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• 31 laboratories from 17 countries 
measured biochemical methane poten
tial in 2 tests.

• Reproducibility standard deviation was 
<12% for 6 experienced reference 
laboratories.

• Test 1 reproducibility was poor for other 
laboratories (21–33%).

• Performance improved after evaluation, 
troubleshooting, and method 
modifications.

• Validation criteria and SMP curve 
screening provided additional 
improvement.

A B S T R A C T

Thirty-one laboratories measured biochemical methane potential (BMP) of six substrates in a project aimed at improving BMP measurement quality. Laboratories 
used their established measurement procedures, with limited standardization. As in earlier studies, reproducibility was quantified, but here laboratories came from a 
wide geographic range, and the accuracy of BMP measurements was assessed by comparison with 6 experienced “reference” laboratories. Measurement repro
ducibility between the remaining “evaluation” laboratories was poor in the first test; relative reproducibility standard deviation was 21–33% for four substrates. 
Values improved to 9–19% in the second test following review of a detailed analysis of submitted data, troubleshooting meetings, and method modifications by some 
laboratories. Reference laboratories performed better, with reproducibility standard deviation of 5–12%. Repeatability within laboratories was also better for the 
reference group, with relative standard deviation of 2–4% vs. 3–7% for evaluation laboratories. Evaluation laboratory results showed a persistent negative bias of 
4–16% compared to reference laboratories. Application of cellulose validation criteria improved reproducibility but not accuracy. Most of the extreme BMP values 
were associated with abnormal methane production curves, and a subjective visual evaluation proved valuable as a screening tool. The cause of measurement error 
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was generally unknown, although data processing and volatile solids measurement errors caused some extreme results, and changes in inoculum source improved 
performance in two cases. There were no consistent differences among the diverse measurement methods and the sources of error probably vary among laboratories. 
Consistently accurate BMP measurement is possible for laboratories that follow established guidelines and develop experience.

1. Introduction

Biochemical methane potential (BMP) is commonly used to assess 
substrate suitability for biogas production and is used in both research 
and the biogas industry. Diverse methods are employed for measuring 
biogas quantity in BMP tests, including methods based on measurement 
of volume, pressure, or mass. Because only part of the biogas is methane 
(CH4), removal of carbon dioxide (CO2) or determination of the biogas 
CH4 content is necessary, and gas chromatography and infrared gas 
analyzers are common for manual methods, while CO2 capture in an 
alkaline solution is often used with automated systems.

Reported values for interlaboratory reproducibility standard devia
tion in BMP (among laboratories) vary: 15–37% (Raposo et al., 2011), 
6–19% (Weinrich et al., 2018; Paterson et al., 2020), 18% (Ribeiro et al., 
2020), and 8–24% (Hafner et al., 2020). These better values (10% or 
lower) are precise considering the complexity of the analysis. However, 
a small number of extreme BMP measurements are common (and 
sometimes excluded from analysis); previous studies showed a factor of 
two or greater between the highest and lowest measurements (Raposo 
et al., 2011; Weinrich et al., 2018; Ribeiro et al., 2020; Hafner et al., 
2020).

Standardization of measurement methods is one approach to 
improving accuracy. The German VDI guidelines (VDI, 2006, 2016) 
include detailed recommendations for several measurement methods 
along with many general requirements, including an inoculum-to- 
substrate ratio of at least 2:1 (volatile solids (VS) basis). The VDLUFA 
(2011) guidelines are similar but simpler and the set from Holliger et al. 
(2016, 2021a) even more so. These and other guidelines are based on a 
combination of empirical evidence from research projects and expert 
opinions. The VDLUFA (2011) method introduced the use of micro
crystalline cellulose as a “reference substrate” or “positive control”, with 
limits of 670.5 and 819.5 mL g− 1 as biogas per g substrate VS, based on 
the expected theoretical value ±10% (335.25–409.75 mL g− 1 as 
methane, assuming 50% methane in biogas as in VDI (2016)). The later 
VDI (2016) and Holliger et al. (2016, 2021a) guidelines follow suit but 
explicitly state that microcrystalline cellulose should be included in each 
test or batch. A large interlaboratory study confirmed that discarding 
tests that did not meet cellulose BMP criteria eliminated extreme BMP 
values for other complex substrates and improved reproducibility 
(Hafner et al., 2020). Although the use of a cellulose positive control can 
help, without comparison to other laboratories, persistent bias for 
complex substrates is possible. Participation in interlaboratory com
parisons such as the annual German KTBL/VDLUFA proficiency test (htt 
ps://www.ktbl.de/themen/proficiencytest) can help in this regard 
(Paterson et al., 2020).

This present work continued the effort to understand and improve 
reproducibility and accuracy in BMP measurement, with some differ
ences from earlier studies. Previous interlaboratory projects on BMP 
have been restricted to Europe or nearly so (Raposo et al., 2011; 
Weinrich et al., 2018; Ribeiro et al., 2020; Hafner et al., 2020; Paterson 
et al., 2020). But biogas technology is widely used at household and 
industrial scales worldwide (Garfí et al., 2016; Kemausuor et al., 2018; 
Xue et al., 2020; Seminario-Córdova, 2023). This present work included 
laboratories from a broader geographic area, including the Americas, 
Asia, Africa, and Oceania, and should better reflect the global quality of 
BMP testing. A second distinctive feature was the effort to improve the 
BMP measurement accuracy of participating laboratories through 
detailed evaluation of submitted BMP test data and troubleshooting 
between two sets of BMP tests. This component provided a means to test 
the hypothesis that laboratory personnel can improve measurement 

accuracy based on an external evaluation. Troubleshooting and method 
standardization are not new for BMP (Paterson et al., 2020; Ribeiro 
et al., 2020; Hafner et al., 2020), but the present work included an 
evaluation of original raw measurement data and not only final BMP 
values. Furthermore, by inviting laboratories to participate, the selec
tion bias resulting from laboratories themselves initiating participation, 
as in the KTBL/VDLUFA proficiency program, was likely reduced. The 
third distinction from previous work was a more direct assessment of 
measurement accuracy and not only reproducibility. Participating lab
oratories were divided into two groups at the start, with 6 experienced 
laboratories providing “reference” BMP results based on previous 
experience, and evaluation of BMP reproducibility and accuracy focused 
on the remaining 25 laboratories. This structure also provided a way to 
test the hypothesis that experience is a predictor of measurement 
reproducibility.

The objectives of this study were to (1) quantify reproducibility and 
accuracy in BMP measurement among a global network of laboratories, 
(2) identify and quantify factors that affect BMP accuracy and repro
ducibility, and (3) test whether detailed evaluation and troubleshooting 
can improve the quality of BMP measurement.

2. Methods

Participating laboratories carried out one or two BMP tests with 
multiple substrates, with feedback and an opportunity for trouble
shooting with project organizers between the two tests. Laboratories 
submitted underlying raw measurement data in addition to BMP values. 
Measurement reproducibility was assessed directly by calculation of 
reproducibility standard deviation between laboratory mean BMP 
values, and the accuracy of BMP measured by “evaluation” laboratories 
was assessed by comparison with results from “reference” laboratories. 
Detailed measurement data were used to evaluate the causes of 
variability.

2.1. Evaluation and reference laboratories

Participating laboratories included academic, commercial, and 
government research institutions located in Australia, Belgium, Brazil, 
Canada, Denmark, Germany, Spain, Sweden, France, Italy, Morocco, 
Poland, South Africa, Thailand, Tunisia, the United Kingdom, and the 
United States. Prospective laboratories were identified through profes
sional networks and research papers. In total, 25 “evaluation” labora
tories participated. Six “reference” laboratories were selected based on 
experience. Reference laboratories had participated in previous Euro
pean interlaboratory studies or related comparisons (Raposo et al., 
2011; Ribeiro et al., 2020; Hafner et al., 2020; Justesen et al., 2019; 
Hafner and Astals, 2019) and had extensive experience in BMP mea
surement. Author affiliations a, e, f, g, b, and i were reference labora
tories. Evaluation laboratories were promised confidentiality and 
therefore additional laboratory details are not provided here.

2.2. BMP tests and method improvements

Two rounds of BMP tests were completed, with all reference labo
ratories and most evaluation laboratories participating in both. Test 2 
provided an opportunity for the evaluation laboratories to demonstrate 
an improvement in their methods, based on a detailed analysis of their 
test 1 results and an opportunity to discuss methods and possible im
provements with project organizers. Feedback on both tests was pro
vided in the form of a detailed report.
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BMP test 1 included three complex substrates and microcrystalline 
cellulose (Sigma Aldrich, Burlington MA USA) as a positive control, 
while test 2 included two complex substrates and the same microcrys
talline cellulose (Table 1). Substrates were selected to provide different 
BMP values and variation in chemical composition to simulate different 
types of practical substrates. Except for cellulose, the composition of 
substrates was not disclosed to evaluation laboratories, and the use of 
different complex substrates for the two tests was done to avoid any bias 
in measurement or data processing due to knowledge of expected BMP 
values, following standard proficiency testing practice. To avoid prac
tical problems with international shipping and changes in BMP during 
shipping or storage, all substrates were dry and ground (2 mm screen). 
Two different animal feeds were used: one for rabbits in test 1 (“Rabbit 
Pellets”, GASCO, France) and one for birds in test 2 (“Four-Season Pi
geon Grain Mix”, GASCO, France). Wheat straw (“Natural Straw 
Bedding”, GASCO, France) was included in test 1 as a slowly degradable 
substrate. Sunflower seeds (“Striped Sunflower Seeds”, GASCO, France) 
in test 1 were high in lipids, while whey powder (“Neutral-Flavored 
Whey Protein Powder”, CORENGTH, France) in test 2 was the only 
substrate primarily composed of protein. While this design provided an 
opportunity to assess laboratory performance with a wide variety of 
substrates and ensured that participants would not know the expected 
BMP of any of the complex substrates, having different complex sub
strates in the two tests complicated assessment of improvement.

The contents of carbon (C), hydrogen (H), nitrogen (N), and sulfur 
(S) in all complex substrates were measured using a Vario Microcube 
(Elementar, Germany) by project organizers and oxygen (O) was 
calculated by difference. Elemental composition was used to estimate 
the theoretical maximum BMP, assuming complete degradation and no 
partitioning of substrate to microbial biomass, with the predBg() func
tion from the biogas package in R (Hafner et al., 2018), which is based 
on Rittmann and McCarty (2020: Eq. 10.5). Total protein was estimated 
as 6.25 times the N content. Lipids were measured by Soxhlet extraction 
with petroleum ether as the solvent. Klason Lignin was analyzed using 
acid hydrolysis following the NREL protocol with HPLC for quantifica
tion (Sluiter et al., 2008). Total carbohydrates were estimated by 
difference.

A minimal BMP protocol was shared with all participating labora
tories to standardize BMP methods to a limited degree. Laboratories 
were asked to: (1) measure total solids (TS) and VS of inoculum and 
substrate in triplicate, (2) measured pH of the inoculum, (3) use a VS- 
based inoculum-to-substrate ratio of 2:1, (4) include microcrystalline 
cellulose as a positive control, (5) use triplicates for BMP testing, (6) 
include “blanks” with only inoculum for calculating BMP, (7) incubate 
at a constant temperature between 35 and 40 ◦C that matched the 
temperature of the inoculum source, (8) run the test to the 1% net rate 
criterion following Holliger et al. (2021b), and (9) submit calculated 
BMP, along with raw setup data and methane production data in the 

appropriate template provided by project organizers. Each laboratory 
used its own inoculum but was encouraged to use an inoculum from an 
active anaerobic digester at steady state (Holliger et al., 2016). This 
protocol was minimal, recognizing that different approaches can pro
vide accurate BMP results and aiming for a balance between laboratory 
staff effort on the one side and a combination of standardization for 
quality control and measurement of indicators that may provide insight 
into causes of variability in BMP measurement on the other. These re
quirements were roughly consistent with other guidelines (VDI, 2006; 
2016; VDLUFA, 2011; Holliger et al., 2021a, b) but less comprehensive. 
For example, there was no requirement to reduce endogenous methane 
production from inocula by an incubation prior to starting the test 
(“degassing” or “preincubation”) in contrast with VDLUFA (2011), 
because measurements show that effects of this step are generally small 
for typical inocula (Elbeshbishy et al., 2012; Hülsemann et al., 2020; 
Oliveira et al., 2022). This protocol did not include any validation 
criteria; instead, different criteria were assessed as part of data analysis 
by project organizers. Measurements not uniformly recommended 
across BMP guidelines, such as final pH and apparent VS destruction, 
were not included. Furthermore, it is likely that many laboratories, 
especially those in the reference group, followed more comprehensive 
guidance such as VDI (2016).

Laboratories used a range of methods to measure methane produc
tion. Among evaluation laboratories, manual methods dominated, with 
10 laboratories using manual volumetric and 4 manometric methods. 
Eight laboratories used an automatic system (AMPTS®, BPC, Lund, 
Sweden). A small number used other automated systems (custom or 
commercial) or else a manual gravimetric method. Reference labora
tories were similar, with only 2 using AMPTS® compared to 2 manual 
volumetric and 2 manual manometric. Two evaluation laboratories 
switched from manual volumetric or manometric for test 1 to the 
gravimetric method for test 2 based on feedback following evaluation of 
test 1 results. Apart from CO2 removal used for AMPTS®, gas chroma
tography was used by 8 evaluation and 3 reference laboratories. Gas 
density (Justesen et al., 2019) was used by 1 reference laboratory.

All data were submitted using spreadsheet templates provided by 
organizers. As is typical in inter-laboratory comparisons, each partici
pating laboratory submitted the BMP values that they determined, but 
atypically, also provided detailed raw measurement data that allowed 
project organizers to reproduce their calculations. The BMP values 
determined by each laboratory were referred to as “submitted” values, 
and were compared to “calculated” BMP values that project organizers 
calculated from raw data, as described in more detail in section 2.3, to 
identify potential calculation mistakes.

Following the first test, an online meeting was held with project 
organizers and reference laboratory staff, where preliminary results 
were presented and suggestions for evaluation laboratory trouble
shooting and methodology improvements were developed. Each 

Table 1 
Substrate characteristics. Analytical methods are described in the text. Values for total solids (TS), volatile solids (VS), and biochemical methane potential (BMP) are 
median values from reference laboratory measurements. Theoretical maximum BMP was based on elemental composition, as given in the chemical formula, which is 
theoretical for cellulose and empirical for all others (based on elemental analysis). Apparent degradability was calculated as reference BMP divided by the theoretical 
maximum. BMP is expressed as dry methane volume at 101.325 kPa and 0 ◦C divided by substrate VS mass. Cellulose macromolecular composition (100% carbo
hydrates) was assumed, not measured. FM = fresh mass.

Test Substrate Chemical 
formula

TS (% 
FM)

VS 
(% 
TS)

Carbohydrates 
(% VS)

Proteins 
(% VS)

Lipids 
(% VS)

Lignin 
(% VS)

Theoretical 
maximum BMP 
(mL g− 1)

Reference 
BMP (mL 
g− 1)

Apparent 
degradability 
(%)

1 Cellulose C6H10O5 99.0 100 100 0.0 0.0 0.0 414 375 91
1 Rabbit feed C20.0H38.0O13.1N 90.4 89.6 76.6 14.0 3.5 6.0 494 352 71
1 Wheat 

straw
C24.4H43.4O17.1N 91.3 87.7 68.5 13.0 0.5 18.1 464 307 66

1 Sunflower 
seeds

C21.5H39.5O7.59N 93.8 97.3 33.6 19.1 41.2 6.2 692 523 76

2 Cellulose C6H10O5 99.2 100 100 0.0 0.0 0.0 414 377 91
2 Bird feed C24.3H50.4O19.8N 89.0 98.0 81.9 12.5 3.6 2.1 437 405 93
2 Whey C4.80H8.88O1.95N 94.5 96.6 22.3 72.4 5.4 0.0 530 465 88
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evaluation laboratory was then sent a report with a detailed evaluation 
of their results and recommendations for improvements. At this point, 
evaluation laboratories were invited to discuss the issues encountered 
and potential solutions during the analysis through an online trouble
shooting meeting. Not all evaluation laboratories accepted, and a small 
number submitted inaccurate results for both tests.

2.3. Data processing and evaluation

All data processing was performed in R (R Core Team, 2025). The 
publicly available biogas package v1.64 (https://cran.r-project. 
org/package=biogas) was used to calculate cumulative standardized 
methane volume from submitted measurement data using the functions 
calcBgVol() (volumetric), calcBgMan() (manometric), calcBgGrav() 
(gravimetric), and calcBgGD() (gas density) (Hafner et al., 2018). The 
summBg() function was used for calculation of specific methane pro
duction (SMP) and BMP as well as assessment of the 1% net rate crite
rion. Calculations followed the steps given in the Standard BMP Methods 
documents 200 through 204 (https://www.dbfz.de/en/projects/bmp). 
The raw data used in these calculations included “setup” data (the mass 
of inoculum and substrate in each bottle) and biogas quantity (e.g., 
bottle pressure, removed volume, or bottle mass change) and composi
tion (methane content of biogas, or, for the gas density method, the 
biogas volume and mass). BMP was calculated from raw data in two 
different ways: using the reference VS values and using individual 
participating laboratory measurements of VS. BMP calculated with 
reference VS was used to eliminate the contribution of VS measurement 
error and values calculated with individual laboratory measurements 
were used to check the data processing calculations for each laboratory. 

Reference values for TS and VS were taken as the median of the refer
ence laboratory values. BMP was expressed as net dry methane volume 
at 101.325 kPa (1.0 atm) and 0 ◦C divided by added substrate VS mass 
throughout this work.

After data processing, three types of BMP values were available: (1) 
“submitted BMP”, (2) “calculated BMP, measured VS”, and (3) “calcu
lated BMP, reference VS”. Inter-laboratory reproducibility was quanti
fied as the standard deviation of laboratory-level mean values for BMP, 
TS, and VS. Relative standard deviation was calculated by dividing the 
standard deviation by the group mean. Accuracy was assessed by com
parison to reference values, which were taken as the median values from 
the reference laboratories. Relative overall accuracy was quantified as 
bias, using the median of relative error, calculated as the difference 
between each laboratory mean result and the reference result divided by 
the reference result. For quantification of reproducibility and accuracy, 
submitted BMP was used.

Hypothesis testing for reproducibility was done using a bootstrap 
approach (Efron and Tibshirani, 1994), which accommodates the 
obvious non-normal error distribution (Fig. 1). A total of 104 resampling 
iterations were used, with separate median (for accuracy) and standard 
deviation (for reproducibility) values calculated from resampled re
ported BMP values for each laboratory type × test group. Estimates of p- 
values for comparisons were made using quantiles. Comparison of test 1 
and 2 reproducibility results was complicated by the use of different 
complex substrates (Section 2.2). But cellulose was identical and the 
composition of the two animal feeds was similar (Table 1), so only these 
were used in two separate bootstrap analyses for reproducibility.

The two sets of calculated BMP values were used primarily to un
derstand sources of error in BMP; differences between submitted BMP 
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and values calculated using measured VS were due only to calculation or 
data entry errors, while any additional difference between submitted 
BMP and values calculated using reference VS was due to VS measure
ment error.

Two sets of validation criteria were assessed by applying them to 
quantify their efficacy in improving reproducibility and accuracy: (1) 
those proposed by Holliger et al. (2021a), referred to as the “2021 
criteria”, and (2) a set with less stringent criteria referred to as “relaxed 
criteria”. The 2021 set includes several criteria that were requested for 
all submitted data (see Table 1 in Holliger et al., 2021a): replication, use 
of cellulose, BMP units, minimum duration, and calculations. These two 
sets of criteria applied only differed in limits for mean cellulose BMP and 
the associated relative standard deviation among replicates. Cellulose 
BMP limits in the 2021 criteria are 340 and 395 mL g− 1, and maximum 
relative standard deviation among replicates 6%. The relaxed criteria 
used 330 and 415 mL g− 1, which is close to the reference BMP measured 
in this work ±10% as well as the apparent VDI (2016) and VDLUFA 
(2011) criteria as methane, and a 15% limit on relative standard devi
ation. Both criteria used here included a minimum duration when net 
methane production rate dropped below 1% of the cumulative value per 
day.

Relationships between SMP curve characteristics and BMP were 
explored using linear models with the lm() function in R. Kinetic results 
were extracted from each SMP curve using the fitFOM() first-order 
model function in the biogas package (Hafner et al., 2018) and 
included lag phase duration (as defined in Hafner et al., 2022) and a 
first-order rate constant. Nash-Sutcliffe model efficiency (NSE) was used 
to quantify the fit of each SMP curve to a first-order response (Nash and 
Sutcliffe, 1970). For blanks (inoculum-only bottles) the average specific 
methane production rate over the first three days was also determined, 
based on interpolated cumulative methane production. Calculations 
were carried out at the bottle level. Qualitative evaluation of SMP curves 
was also carried out by graphical evaluation of curves from all 619 
bottles with substrate. Curves were first normalized by maximum SMP 
(so the maximum value was unity) to eliminate any impact of magnitude 
on the necessarily subjective rating. Curves were flagged as problematic 
if they showed a shape obviously different from a typical first-order 
response or a high rate of methane production at the end of the test. 
Short lag phases (up to 3 d) and a slight decline in SMP over time were 
accepted, but negative SMP was not. The evaluation was subjective, and 
several borderline curves could be identified in results.

3. Results and discussion

3.1. BMP reproducibility and accuracy

Submitted BMP values varied widely in test 1; differences between 
extreme values exceeded a factor of 2 for all substrates (Fig. 1). Repro
ducibility standard deviation was 21–33% for the evaluation group 
depending on the substrate (Table 2). Reference laboratories showed 
much better reproducibility: 5–12% (Table 2, Fig. 3). But the gap be
tween evaluation and reference laboratories decreased from test 1 to test 
2, with evaluation laboratory reproducibility standard deviation drop
ping to 9–19% in test 2 (Table 2, Fig. 3). The bootstrap analysis 
confirmed better reproducibility by reference laboratories in test 1 (p =
0.001 for cellulose, p < 0.001 for animal feed) and only for cellulose in 
test 2 (p = 0.049, p = 0.18 for animal feed). The analysis also confirmed 
an improvement in evaluation laboratory reproducibility for the animal 
feed substrates from test 1 to 2 (p = 0.01) but the evidence for the 
simpler cellulose substrate was inconclusive (p = 0.054). Comparing 
only the results for laboratories that participated in both tests show 
similar patterns: 23 vs. 19% for cellulose and 27 vs. 9% for the animal 
feeds.

The overall reproducibility improvement was driven by a moderate 
number of laboratories; of those that participated in both tests, the six 
laboratories with the highest average error across all substrates in test 1 

(laboratories E02, E03, E04, E14, E22, and E24) showed a reduction in 
average error going to test 2.

On average, evaluation laboratories tended to have a small negative 
bias in BMP results (based on comparison to reference values). Accuracy 
was highest for cellulose, with median bias of − 4% in test 1 and − 6% in 
test 2, and worst for the high protein whey substrate in test 2, at − 16% 
(Table 2, Fig. 2). The bootstrap analysis confirmed a bias for sunflower 
seeds (p = 0.014), bird feed (p = 0.044), and whey (p < 0.001), but not 

Table 2 
Interlaboratory reproducibility and accuracy in biochemical methane potential 
(BMP) for both tests by substrate and laboratory status (reference or evaluation). 
Reproducibility was quantified as the relative standard deviation in BMP values 
between laboratories, and error calculated by a comparison to reference values.

Evaluation 
laboratory 
n

Evaluation 
laboratory 
error (% of 
ref. BMP)

Reproducibility relative 
standard deviation (% of 
group mean)

Test Substrate Evaluation 
laboratories

Reference 
laboratories 
(n = 6)

1 Cellulose 25 − 3.8 27 5.5
1 Rabbit 

feed
25 − 5.7 26 5.9

1 Sunflower 
seeds

25 − 7.8 21 6.0

1 Wheat 
straw

24 − 11 33 12

2 Cellulose 17 − 5.9 19 7.6
2 Bird feed 17 − 7.7 9.3 7.3
2 Whey 17 − 16 13 5.0

Fig. 2. Boxplot of submitted BMP accuracy by comparison to reference values 
(median BMP values from reference laboratories). The three colors show all 
observations (red, left), and results remaining after application of the 2021 
criteria (Holliger et al., 2021a) (green, middle) or the relaxed criteria (blue, 
right). Extreme values above 50% were set to 50% for plotting only. Numeric 
values show the number of laboratories remaining in each group after appli
cation of validation criteria (bottom) and the overall error (median, top).

S.D. Hafner et al.                                                                                                                                                                                                                               Bioresource Technology 446 (2026) 134136 

5 



for cellulose (0.1 < p < 0.22) or wheat straw (p = 0.13), and the rabbit 
feed evidence was borderline (p = 0.067).

3.2. Total solids and volatile solids

In contrast to BMP, TS and VS measurements showed high repro
ducibility for both evaluation and reference groups. For TS, relative 
reproducibility standard deviation was better than 4% for all substrates. 
But there were a small number of TS and VS results with much higher 
errors; for TS the largest error was − 17% of fresh mass, and − 12% of TS 
for VS. Although consistent TS and VS measurements were not a chal
lenge for most laboratories, these dry, ground substrates were not 
challenging and not representative of many typical biogas plant sub
strates. The possibility of higher error in TS and VS measurement during 
BMP testing remains.

3.3. Causes of error in BMP

With exceptions for some individual laboratories, the underlying 
causes of BMP measurement errors could not be fully explained. The 
only major errors that could be inferred conclusively from submitted 
data were in data processing and VS measurement by a single labora
tory. A few laboratories reported explanations for improvements: a 
switch to gravimetric measurements (two laboratories), better mixing 
(one laboratory), and a switch to a better inoculum source (two 
laboratories).

Some of the least accurate BMP measurements, from laboratory E24 
(Fig. 1), appeared to have errors related to data processing and VS 
measurement. More than half of the error in rabbit feed BMP submitted 
by E24 for test 1 (680 mL g− 1) was eliminated when moving from 
submitted BMP to BMP calculated with VS measured by the E24 labo
ratory. Most of the remainder was caused by the unusual VS value 
determined by this laboratory; BMP calculated using reference VS was 
within 10% of the reference value (Fig. 1). Similar (if less extreme) re
sults were seen for other test 1 substrates for that particular laboratory. 
In test 2, the improvement in accuracy for E24 appeared to be related to 
somewhat more accurate calculations, although error remained high 
(Fig. 1).

Calculation errors were present in most evaluation laboratory results 
and, to a lesser degree, reference results. These errors contributed to 
observed variability in BMP but only accounted for a portion. Repro
ducibility standard deviation in test 1 for calculated BMP, reference VS, 
was substantially better than submitted BMP for only rabbit feed (20% 
vs. 26%) and wheat straw (25% vs. 33%). In test 2, submitted BMP had 
better reproducibility than calculated for bird feed (18% vs. 9%) and 
whey (17% vs. 13%), and in other cases differences were small. In 
parallel with better submitted BMP values, correspondence between 
submitted and calculated results improved in Test 2 (Fig. 1). Some of the 
original calculation problems were related to confusion in the submis
sion process, e.g., submission of volume standardized to 0 ◦C and 1.0 
atm instead of as-measured volume, or VS given as a percentage of fresh 
mass and not TS. But these identified errors were corrected, and revised 
data were submitted; the remaining differences shown here remain 
unidentified. Median calculation error (including sign) was negligible: 
below 1% of reference values for all substrates for evaluation labora
tories and below 0.05% for reference laboratories, suggesting there is no 
consistent positive or negative calculation error that laboratories typi
cally make.

Laboratory E02 improved both the average BMP measurement ac
curacy and consistency among substrates from test 1 to 2 after switching 
from a manual volumetric method to a manual gravimetric method, 
based on the advice of project organizers. Laboratory E04 had a similar 
experience, switching from a manual manometric method. Gravimetric 
measurement may be more accurate than manual volumetric because it 
is unaffected by biogas leakage (Hafner et al., 2020). But these particular 
improvements do not indicate a problem with manual volumetric 

measurement itself; other laboratories used it successfully.
Error in gas quantity measurement probably made a significant 

contribution to inaccurate results and low reproducibility. Earlier work 
has shown that this source can be quite significant with manual volu
metric or manometric methods due to leakage or other, less clear 
mechanisms. Evaluation of manual manometric and volumetric results 
with gravimetric measurements in a large interlaboratory study showed 
that 20% error is not uncommon (Hafner et al., 2020). Automated 
commercial systems are not completely immune to these types of mea
surement errors. The extremely high test 1 BMP values from laboratory 
E01 were due to very high gas volumes which were measured with a 
commercial system, and the underlying cause of this unusual problem 
was not identified. But underestimation of biogas production is probably 
the more common case and may be a primary cause of the persistent 
negative bias observed in this work.

There was no clear evidence of consistent biases between the mea
surement methods. And reference laboratories provided evidence that 
very different methods can provide comparable results. Their methods 
included AMPTS®, other automated systems, manual volumetric and 

Fig. 3. Boxplot of submitted BMP values by substrate, test, laboratory type 
(evaluation and reference), and with two different sets of evaluation criteria 
applied. 2021 criteria include cellulose BMP limits of 340 and 395 mL g− 1 and a 
relative standard deviation limit of 6%. The relaxed criteria have cellulose BMP 
limits of 330 and 415 mL g− 1 and a relative standard deviation limit of 15%. 
Both include the 1% 3 d net duration criterion. Numeric values above the boxes 
show the number of laboratories remaining in each group, and values below 
show reproducibility standard deviation after exclusion.
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manometric methods, and the gas density method, yet reproducibility 
standard deviation was low (Table 2). But lack of consistent bias in 
measurement method categories does not mean that biases do not exist 
in specific implementations of methods. This second source of error is 
almost certainly substantial, and the underlying causes of these errors 
likely vary. For example, laboratory E12 attributed their improved 
performance in test 2 to better mixing; in test 1 some substrate material 
remained attached to the side of the bottle just above the slurry, and was 
therefore most likely not digested.

Bias in BMP differed between substrates, suggesting that inoculum 
activity could be another primary cause of measurement error. The 
smallest bias for cellulose was consistent with high inoculum activity 
toward carbohydrates, while poorer accuracy in whey BMP implies that 
many inocula struggle to degrade protein completely or rapidly (Table 2, 
Fig. 2). The better performance by reference laboratories shows that 
suitable capable inocula exist. And results from two evaluation labora
tories provide further evidence. Laboratory staff at both E14 and E22 
attributed an improvement in BMP accuracy from test 1 to test 2 to a 
change in inoculum source. Laboratory E14 used a laboratory source for 
test 1 and supplemented it with full-scale digestate for test 2. Although a 
positive control substrate can highlight problems with inoculum per
formance, the use of cellulose will only help for carbohydrates. In fact, 
both of these evaluation laboratories submitted accurate cellulose BMP 
results for both tests while results for most of the complex substrates 
were 20–50% below reference results in test 1 (Figs. 1 and 2). It is also 
interesting that differences in reproducibility and accuracy among the 
substrates from the results as a whole are consistent with a general 
inoculum cause of BMP measurement error; differences between eval
uation and reference laboratories in reproducibility and BMP values 
(accuracy) were smallest or even undetectable for cellulose, but clear 
and larger for the more complex substrates that were apparently difficult 
to degrade, particularly the lipid-rich sunflower seeds and protein-rich 
whey powder. Previous research has shown some effects of inoculum 
selection on BMP, but generally only small or even nondetectable effects 
(Koch et al., 2017a; Hülsemann et al., 2020), with some exceptions (De 
Vrieze et al., 2015). Biogas composition might give some indication of 
inoculum activity, with low CH4 concentration indicating a stressed 
inoculum. Most values measured by those laboratories that did not 
remove CO2 were typical, but a few were low, < 0.3 (volume fraction) 
for bottles with substrate and even <0.1 for two blanks. However, there 
was no clear relationship between these results and BMP error.

3.4. Validation criteria

The 2021 validation criteria (Holliger et al., 2021a), with cellulose 
BMP limits of 340 and 395 mL g− 1, eliminated up to 15 of 25 evaluation 
laboratories in test 1, but also 2 of 6 reference laboratories (Fig. 3). For 
test 2, 11 of 17 evaluation laboratories were eliminated by 2021 criteria, 
and only 1 reference laboratory (2 for whey, because of a borderline 
duration). The main cause of elimination by application of the 2021 
criteria was exceeding cellulose BMP limits (11 of 31 in test 1) but a 
surprising number of submissions did not meet the 1% net 3 d duration 
criterion (up to 6 of 31 for cellulose and wheat straw in test 1).

BMP reproducibility drastically improved for evaluation laboratories 
by application of the 2021 criteria, at least for substrates where the 
initial reproducibility standard deviation was high. For cellulose in test 
1, for example, reproducibility standard deviation dropped from 27% to 
3% after application of the 2021 criteria. But for the reference group, 
elimination of two the laboratories by application of the 2021 criteria 
provided no improvement; reproducibility standard deviation actually 
increased in some cases (Fig. 3). Interestingly, elimination of results 
based on the 2021 criteria did not consistently improve BMP accuracy. 
Median accuracy was generally stable, with only whey and bird feed 
improving (Fig. 2).

These results show that the 2021 criteria can eliminate grossly 
inaccurate BMP results and perhaps less extreme but still inaccurate 

values, but the criteria may be too strict. Application of the relaxed 
criteria, with 330 and 415 mL g− 1 limits, support this interpretation. 
These criteria eliminated only one of the reference laboratories, fewer 
evaluation laboratories (up to 10 of 25 in test 1, 5 or 6 of 17 in test 2), 
and still provided similar accuracy (Fig. 2) and similar reproducibility 
(Fig. 3) as the 2021 criteria.

3.5. SMP curves

It has been proposed that specific methane production (SMP) curves 
can be used as a screening tool to identify problematic BMP tests, with a 
long “lag phase” with little or slow methane production or other tra
jectories differing from first-order responses indicating a problem (Koch 
et al., 2019). Curves of SMP calculated by project organizers from sub
mitted raw measurement data in the present study show substantial 
diversity and major deviation from the first-order response in many 
cases, including lag phases above 20 d, with a median of 1.7 d (excluding 
cellulose, which typically has a lag phase and shows a median value of 3 
d here). Almost half the laboratory × substrate combinations were 
flagged as problematic in the SMP curve evaluation, with nearly all of 
these coming from the evaluation laboratories (orange lines in Fig. 4). In 
general, reference laboratories showed curves that closely matched the 
ideal response (Koch et al., 2019), while many evaluation laboratory 
curves showed problematic results, even in test 2 (Fig. 4). Some evalu
ation laboratory SMP curves included declining values and even nega
tive SMP, undulations, and other shapes inconsistent with a first-order 
response that imply problems with inoculum activity or BMP test 
execution (Koch et al., 2019).

The qualitative assessment of SMP curves showed clear value. For the 
two animal feeds, all extreme BMP values were associated with prob
lematic SMP curves (Fig. 4). Results were similar for the other sub
strates, with few exceptions. The magnitude of relative error in 
submitted BMP value was clearly correlated with SMP curve status (p <
0.002 from a two-sample t-test for bird feed). Quantitative indicators of 
SMP curve shape showed somewhat less value. Error in submitted BMP 
was in fact correlated with NSE for a first-order model fit to the SMP 
curves but only for the evaluation laboratories (p < 0.0001 from a t-test 
on the model coefficient) with an increase in absolute error from around 
10% to 30% as ME decreases from near 1.0 to 0.25.

Steindl et al. (2023) further refined the SMP screening concept and 
proposed that the SMP curve of blanks (with only inoculum) should have 
a lag phase < 1 d and relative standard deviation below 10% if BMP tests 
are to provide more reliable kinetic results. Here, however, BMP mea
surement error was generally not correlated with lag phase duration of 
substrates or blanks (p > 0.07). However, it does seem significant that 
not a single reference laboratory blank SMP curve showed long lag 
phases (0 with > 2 d lag phase and only 1 of 25 with > 1 d). Neither was 
there evidence of value in the initial methane productivity rate 
(normalized by inoculum VS mass) (p > 0.5 for evaluation laboratories 
and p > 0.06 for reference). Error in submitted BMP was, however, 
negatively correlated with NSE for the blanks (p = 0.016). But there 
were both observations with poor NSE and low BMP error, and a clear 
first-order response with high NSE but unusual BMP values with high 
error (Fig. 4).

3.6. Recommendations

The results from this interlaboratory study support some recom
mendations for laboratories, customers, and the research community. 
This work clearly demonstrates that experience matters, and that being 
receptive to advice from experienced staff can improve measurement 
quality, even without a laboratory visit. Laboratory staff should expect 
that measurement quality will improve with experience and seek out 
advice from more experienced laboratories. Given the diversity of 
methods and opinions, it is prudent to seek advice from multiple labo
ratories. Seeking advice and developing experience does not replace or 
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eliminate the need to follow available BMP measurement guidance, such 
as VDI (2016), VDLUFA (2011), or Holliger et al. (2021). However, a 
comparison between the present and earlier work suggests that simply 
following a common protocol is not sufficient. Neither Ribeiro et al. 
(2020) nor Hafner et al. (2020) found any improvement in BMP repro
ducibility after implementing a standardized protocol before a second 
round of BMP tests, while improvement was obvious in the present 
work.

Although preferences vary and all popular measurement methods for 
BMP can provide accurate results, laboratories using manual methods 
should consider including a gravimetric check of their results. The mass 
loss of bottles from the start to the end of a BMP test can confirm biogas 
production measured using manometric or volumetric methods, or 
reveal the presence of measurement errors (Hafner et al., 2020). A 
manual gravimetric method can circumvent the challenge of avoiding 
biogas leakage. Regardless, any BMP method should be based on 
methane production, and therefore biogas analysis or CO2 removal is 
essential.

An effective inoculum is perhaps the most important component of a 
BMP test. Inocula should come from full-scale anaerobic reactors if 
possible (VDLUFA, 2011; VDI, 2016; Holliger et al., 2016). Although 
differences between different sources of effective inoculum may be 
minor, selecting a poor inoculum can undoubtedly result in underesti
mation of BMP (Koch et al., 2017b; Hülsemann et al., 2020).

BMP testing should always include evaluation of a positive control 
substrate and application of validation criteria. Microcrystalline cellu
lose has been used extensively (VDLUFA, 2011; VDI, 2016) and despite 
its limitations (Koch et al., 2020), can be effective in identifying prob
lematic BMP tests when combined with validation criteria. Other sub
strates containing more than just carbohydrate will undoubtedly 

provide a better test of the ability of an inoculum to degrade diverse 
substrates. Given the persistent negative bias shown in this work, and 
especially its variation among substrates, with the highest bias for whey, 
the development of more complex positive control substrates would be 
valuable. In the meantime, laboratories can consider checking for high 
conversion efficiency of food products (Koch et al., 2020) and partici
pation in interlaboratory comparisons with complex substrates.

A perusal of recent published work on BMP shows that validation 
criteria are often omitted (e.g., García et al., 2023; Sillero et al., 2023; 
Dhulia et al., 2025) and that multiple sets are in use, including Holliger 
et al. (2016) (Patil and Sharara, 2022) and VDI (2006) (Gueri et al., 
2025), both of which have been superseded, by Holliger et al. (2021a, b)
and VDI (2016). Several papers have used these latest criteria as well. 
Results from the present contribution suggest that the 2021 criteria may 
be too strict. The biogas community might consider whether new criteria 
are needed. In any case, when validation criteria are applied, they 
should be clearly described.

Plots of SMP curves clearly have value (VDI, 2016; Koch et al., 2019; 
Hafner et al., 2020), and their inclusion in BMP test reports provided to 
customers, as well as in Supplementary Material of research papers on 
BMP, should become standard practice. This recommendation has been 
made previously, but as with validation criteria, uptake has been slow. 
The present contribution provides further evidence of the utility of SMP 
curves, and confirms that it is good practice to aim for curves that reflect 
reference laboratory results and to repeat tests that show substantially 
different responses (Fig. 4).

Data processing is not the main source of error in BMP measurement 
on average, but it can be the main source in some cases. As recom
mended earlier, this “low-hanging fruit” should be addressed by 
comparing calculated results to those obtained from a standardized 

Fig. 4. Specific methane production (SMP) curves measured by participating laboratories for the animal feed substrates. Colors show visual qualitative evaluation 
results, with teal curves acceptable and orange flagged for obvious problems, including negative values, long lag phases, or shapes that otherwise differ from a first- 
order response. Selected replicate curves are identified, with labels showing laboratory key and Nash-Sutcliffe model efficiency (for first-order model with no 
exclusion of lag phase).
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approach (Hafner et al., 2020). Free biogas software exists as an R 
package and web application (Hafner et al., 2018) and experienced 
laboratories may be willing to share spreadsheet templates or scripts for 
checking.

TS and VS were measured accurately by most laboratories, with re
sults showing high reproducibility. However, as with calculations, there 
were cases where TS or VS measurement was a major source of error in 
BMP. And, as mentioned above (section 3.2), typical laboratory samples 
are more challenging than the dry homogeneous substrates used in the 
present study. Laboratories should test their TS and VS methods by 
processing substances with known values (e.g., microcrystalline cellu
lose should have both TS and VS close to 100%) or, better, through 
interlaboratory comparisons (Paterson et al., 2020).

Interlaboratory comparisons or more structured proficiency tests 
(Paterson et al., 2020) are useful for BMP testing in general, and both 
experienced and less experienced laboratories should participate in such 
projects regularly. These projects do not need to be large or complex; a 
simple substrate exchange with one or two laboratories within the same 
country can be useful. The substrates used in this present project and in 
earlier work (Raposo et al., 2011; Koch et al., 2020) can provide inspi
ration for complex yet stable substrates that are well-suited for these 
tests. The inclusion of some feedback or a troubleshooting discussion 
(Paterson et al., 2020), ideally between two tests, appears to be a 
promising way to identify and address problems, along with confirma
tion of improvement. The use of identical substrates in each test would 
facilitate this type of analysis but then introduces the possibility of bias 
due to participants knowing what to expect.

In summary, recommendations for biogas laboratories are: (1) work 
to accumulate BMP testing experience, (2) seek out method advice from 
more experienced staff, (3) use gravimetric methods to eliminate error 
from bottle leakage, (4) find or develop an effective inoculum, (5) 
regularly include a positive control substrate in BMP tests, (6) apply and 
report validation criteria, (7) compare BMP results to expected values, 
(8) check SMP curves of substrates and blanks and discard strange 
curves, (9) confirm the accuracy of data processing steps, and (10) 
participate in inter-laboratory comparisons or proficiency tests for BMP 
as well as TS and VS measurement.

Customers are recommended to ask biogas laboratories: (1) if they 
have recently participated in an interlaboratory test, (2) whether they 
regularly include a positive control, (3) whether they apply any vali
dation criteria to each test, and (4) if the SMP curves have been evalu
ated for the test that included the customer’s samples. Customers should 
not accept a simple “yes” or “no” but should ask laboratories to share 
results with them, including any interlaboratory report, positive control 
BMP, applied validation criteria and results, and SMP curves for the 
customer’s substrates and positive controls in the same test.

4. Conclusions

Experience matters when it comes to BMP measurement, and 
participation in an interlaboratory comparison and evaluation such as 
the one described here can provide valuable experience and feedback to 
help improve BMP reproducibility. However, improving reproducibility 
may be easier than eliminating a small negative bias, which may require 
greater effort to identify sources of error. There is no simple way to 
guarantee that specific BMP results are accurate, but following existing 
guidelines and the recommendations provided in this paper would 
substantially reduce the magnitude of errors overall and in specific 
cases. Application of validation criteria based on a positive control 
substrate and verification of specific methane production curves are 
particularly effective in improving accuracy and reproducibility.
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