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Abstract: The objectives of this study were to: (1) quantify differences in biochemical methane
potential (BMP) measured using three measurement methods, including two popular methods
(a commercial automated system (AMPTS II) and manual manometric) and one newer method
(gravimetric), and (2) assess the importance of the mixing position in the measurement sequence.
Powdered microcrystalline cellulose was used as the substrate in simultaneous tests. All methods
gave similar results (<8% difference in the mean BMP) and were reasonably accurate (recovery of
80–86% of the theoretical maximum BMP). Manometric BMP values were consistently lower than
gravimetric by 4–5%. Precision was lower for the automated method (relative standard deviation
(RSD) of about 7%) than for the manual methods (RSD about 1–3%). Mixing after biogas measurement
resulted in 3% higher BMP for both manual methods than mixing before, due to the lower measured
CH4 production from blanks. This effect may be linked to a fraction of CH4 that remains dissolved or
even as attached bubbles, and suggests that mixing before measurement is preferable. The automated
volumetric and gravimetric methods (mode 2) gave very similar mean BMP values (1% different).
However, kinetic analysis showed that methane production was faster with the automated volumetric
method. This could come from an error in the estimation of the CH4 production rate for the automated
method, or an increase in the degradation rate due to better mixing. Both automatic volumetric and
manual gravimetric measurements met current validation criteria for mean cellulose BMP, but the
RSD from the automated system exceeded the limit.

Keywords: biochemical methane potential; biomethane potential; anaerobic digestion; batch assays;
biogas production; volumetric method; manometric method; gravimetric method; method comparison

1. Introduction

Anaerobic digestion is a common technology for organic waste treatment. It produces biogas
and digestate (used as fertilizer) from agricultural, municipal, and industrial wastes. Biogas, which is
mainly composed of CH4 and CO2, represents an important source for renewable energy recovered
from waste. In Europe, an increasing trend in biogas production has been observed in the past decades:
From 92 PJ biogas produced in 2000 to 654 PJ in 2015 [1].

The biochemical methane potential (BMP) is the maximum CH4 yield for a specific substrate,
usually measured in batch laboratory tests. It is expressed in mL CH4 under standard temperature and
pressure (STP) conditions (0 ◦C, 1 atm) per amount of organic material added (volatile solids (VS) or
chemical oxygen demand (COD) basis). BMP is widely used for research but also for the design and
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management of anaerobic digestion plants (with all necessary precautions [2]). BMP tests have thus
been considered a key issue for several years [3,4].

Even though some guidelines were published since 2006 [3,5,6] and different interlaboratory tests
have been performed, there is no standard method for BMP measurement [7]. Variability in BMP
measured by different methods in different laboratories is a significant problem, as shown by round
robin tests [6,8,9]. Various explanations for the observed differences have been proposed, including
measurement errors and differences among inocula, as recently reviewed [6,10–12]. A recent large
interlaboratory study found evidence that differences among measurement methods are important [6].
Therefore, learning more about differences between measurement methods could lead to improvements
in BMP standardization, and this was the focus of the current paper.

Indeed, several techniques can be used. The most common methods to date are the manometric
and the volumetric methods [13–15]. More recently, a gravimetric method has also been successfully
proposed [16,17]. The manometric method is based on measurement of the headspace pressure and
composition as biogas accumulates within a constant headspace volume. Caution must be paid to
venting regularly in order to prevent high pressure, which could affect the results [18]. On the other
hand, in volumetric methods, the biogas volume is typically measured at constant (or nearly constant)
pressure [13,14]. The gravimetric method is based on the measurement of the mass loss as a result of
biogas removal. In this case, the biogas produced is vented at the end of each incubation interval and
the bottle is weighed afterwards [16].

As indicated by Himanshu et al. [19], manometric methods can be influenced by differences in
the headspace volume in the incubation bottle and/or by the frequency of pressure release associated
with the overhead pressure measurement. Leakage could contribute to negative bias in any method
where biogas accumulates under pressure, including manual manometric and most manual volumetric
methods, but is generally assumed to be insignificant. However, leakage can be measured by mass loss
during incubation, and has been found to be related to high headspace pressure, insufficient septa,
or a large number of needle punctures [18]. There is evidence that manometric measurements may
be negatively biased, even in the absence of leakage, and this error is exacerbated by low headspace
volumes [18].

In addition, mixing conditions may also affect the amount of methane trapped in the liquid phase.
Equilibrium calculations have shown that volatilization of dissolved methane during bottle venting
may make a significant contribution to bias in manometric measurements [18]. As demonstrated by
Pauss et al. [20], overconcentration of methane by a factor 10 (or higher) compared to equilibrium
values is possible, which could contribute to even larger effects. Under BMP conditions, this could
explain some of the variability and the importance of mixing conditions.

Mixing effects on BMP have been studied by Kaparaju et al. [21], who indicated that gentle
(35 times per minute) or minimal mixing (10 min mixing before feeding) was advantageous compared
to vigorous mixing (110 times per minute) for manure AD at 55 ◦C: A persistence of propionate
was noted during vigorous mixing, possible because of the disruption of syntrophic association.
Additionally, Wang et al. [22] showed that the degree of mixing strongly affected BMP of wastewater
sludge measured with an automated volumetric system but did not clearly affect microcrystalline
cellulose. Current BMP guidelines [5] suggest that static incubation without any mixing should be
avoided. However, if continuous mixing is applied, it should be gentle. Manual mixing once a day to
avoid a floating layer is thought to be sufficient [5].

To date, there are still many questions about the influence of the measurement technique on the
BMP value because in most cases, several other sources of variability can interfere [6]. The objectives
of this study were to: (1) quantify differences in BMP measured using three measurement methods,
including two popular methods (the Automatic Methane Potential Test System (AMPTS II) produced
by Bioprocess Control (Lund, Sweden) and a manual manometric method) and one newer method
(gravimetric), and (2) assess the importance of the mixing position in the measurement sequence.
Experiments were designed to eliminate much of the other sources of variability that may affect BMP.
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2. Materials and Methods

Microcrystalline cellulose was used as the substrate for the BMP tests by two manual measurement
methods: manometric and gravimetric, and one automated system: AMPTS II. For the manual methods,
two mixing modes (mixing before or after venting bottles) were compared.

2.1. General Setup of BMP Experiments

Powdered microcrystalline cellulose was Sigmacell® S3504-500G (Merck KGaA, Darmstadt,
Germany). The anaerobic inoculum was digested sludge provided by a nearby wastewater treatment
plant (La Feyssine WWTP, Lyon, France). It was stored for 1 week in a temperature-controlled chamber
(35 ± 1 ◦C) in a loosely capped bottle. The substrate-to-inoculum ratio (S:I) was 0.5 on a VS basis.
Substrate and inoculum total solids (TS) and VS values are given in Table 1. Tap water was added to
bring the volume of reacting material up to around 30% of the bottle volume. The total VS concentration
in each bottle was 20 g/L. After adding contents, a mix of 80% N2 and 20% CO2 was used for flushing
the headspace (1 L/min-2 min per bottle). The tests were stopped when the daily net CH4 production
(or net CH4 production rate in mL/d) was lower than 1% of cumulative CH4 production during 3
consecutive days [6], with the exception of a single AMPTS II bottle, which had the requisite rate for
only 2 days. The daily CH4 production rate was calculated from the difference between the net CH4

production among two points divided by the number of days separating the two measuring points.

Table 1. TS and VS values of cellulose and inoculum expressed in percentage of total mass (mean and
standard deviation, n = 3).

TS (%) VS (%)

Cellulose 93.4 ± 0.19 93.3 ± 0.20
Inoculum 3.13 ± 0.03 2.11 ± 0.04

All BMP tests were carried out simultaneously by the same operator, with the same inoculum, the
same tap water, and in the same temperature-controlled incubation chamber. Therefore, the results
were not affected by differences in some of the other factors that presumably contribute to variability
in interlaboratory studies [2].

2.2. Manual BMP Measurement

Manometric and gravimetric methods were applied using the same sets of bottles (i.e., for each
bottle, both types of measurements were carried out). Here, 1-L glass bottles and 5 replicates for the
inoculum (inoculum + tap water) and substrate bottles (inoculum + tap water + substrate) were used
for each test. For mixing mode 1, the respective averages and range were 221.48 ± 6.94 g of inoculum,
2.34 ± 0.07 g of cellulose, and 123.28 ± 1.35 g of tap water; for mixing mode 2, 216.49 ± 4.66 g for
inoculum, 2.32 ± 0.04 g for cellulose, and 122.24 ± 1.52 g of tap water. Butyl rubber septa (Gravis
Plasma, 40 mm diameter) and screw tops were used to seal bottles, and 30 gauge needles (Microlance™
3, 0.3 × 13 mm) were used for pressure measurement and the removal of biogas samples. Biogas
production was measured over about 10 intervals during the tests, which lasted 26 days.

The two mixing modes, differing only in the relative position of the mixing step, were applied
in two separate BMP tests run in parallel (Figure 1). In both cases, mixing was done by swirling
bottles (and not shaking) to avoid contamination of the bottle septa and subsequent loss of the reacting
material [16]. Measurements were carried out inside the same chambers that were used for incubation.
The procedure for mixing mode 1 was:

1. Measure the headspace pressure and note the chamber temperature;
2. Collect biogas sample for gas composition;
3. Vent the headspace and measure the new headspace pressure;
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4. Weigh the bottle; and
5. Mix the bottle contents by manual swirling for 5 s;
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Figure 1. Sequence of steps used in the manometric and gravimetric tests for mixing modes 1 and 2.

For mixing mode 2, the mixing stage was placed at the beginning of each sampling event. The steps
were:

1. Mix the bottle contents by manually swirling for 5 s;
2. Measure the headspace pressure and note the chamber temperature;
3. Collect biogas sample for gas composition;
4. Release pressure and measure the new headspace pressure; and
5. Weigh the bottle.

The principle of the manometric method is to measure the increase in pressure resulting from
biogas production in discrete time intervals. After each measurement, excess biogas was vented, and
the pressure was measured again. Venting was done frequently enough to maintain the headspace
pressure below 1800 mbar to prevent biogas leaks [18].

Biogas and CH4 production was calculated from the pre- and post-venting pressure and the
measured chamber temperature (about 35 ◦C) following the steps described for method 2 in Hafner
et al. [23]. In this method, the biogas CH4 concentration is not normalized by the sum of CH4 and
CO2, but instead CH4 in the vented biogas and residual headspace are both calculated and summed
for total CH4 production. See [23] for more details. The headspace volume was estimated from the
total volume and the mass of added material, assuming a density of 1.0 g/mL. Headspace biogas was
assumed to be saturated with water vapor both before and after venting.

For the gravimetric method, bottles were weighed after setting up and headspace flushing and
then after each venting event [16]. Biogas and CH4 production for each interval were calculated from
the mass loss and biogas composition following the steps for method 2 in Hafner et al. [24]. In this
approach, CH4 includes both vented and residual headspace components. For the calculation of
density, biogas was assumed to be a mixture of CH4, CO2, N2, and H2O.

In addition to the BMP values, kinetic information was extracted from each test. For each replicate,
a first-order model was fitted to the net cumulative specific methane production (SMP) (with inoculum
contribution subtracted) obtained from cellulose using the ExcelTM solver with the least-squares
method. The resulting model equation was:

VCH4(t) = B0 × (1− e(−k·(t−λ))),

where VCH4(t) is the SMP at time t, (mLCH4/gVS, STP), B0 the ultimate methane production (mLCH4/gVS,
STP), k the reaction rate constant (d−1), and λ the lag phase (d).
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2.3. AMPTS II Measurements

The AMPTS II system [25] provides automated measurement of ultra-low biogas flow using
tipping buckets. The device supports 15 bottles of 500 mL (Figure 2a), but in this study, only six bottles
were used: Three for blanks (inoculum + tap water) and three for substrate (inoculum + tap water +

substrate). Each bottle was connected by Tygon tubing to a carbon dioxide trap (Figure 2b), which is a
bottle filled with a sodium hydroxide solution (absorption efficiency estimated > 98% in earlier tests).
For the CH4 volume measurement, a flow cell array (Figure 2c), thanks to liquid displacement and
buoyancy, gives back the CH4 produced during the experiment. The measured volume is automatically
converted to STP conditions using pressure and temperature measurements made by the system. The
bottles were filled with the same substrate, the same inoculum, and the same tap water under similar
conditions to the other tests with a total volume of ca. 450 mL (the respective averages and range were
151.30 ± 0.85 g of inoculum, 1.66 ± 0.02 g of cellulose, and 302.81 ± 2.06 g of tap water). The AMPTS II
test was performed simultaneously with all other tests.
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2.4. Analytical Methods

The inoculum and substrate (cellulose) were analyzed for total and volatile solids content. Samples
were placed in an oven at 105 ◦C for 48 h to measure total solids (TSs), followed by 4 h of calcination
at 550 ◦C to measure volatile solids (VS) [26]. Headspace pressure was measured with a precision
electronic manometer (Digitron 2025P7: 0–2 bar absolute operating range, accuracy: ±5.8 mbar
operating temperature: −10 ◦C to 50 ◦C). Bottle mass loss was measured with an OHAUS Pioneer
precision balance (readability: 0.01 g, linearity (accuracy): ±0.02 g, repeatability: 0.01 g, stabilization
time: 1 s, capacity: 4200 g, pan size: Ø = 180 mm). Prior to each measurement event, a balance
check was carried out using a bottle filled with water, which was never opened or vented. Results
were always within the stated accuracy of 0.02 g. The biogas composition was measured using an
Agilent 3000 micro gas chromatography with a thermal conductivity detector (GC-TCD). Two columns
(Molsieve 5A, 14 m length, pore size: 5 Å; and PoraPlotA, 10 m length, 0.320 mm ID) were used as
stationary phases for GC-TCD, with argon and helium as the carrier gases, respectively. The following
compounds were measured: H2, CO2, CH4, O2, N2, and H2S. Calibration was performed for each gas
with a standard gas mixture.

2.5. Data Analysis

Both BMP and SMP were calculated as described previously [27]. Calculation of the relative
standard deviation (RSD) associated with each BMP mean included variability from both blanks
and bottles with substrate, as described in [27]. Statistical analysis was carried out using R (version
3.6.3) [28]. Differences between measurement methods (manometric and gravimetric) were assessed
using paired t-tests (t.test () function) separately for cellulose BMP and inoculum productivity and for
each mode. Mixing modes were compared for both cellulose and inoculum in a two-factor (mixing
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mode and measurement method) analysis of variance (ANOVA) with interactions (using aov (), and
drop1 () functions). The paired nature of the experiments was ignored in the ANOVA, which was only
used to compare mixing modes. For these analyses, the observational unit was a single bottle, and
BMP or productivity was evaluated at the latest available time. Additionally, measurement methods
were compared using linear regression (lm (), summary.lm (), and confint () functions), with the volume
of CH4 measured in a single interval as the response variable. For all hypothesis tests, α = 0.05.

3. Results and Discussion

In general, differences between mixing modes and measurement methods were small (Table 2).
However, there was evidence of significant differences in both cases: Mixing mode 1 and the gravimetric
method resulted in slightly higher BMP values (Table 2).

Table 2. Cellulose BMP and methane productivity of the inoculum (blanks) measured by different
methods. Inoculum methane productivity and cellulose BMP are in mLCH4/gVS.

Bottle
Manometric Mixing

Mode 1
Manometric Mixing

Mode 2
Gravimetric Mixing

Mode 1
Gravimetric Mixing

Mode 2 AMPTS II

Value Average
RSD * Value Average

RSD Value Average
RSD Value Average

RSD Value Average
RSD

Inoculum

1 47.5

48.1
1.7%

52.5

52.4
2.6%

48.5

49.3
2.0%

53.0

53.5
1.9%

51.3

55.9
7.7%

2 49.4 54.3 50.2 55.1 59.9
3 48.1 52.9 49.9 54.0 56.6
4 47.8 51.2 48.0 52.8 -
5 47.5 51.0 49.7 52.8 -

Cellulose

1 344.5

343.1
1.0%

333.3

330.6
2.5%

357.9

357.7
1.0%

352.8

347.0
2.0%

324.9

342.9
7.3%

2 344.3 327.9 358.4 346.1 334.5
3 344.2 326.6 361.1 344.1 369.3
4 338.0 343.1 353.2 354.1 -
5 344.6 322.0 357.8 338.0 -

* Relative standard deviation (% of mean).

3.1. Comparison of Measurement Methods

This study gave the opportunity to better understand the differences between gravimetric
and manometric measurements. Since for each test the calculation was carried out on the same
bottle simultaneously, the comparison shows only the differences between the measurement and
calculation procedures.

For both mixing modes, the BMP calculated by the manometric method was slightly lower than
the gravimetric result (Table 2). Manometric cellulose BMP was 4.2% lower than gravimetric for mixing
mode 1, and 4.8% lower for mixing mode 2 (p < 0.0003 from paired t-test). Inoculum CH4 productivity
was also slightly lower when measured with the manometric method, but the differences were smaller:
2.5% for mixing mode 1 and 2.2% for mixing mode 2 (p < 0.03 from paired t-test). A comparison of
SMP curves (Figure 3) and the interval change in SMP (Figure 4) suggests that the differences between
the two methods accumulated during the duration of the tests, and was not due to exceptional large
differences in, e.g., one or two measurement intervals.
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Figure 4. Change in SMP between two consecutive measurement points for BMP tests with mixing
mode 1 (left) and 2 (right). Each point shows an average value (n = 5) and vertical lines show
standard deviation.

A comparison of methods by bottle and measurement interval show slightly more scatter at low
volumes of CH4 but only for bottles with inoculum + cellulose (Figure 5). Low resolution in mass
loss measurements may have contributed to the scatter. However, it is unclear why the variability in
absolute CH4 production would be higher in this region. Leakage (and resulting error in manometric
results) is an unlikely explanation because the headspace pressure was low toward the end of the tests
and leakage would cause bias, which is not apparent. A complete explanation is unavailable. Results
for the inoculum-only bottles showed that the precision in the gravimetric results was not limiting; the
comparison between methods was close even for CH4 volumes below 25 mL. However, this precision
should only be expected with low levels of CH4 production near the start of tests, where the majority
of CH4 produced remains in the bottle headspace, displacing the flushing gas. This precision is a clear
advantage of method 2 over method 1 when using the gravimetric method.
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manometric vs. gravimetric methods. Color shows the duration of the incubation at the time of
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black dashed lines show a 1:1 response.

In general, for both mixing modes (no difference found by F-test, p = 0.80), there was evidence of
a slight increase in the difference between measurement methods as the CH4 volume increased. The
slope of the overall regression line was 0.960 (manometric: gravimetric, different from 1.0, p < 0.001 by
Wald-type test) while the intercept did not differ from zero (overall value of = −0.06 mL, p = 0.96). These
results are consistent with a constant relative difference between methods, independent of the quantity
of CH4 produced in an interval. Based on the results presented by Hafner and Astals [18], the difference
between the methods is likely caused by a negative bias in manometric measurements. In fact, the ca.
4% difference measured here is similar to the difference found in the earlier work for bottles with a
similar relative headspace volume [18]. The cause of underestimation by manometric measurement
is not completely understood, but it is probably at least partially due to effects of dissolved CH4

volatilization during venting, and possibly error in the headspace volume estimation [18].
BMP measured with the AMPTS II was similar to the other results, with a maximum difference of

4.2% in cellulose BMP when compared to gravimetric results measured using mixing mode 1 (AMPTS
II results were lower). There was virtually no difference (1.2% difference in means) when comparing
AMPTS II results to the gravimetric results from mixing mode 2 (p = 0.79 from the unequal variance
t-test). However, variability in the AMPTS II results, as reflected in tRSD, was clearly higher than
in the results from the manual methods. Gravimetric and manometric methods provided low RSD
values between 1% and 3%, which were all below the validation limits of 5% proposed by Holliger et
al. [5] and 6% from Hafner et al. [6] and Holliger et al. [29]. The higher RSD for the AMPTS II results
(>7%) may be due to the limited resolution of the system, which is around 14 mL. However, these RSD
values were higher than those typically obtained with the AMPTS II system; in a large inter-laboratory
dataset, the median AMPTS II RSD was around 3%, nearly identical to the median value for all manual
methods [6].

3.2. Comparison of Mixing Modes

As indicated in Section 2, mixing modes were compared in order to understand if the position
of manual mixing in the sequence of measurement steps could have an impact on the BMP value.
Cellulose BMP was found to be vary slightly between the mixing modes, with BMP measured with
mode 2 3.0% lower than mode 1 (p < 0.0001 for mode x bottle contents interaction, p = 0.0003 for
mode effect considering only cellulose BMP, based on F-tests) (Table 2). In contrast, the measured
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productivity of inoculum was always higher with mixing mode 2 than mode 1, by 8.6% on average
(p < 0.0001, based on F-test) (Table 2). There was no evidence of interactions between the mixing mode
and measurement method (p > 0.67 for interaction terms by F-test). These results suggest that the
apparent difference in cellulose BMP was caused by an effect of the mixing mode on blanks. Specific
methane production calculated without subtracting the background inoculum methane production
(i.e., based on gross or total CH4) confirms this conclusion (Table 3). It was possible to compare
these values because the masses of inoculum, cellulose, and tap water were almost the same for each
replicate (as shown in Section 2.1). For cellulose, the SMP without correction for inoculum were nearly
identical, with an overall difference below 1% (p = 0.23 from F-test). This confirms that the difference
between the average BMP values came only from the effects of the mixing mode on inoculum (blank)
methane production.

Table 3. Specific methane production from cellulose tests without correction for inoculum (mLCH4/gVS

of cellulose) measured by different methods.

Bottle
Manometric

Mixing Mode 1
Manometric

Mixing Mode 2
Gravimetric

Mixing Mode 1
Gravimetric

Mixing Mode 2 AMPTS II

Value Average
RSD Value Average

RSD Value Average
RSD Value Average

RSD Value Average
RSD

1 447.2

445.9
1.3%

442.4

441.1
2.0%

463.2

463.0
1.4%

464.6

459.9
1.5%

442.5

458.1
4.9%

2 443.8 440.1 460.5 460.7 447.8
3 452.4 432.5 471.7 452.4 483.8
4 437.0 455.5 454.5 468.6
5 449.0 434.7 464.8 453.3

If the manual mixing is done after the measurement (mode 1), then the methane production of
the blank is lower, which is consistent with the fact that more methane may remain trapped in the
liquid phase in a dissolved form or even as attached bubbles. However, this phenomenon was not
observed with the cellulose bottles, perhaps because the gas production was higher [20]. These results
suggest that the relative position of a mixing step can have a small effect on BMP. Any CH4 remaining
in the solution in a bottle represents a source of error, and therefore the mixing step should be placed
before the measurement of biogas production (i.e., before measuring the headspace pressure in the
manometric method, or before venting in the gravimetric method). Headspace gas analyses showed
that the CH4 content in biogas was slightly higher for mode 2 than mode 1 for blanks (inoculum)
(mole frac. difference of 0.011, or 13% of mode 1 higher, on average, p < 0.0001) but not for bottles
with cellulose (Figure 6). Conversely, there was no difference in the headspace pressure, total biogas
production, or CO2 content between the modes (data not shown). One possible explanation for these
results is inefficient liquid-phase mass transfer of CH4 due to low solubility, in contrast with CO2.
In bottles with cellulose, mass transfer could be enhanced by a greater fraction of CH4 transport in
bubbles, or simply liquid mixing caused by bubbles. Mixing by swirling prior to gas sample collection
(mode 2) would bring the system closer to equilibrium.
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Figure 6. Methane content in the gas phase of blank and cellulose bottles for mixing mode 1 and mixing
mode 2 (mean values, n = 5). The standard deviation is shown as vertical bars, which are generally
smaller than the plotting symbols. Note that the CH4 concentration is not normalized and low values
are due to the dilution of biogas with flushing gas (N2 + CO2).

3.3. Methane Production Rate

Table 4 shows the calibrated model parameters of the net cumulative SMP (without inoculum and
fitted to a first-order model). Values are means and standard deviation, calculated from individual
estimates made for each bottle (n = 5 except for AMPTS II, where n = 3). It should be mentioned that
the fitted model using experimental B0 presented similar parameter values (except for λ of AMPTS II,
which was 1.56 ± 0.26 d).

Table 4. Fitted model parameters for each method: B0 is the maximum methane production (mLCH4/gVS),
k is the first-order decay constant k (d−1), and λ is the lag phase (d). Values are means ± standard
deviation (n = 3 for AMPTS II, otherwise n = 5).

Model
Parameters

Manometric
Mode 1

Manometric
Mode 2

Gravimetric
Mode 1

Gravimetric
Mode 2 AMPTS II

k (d−1) 0.31 ± 0.02 0.32 ± 0.02 0.31 ± 0.02 0.31 ± 0.02 0.56 ± 0.05
B0 (mLCH4/gVS) 333.8 ± 1.3 327.1 ± 5.8 348.9 ± 1.4 343.9 ± 4.5 335.7 ± 9.2

λ (d) 1.47 ± 0.02 1.52 ± 0.03 1.47 ± 0.02 1.51 ± 0.03 1.68 ± 0.05

The average values of each parameter of the model were used to plot the model-based SMP for
each measurement mode (Figure 7). Measurement data and a detailed comparison to the fitted model
curves are given in Supplementary Material.
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Figure 7. Specific methane production for each method along the test duration. Each line illustrates the
first-order model of BMP calibrated for each method (values of Table 4).

The kinetic results from modes 1 and 2 for the manometric and gravimetric method were similar.
The statistical analyses (ANOVA test) conducted on the k values confirmed that there is not a significant
difference between the manometric and the gravimetric methods (p = 0.05, based on F-test), while the
rate constant from the automated volumetric measurements is much higher. More efficient mixing may
have reduced mass transfer limitations and so improved the rate of cellulose degradation. However,
Wang et al. [22] did not find any response in the CH4 production rate over a seven-level gradient in the
mixing intensity, with all measurements made using an AMPTS II unit. Another possible explanation
is that the AMPTS II device overestimated CH4 production during the beginning of the BMP test.
At the beginning of each test, the headspace mostly contains nitrogen (80% of the flush gas). When
biogas production starts, the evolved biogas contains methane, CO2, and nitrogen in large amounts.
However, only CO2 is retained in the CO2 trap. Consequently, the system counts methane and nitrogen
as “methane only”. This “overestimation” bias is partially counterbalanced by the fact that methane
remains in the bottle headspace at the end of the test. For a small headspace volume, this difference
does not substantially affect the BMP value (and a correction algorithm is available in the Bioprocess
Control software but was not used here). It is, however, possible that methane would appear to be
produced faster at the beginning due to this bias.

Concerning B0 values, no significant differences (p = 0.05, based on F-test) were found between
the two mixing modes for both the methods. These results suggest that the two methods would indeed
end up with the same values, which is what is expected as CH4 production drops and dissolved CH4

or bubbles become less important as the headspace pressure drops.
The lag phase values are perfectly in line with the λ values known for cellulose BMP [30]. However,

the λ for AMPTS II (presented in Table 4) is slightly higher compared to the other methods. The reason
for this difference remains unclear. Yet, fitting the model with experimental B0 shows no difference
among the methods, which may suggest that the initial difference is due to a calculation bias.
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3.4. Implications

The observed differences between the three measurements methods (<5%, based on the best
mixing option, mode 2, for the manual methods) were small compared to the variability observed in
previous round robin studies [6,8,9]. While showing that measurement method differences likely do
play some role in the observed interlaboratory variability, the present work shows that each method, if
performed properly, can provide very similar BMP values from a practical perspective. This conclusion
is generally consistent with method comparisons carried out in three laboratories as part of a recent
interlaboratory study, where differences among BMP values measured using two or three methods
within individual laboratories did not exceed 6% [6]. Other studies have shown that diverse methods
can provide similar BMP results [17,18]. This conclusion is encouraging; it suggests that the much
larger differences observed among different laboratories [6], or, in some cases, within a single laboratory
using slight variations on the same measurement method [19], could, in fact, be addressed. However,
these types of comparisons do not completely address differences among laboratories, because, by
design, sources of differences other than the measurement method are eliminated.

The lowest BMP value of 331 mL/g (manometric) measured in this work represents 80% of the
theoretical maximum BMP of cellulose (414 mL/g, assuming complete degradation and neglecting
biomass production), which is close to the other values measured here. Together, these results suggest
that all of these methods, as implemented here, are reasonably accurate. From a practical perspective,
these small differences may not be important. Therefore, the criteria to choose the method for measuring
BMP could take into account other factors. For example, if the substrate is not homogenous, in order
to have a representative sample, it is recommended to use a greater amount of substrate and in this
case bigger bottles are recommended: In the manometric or gravimetric method, it is possible to
choose the bottle size. Automated volumetric methods are suggested for homogenous samples and are
recommended when an operator is not constantly available (normally an operator is required only for
the set-up, the start, and the end of the experiment). Gravimetric and manometric methods are more
adequate for numerous simultaneous runs (the limiting factor is the size of the temperature-controlled
chamber). On the other side, automated volumetric methods, limited in bottle number (15 for the
AMPTS II), do not need a temperature-controlled chamber or incubator, which is not always present
in laboratories. The investment costs for manometric and volumetric methods are lower (precision
manometer, precision balance, and micro gas chromatography) than for automated volumetric methods,
but the management and operating costs of automated volumetric methods are much lower. In this
study, the gas density method [17] was not tested (it requires as flushing gas 100% N2, and in this
study, a mix 80% N2 and 20% CO2 was used) but it represents another option, with low cost but also
lower precision, in the BMP methods panorama.

Although the differences between manometric and the other results were small, these small
differences may still be important for the most accurate BMP measurements. Validation criteria that
have recently been proposed in order to improve the reproducibility of BMP measurements include a
relatively narrow window for cellulose BMP of 340–395 mL/g [6]. Manometric results (mode 2) do not
meet this criterion, while gravimetric and AMPTS II results do. Therefore, even small measurement
biases (ca. 5%) may be important, and selection of the best method becomes essential. However,
AMPTS II results had an RSD value above the 6% limit [6], so they would also be excluded under the
current criteria.

4. Conclusions

This study showed that three different BMP measurement methods gave only slightly different
BMP values, similar from a “practical” perspective. Results showed that:

• Differences among manometric and gravimetric methods exist, but for these experimental
conditions (especially headspace volume), they are small (<5% difference between means).
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• Low variability among methods and reasonable apparent degradability (≥80%) confirm that all
three methods can be reasonably accurate.

• Measurement method differences clearly do contribute to variability among laboratories [6].
However, the (generally) larger differences observed in round robin tests suggests that other
sources of error are more important.

• Given the narrow window for validation based on cellulose BMP and associated RSD, even small
differences can be important. In this study, only gravimetric results could be validated based on
current criteria.

• Higher BMP does not always mean more accurate BMP. The mixing comparison suggests that
mixing after biogas measurements might underestimate CH4 production from blanks and so
overestimate BMP.

• Kinetic information is, to some degree, dependent on the measurement method.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1839/s1,
Figure S1: Model calibration example for specific methane production of manometric method (mixing mode 1)
along test duration. Lines illustrate the BMP first order model calibrated on real measures. Figure S2: Model
calibration example for specific methane production of manometric method (mixing mode 2) along test duration.
Lines illustrate the BMP first order model calibrated on real measures. Figure S3: Model calibration example
for specific methane production of gravimetric method (mixing mode 1) along test duration. Lines illustrate the
BMP first order model calibrated on real measures. Figure S4: Model calibration example for specific methane
production of gravimetric method (mixing mode 2) along test duration. Lines illustrate the BMP first order model
calibrated on real measures. Figure S5: Model calibration for specific methane production of AMPTS II. Lines
illustrate the BMP first order model calibrated on real measures. Figure S6: Model comparison. (a) BMP values
and B0 for manometric and gravimetric method, mixing mode 1 and mixing mode 2; (b) k values for manometric
and gravimetric method, mixing mode 1 and mixing mode 2; (c) λ values for manometric and gravimetric method,
mixing mode 1 and mixing mode 2.
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