concluded that
BMPs of feedstock co-digestion mixtures could quite accurately
estimate the range of methane produced by three 100-L plug-flow
reactors (Sell et al., 2011). In this study, the BMP of the substrate
mixture varied significantly and the BMPs were used to define the
maximum and minimum BMP-predicted, daily methane produc-
tion which have been approximately 80 and 40 Lcus day™. The
daily methane production of the three 100-L plug-flow reactors
remained within these limits. This means, however, that the daily
methane production could not be predicted more accurately than
within a range of a factor of 2. Other studies obtained similar
results as the present study. Comparing BMPs of different types of
tannery waste (fleshings, skin trimmings, and wastewater sludge)
with methane production of reactors operated semicontinu-
ously showed that the latter produced 79-93% of the methane
calculated from the BMPs of the individual substrates (Zupancic
and Jemec, 2010). Mixing solid and liquid food waste resulted in
methane yields obtained in semicontinuously operated reactors
that were between 60 and 80% of the yields obtained with batch
tests (Zhang et al., 2013). Methane yields obtained with a 300-L
pilot-scale reactor was approximately 80% of that obtained from
the smaller scale test (Ruffino et al., 2015). Small differences
between BMPs and methane yields obtained with a 1700-L fer-
menter were observed for wastes from macroalgae processed for
biofuel, pharmaceutical, or food industries (Barbot et al., 2015).
Overall these different studies indicate that batch tests provide a
good estimate of the methane yield that can be obtained at larger
scale, however, in general with a slight overestimation.

The present study compared BMPs determined at laboratory
scale in 500-mL batch reactors with methane production obtained
in full-scale installations. For both installations with wet or dry
AD, the weekly methane production was in general overestimated
by about 10%. For the wet AD installation, the overestimation was
on average 6.0 + 6.8%, for the dry AD process it was 10.6 + 5.8%
when excluding periods with organic overload. Hence, this is in
line with the results of the studies comparing BMPs with methane
yields of pilot-scale reactors.

The slightly higher overestimation for the dry AD process is
probably due to its quite different conditions compared to the
batch tests. The full-scale digester is a plug-flow type reactor oper-
ated with a TS content of around 25% and a substrate particle
size of several centimeters. The batch tests are carried out with
approximately 5% TS in a completely mixed vessel with substrate
particle sizes below 10 mm.

CONCLUSION

This study showed that the methane production calculated from
BMPs of the digested substrates and their specific organic loads
compared well with the methane production measured on site,
however with a clear tendency of overestimation of the latter. For
the two AD plants, the measured weekly methane production was
significantly lower than the calculated methane production for 26
out of 29 and 37 out of 39 weeks, respectively, and it accounted for
94.0 + 6.8 and 89.3 + 5.7% of the calculated methane production.
Based on these results, we concluded that BMPs can be used to
estimate with confidence the methane production for the design
and operation of full-scale installations if the substrates are well
characterized and do not lack any nutrients, and if the operating
parameters are adapted to the substrates and the AD process.
However, an extrapolation coefficient of at least 0.8-0.9 should
be applied to avoid overestimating the methane production and
the corresponding techno-economic potential of the planned AD
plant.
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