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Abstract

:

Biochemical methane potential (BMP) is essential to determine the production of methane for various substrates; literature shows important discrepancies for the same substrates. In this paper, a harmonized BMP protocol was developed and tested with two phases of BMP tests carried out by eleven French laboratories. Surprisingly, for the three same solid tested substrates (straw; raw mix and dried-shredded mix of potatoes, maize, beef meat and straw; and mayonnaise), the standard deviations of the repeatability and reproducibility inter-laboratory were not enhanced by the harmonized protocol (average of about 25% depending on the substrate), as compared to a previous step where all laboratories used their own protocols. Moreover, statistical analyses of all the results, after removal of the outliers (about 15% of all observations), did not highlight significant effect of the operational effect on BMP (stirring, automatic or manual gas quantification, use of trace metal, uses a bicarbonate buffer, inoculum to substrate ratio) at least for the tested ranges. On the other hand, the average intra-laboratory repeatability was low, about 7%, whatever the protocol, the substrate and the laboratory. It also appears that drying the SA substrate, which contained proteins, carbohydrates, lipids and fibers, does not impact its BMP.
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1. Introduction


The organic residue treatment sector, including anaerobic degradation, is currently increasing especially in France. This recent phenomenon can be explained by an environmental awareness in industrialized countries, certainly based on one part of the depletion of fossil energy resources, implying the need to develop alternatives in terms of renewable energy, another part of the necessary protection of the environment by limiting greenhouse gas emissions (ratified by the Kyoto Protocol).



Anaerobic digestion is a biological process where biodegradation of organic substrates (alone or through codigestion) was carried out by a microbial consortium giving in this way biogas (mainly composed by methane and carbon dioxide) and digestate. AD processes were widely used for energy conservation and recovery and to valorize organic waste [1,2,3].



At the end of 2018, 18,202 biogas plants were numbered in Europe, with 11,084 in Germany, 1655 in Italy and 837 in France [4].



In this context, many parameters are currently playing in favor of the development of anaerobic digestion: (i) installations equipped with biogas upgrading were largely autonomous in energy and allow the sale of electricity or biomethane; (ii) in this framework, the incentive nature of the cost of buying back of kWh ex-biogas, allowing a return on investment, which is now short for many biogas plants; (iii) from a regulatory point of view, waste after anaerobic digestion was considered as “recovered”; (iv) for the biggest installations, anaerobic digestion with recovery of biogas can claim an interest in terms of “non-produced” CO2, and gave rise to credits according to the rules set by the Kyoto Protocol.



Consequently, an increase in the number of projects for solid waste treatment by anaerobic digestion was observed. These projects mainly concern anaerobic digestion and co-digestion of agricultural, industrial or household waste, through territorial streams.



The determination of the methanogenic potential of substrates, also known as BMP (Biological Methane Potential), is a central and essential parameter for any anaerobic processes [5,6,7,8], playing an important role both for research [7,9,10,11,12,13,14] and biogas plant management [15,16,17]. Actually, it is used for the technical and economic analysis of a project, for the design of treatment and recovery facilities and for the evaluation of the process performance. It is also a key indicator of the stability of solid wastes stored in landfills. While some publications mention methodologies for the determination of the methanogenic potential, the methods are often very different, especially for solid and heterogeneous substrates and there was no standard method in the past available for BMP tests [18]. This variability in analytical methods directly results from the lack of standardized protocol or adapted normative reference. It raises many questions about the quality of the results and limits their interpretation.



The first published standardized BMP protocol was proposed by Owen et al. [19], and since this starting point, several attempts at setting guidelines for the standardization of the BMP protocols have been made. In particular, the expert working group on anaerobic digestion (Anaerobic Digestion Specialist Group) of the International Water Association (IWA) has initiated a task group entitled “Task Group for the Harmonization of Anaerobic Biodegradation, Activity and Inhibition Assays”. It resulted in the publication of a protocol for solid waste BMP determination [20]. This protocol relies on previous publications that had already attempted to make recommendations based on the analysis of the involved processes [21,22,23,24] or on the application of very specific problems such as the inoculum/substrate ratio [25] or specific substrates [26]. However, no further action has so far been proposed after this work and the task group recommendations [20] are still only partially followed by the laboratories. Despite these harmonization efforts, large disparities remain in the protocols effectively implemented in the laboratory for the BMP determination, and the conclusions of Angelidaki et al. [20] were limited to recommendations, rarely directives, which were not sufficient to ensure standardization of the protocol, and which, in fact, were very rarely applied within laboratories.



For 20 years, several protocols of BMP determination were proposed [27], and the most common used were those identified by Pham et al. [28] and other studies [20,23,29] including the standard procedure VD1 4630 [30] proposed by the Association of German Engineers. These protocols were divided in two groups: the first one focused on protocols for the determination of anaerobic biodegradability of chemicals [31,32,33,34,35,36,37], the second one on protocols for the determination of ultimate biodegradability of complex organic compounds or methane production [31,38]. The overview of these normalized protocols and their characteristics shows a clear divergence of approaches. These standardized protocols diverge on almost all the measurement parameters considered to be important: test volume, supplementation with nutritive solution, test duration, pretreatment, preparation and adaptation of inoculum.



The protocols of BMP determination used by researchers were commonly adapted from one study to another study in order to provide specific answers to the investigated problem. For example, 14 factors influencing BMP measurements, belonging to inoculum (origin, solid contents, pre-incubation or pre-digesting, concentration at the start-up experiment), physical (reactor capacity, temperature, stirring, test duration) and chemical (headspace gas, pH/alkalinity adjustment, mineral medium) experimental conditions, inoculum to substrate ratio, gas measurement systems characteristics, positive control substrate were described by Raposo et al. [14].



In the same way, Ohemeng-Ntiamoah and Datta [39] analyzed 78 peer-reviewed BMP studies published between 2007 and 2018 and focused on similarities and differences in the methodologies used and discussed the results obtained. Their conclusions were that many studies did not provide adequate information about BMP methodology and results were often reported in different units.



To summarize, these protocols used as well the operating conditions and the equipment varied from one study to another, even within the same lab. This large amount of data generated over the past twenty years at the academic level was very difficult to interpret.



As a consequence, the reliability of BMP measurements is still discussed. This was illustrated by recent inter-laboratory studies.



The first one was reported by Raposo et al. [40] and evaluated the results from 19 laboratories worldwide on simple model substrates (starch, cellulose, gelatin and mung beans). The second one was an Italian study reported by Porqueddu et al. [41] and involved 19 laboratories, which evaluated the BMP of freeze-dried samples of cheese whey, silage maize and biowaste. The findings of these studies support a wide dispersion of results with both a high number of outliers and poor reproducibility relative standard deviation.



The work coordinated by Raposo [40], as part of the ADRIL project (Anaerobic Digestion Research Inter-Laboratory), in collaboration with 19 international laboratories confirmed this observation. Four substrates were tested: cellulose, starch, gelatin, and two identical samples of mung beans. The experimental conditions were left to the discretion of the various laboratories, all involved in research or analysis services including these BMP tests. Only one parameter was imposed, due to its demonstrated influence on the results of the BMP tests: the inoculum/substrate ratio (I/S). The results obtained relate the huge variability of the values of methanogenic potentials measured from solid substrates, however homogeneous, and the heterogeneity of the experimental approaches implemented by the various laboratories. However, since the analytical results obtained were not linked to the experimental protocols used by the laboratories involved, this study did not allow the identification of the factor, or factors, having a significant influence on the measurement of methanogenic potential.



A Swiss study on the optimization of standardized digestibility tests in batch reactors was carried out in 2011 by EPFL under the mandate of the Federal Office of Energy [42]. BMP series of tests were carried out, applying a very strict basic protocol and varying certain key parameters in order to better understand the influence of some of these parameters on the methane production potential of a substrate. This study carried out from powders of homogeneous solid substrates (this assay did not include any pretreatment) allowed to specify certain fundamental figures for the standardization of a BMP test, mainly regarding the inoculum. It was thus shown that the origin and the adaptation of the inoculum had no decisive influence on the production potential of methane. However, these conclusions are limited to only four inocula used in the study.



An inter-laboratory study carried out by 19 Italian laboratories was also carried out on lyophilized powdered substrates (corn silage, bio-waste and whey), setting as the only constraint I/S ratio equal to two [41]. As in the study of Raposo et al. [40], the results showed a very large dispersion with reproducibility differences ranging from 40% to 110% depending on the substrates. However, the analysis of the factors potentially causing this dispersion was not carried out, and the need for standardization of the protocols was simply claimed.



In 2018, Weinrich et al. [43] summarizing batch tests for biogas potential analysis showed a global inter-laboratory reproducibility in the range of 8% to 26%, that is also the result of German tests [44].



The most recent BMP guidelines were proposed by Holliger et al. [45], VDI 4630 [30] and Hafner et al. [46], which recommends a set of compulsory elements for validating BMP results. In Hafner et al. [46], a standardized BMP protocol built from guidelines recommended by Holliger et al. [45] and carried out by more than thirty laboratories from fourteen countries was tested in a large inter-laboratory project, using multiple measurement methods, resulting in more than 400 BMP values. The inter-laboratory variability of BMP values was moderate, and the relative standard deviation was 7.8% to 24% but relative range was 31% to 130% [46].



The major part of the guidelines in the last decade [20,30,44,45,46,47] provided more or less detailed information about design and completion of BMP tests, and three guidelines gave clear criteria about the validation of the obtained results [44,45,46]. These guidelines highlighted the existing shortcomings of BMP tests and demonstrate the relevance of standardizing BMP experimental parameters and data reporting [39].



A similar inter-laboratory study was carried out for the determination of biohydrogen potential (BHP) and proposed the first standardized and validated protocol, evaluated by eight independent laboratories [48]. As quality criteria, the coefficient of variation of the cumulative hydrogen production was targeted to be less than 15% and two options (manual and automatic protocols) to run BHP batch tests were proposed. The validation showed acceptable repeatability and reproducibility, measured as intra-laboratory and inter-laboratory coefficient of variation, which can be reduced up to 9% [48].



This work concerns an inter-laboratory study achieved by eleven French laboratories. The study involved two experimental phases. For each of them, three substrates were sent to each participating laboratory, which achieved six methanogenic potential measurements for each substrate. During the first experimental phase, each partner achieved the methanogenic potential measurements according to its own protocol. During the second phase, each partner made new measurements according to the common protocol defined after analyzing the results of the first phase.



The relevance of this study and the strength of its drawn conclusions required the involvement of a representative number of private and French academic laboratories regularly carrying out BMP measurements.



The aim of this proposed French inter-laboratory study was to evaluate the current protocols used in the country for BMP evaluation and to establish their harmonization. Two of the main objectives were to identify key points and define good experimental practices, and to suggest a suitable methodological framework. The originality and the novelty of this inter-laboratory study were about the fact that this study was addressed to solid and heterogeneous substrates (origin and nature of substrates). Moreover, this study was organized in two phases allowing evaluating the repeatability, the intra- and inter-laboratory reproducibility with two triplicates launched for each lab with four weeks between both phases. In this way, this organization was clearly a differential point with other studies carried out in the past.




2. Materials and Methods


2.1. BMP Measurement


The methods for the BMP determination used by laboratories were often very different, in particular when the substrates analyzed were solid substrates. In general, these protocols aim to produce the optimal conditions for anaerobic digestion of organic matter, in order to express all, or the maximum, of the methanogenic potential of the substrate.



The measurement methods were based on the cultivation in bioreactors of well-known quantities of organic material and anaerobic microorganisms (inoculum), set in suitable conditions for development of optimal anaerobic biological activity. During the test, the microorganisms degraded the organic matter, which was converted to biogas. At the end of this reaction phase, the speed of biogas production dropped corresponding to the end of the biodegradation of organic matter. The biogas production (or the methane production after CO2 entrapment) is measured over time, and the composition of the biogas produced was generally analyzed by gas chromatography. The methane potential of each substrate was determined from the cumulative amount of methane produced during the test.



The methanogenic potential of the substrates can be determined using manual (volumetric or manometric measurements), automatic [24,30,49] or gravimetric methods [50,51,52]. In case of using automatic systems such as AMPTS® system (Automatic Methane Potential Test System, BioProcess Control), this device allowed to monitor 15 reactors simultaneously under mesophilic conditions at 37 ± 1 °C, and to record the gas flow during all the tests. AMPTS systems allowed to monitor online the biogas (or the methane production after CO2 entrapment in 3 M soda solution with thymolphtalein). The preparation steps of substrates were the same for automatic or conventional BMP tests.




2.2. Organization and Methodology of the Inter-Laboratory Study


2.2.1. Generalities


The laboratories involved in this study were public (academic) and private research labs: APESA, DEEP INSA Lyon, HPAN INRAE, ITE INRAE, LBE INRAE, LISBP, ONDALYS, OPAALE INRAE, UniLaSalle, UTC, VEOLIA Recherche & Innovation, SUEZ. An encoding number (1 to 11) was assigned to each laboratory, and the results were randomized in order to anonymize them. Two of the eleven labs carried out the BMP tests in parallel with manual and automatic methods, giving 13 datasets.



In the face of heterogeneity with several protocols used by French labs for the determination of the biochemical methane potential of solid heterogeneous solid substrates, it became necessary to investigate this point. The applied methodology must lead to clear conclusions (recommendations) concerning the current methodologies used and proposals for the harmonization of protocols.



The course of this study, divided into 5 phases, was depicted in Figure 1 and the total duration was 24 months. The approach was a classical inter-laboratory test methodology, based firstly on a literature survey related to several existing methodologies for the BMP determination. This first phase focused in particular on the measurement of the methanogenic potential of solid substrates. The following phase was dedicated to the design of the inter-laboratory test with the definition of the objectives, the choice of the model substrates (SA, SA’ and SB), and the building of a survey (Excel file) that each laboratory partner had to fill, allowing to collect and to compare all the experimental procedures carried out by each lab.



All participants applied their own typical BMP measuring protocol with the sole obligation to run the tests in two series of triplicates and to include blanks and positive controls. The identified factors differing from one laboratory to another were the main method (manual or automated via AMPTS® apparatus/devices), the gas volume measurement technique, the mixing regime, the inoculum/substrate ratio (I/S), the pH buffer addition, the mineral medium complementation and the level of endogenous methane production.



The data collected at the end of this first phase should make possible to carry out a comparative study of the protocols used by the several laboratories, both qualitative (nature of the protocols used) and quantitative (values of methane potential obtained). A complete analysis of the results obtained, correlated to the various experimental protocols, was carried out with the objective to propose a common protocol discussed and built from a collective consensus; this new protocol was the deliverable of the intermediate stage of this study. This new common protocol was then applied by each lab during a second experimental phase starting with sending solid substrates (SA’, SB and SC) to each lab; each lab had to follow precisely the recommendations made during the previous phase: use of a common mineral medium, use of 3 g L−1 NaHCO3 as pH buffer and set the volatile solid inoculum/substrate ratio to two.



This validation step should make it possible, on one hand, to verify that the possible methodological freedoms granted within the framework of the common protocol were not prohibitive, on the other hand, to determine the inter-laboratory and intra-laboratory variability of the measurement. The last phase of the study consisted in writing a summary report presenting the approach adopted, the results obtained as well as the standardized protocol, which will serve as a reference for the standardization of the BMP measurement protocol.




2.2.2. Building of the Inter-Laboratory Study


For both phases, the three substrates described above were sent to each participating laboratory, which carried 6 BMP measurements for each substrate, blanks (endogenous activity of the inoculum) and positive control (standard compound for methanogenic activity determination) as described in Figure 2.



During the first experimental phase, each partner carried out 6 BMP measurements according to their own protocol. During the second phase, each partner again carried out 6 BMP measurements according to the common protocol defined in the context of phase 5 of this study. For each of the experimental phases, laboratories were asked to carry out 2 series of 3 measurements, the second series having to start at least 4 weeks after the first series. The objective of these repetitions was to test the inter-laboratory reproducibility but also the intra-laboratory reproducibility of the measurement.




2.2.3. Experimental Data Collection


Two Excel files were sent to each lab respectively to summarize the protocols and the results at the beginning of the first phase of the inter-laboratory study. The analysis of the information collected allowed to draw up a precise overview of the techniques and methods used by the different participants and to interpret the results obtained at the end of the first phase of the inter-laboratory test according to the experimental and analytical practices of each laboratory.



The first Excel survey file, only sent for the first phase of the inter-laboratory study, summarized the protocols used for substrate preparation and test performance, as well as the calculations to assess the values of methane potential. This survey, which was written as templates with the aim of allowing the most complete analysis possible of the protocol of each laboratory, was the most exhaustive possible. The following information was collected: transportation (condition, duration), storage (duration, temperature), pretreatment (if yes, which one, mass of substrate) and characterization (parameters) of the substrate; experimental setup (replication, volume, headspace volume, opened system, stirring, temperature, blank with inoculum for endogenous production, positive control substrate); medium (origin, characterization, preparation such dilution, concentration, depletion, incubation, activity measurement, I/S ratio, supplementation with nutrients and mineral solution, buffer), monitoring of assays (biogas and/or methane quantification, biogas composition, method of gas measurement (manual, automatic, volumetric, manometric), gas measurement (opened or closed system), characterization of the medium at the end of the test), experimental data analysis and results presentation (detailed calculation of methane production, units, curves).



The second Excel file survey, sent before the two phases of the inter-laboratory study, summarized the results of experimental tests such as substrate analysis (TS, VS, COD, pH of substrate and inoculum), composition of the vials at the start of the tests (volume, headspace volume, inoculum, nutrients and mineral solution), gas measurement method (automatic, manual, volumetric, manometric), kinetics of biogas production for each vial (time, methane production), and final results of BMP for each test expressed in NmL per gram of VS. The data were collected for each set (3 replicates) separately; calculations were automatically carried out with correction of temperature and pressure, and graphs were also automatically plotted for each set (substrate, blank, positive control) in order to standardize the data processing and to avoid errors.



At the end of the first and second phases, each lab sent to the coordinator of the inter-laboratory study the Excel files filled with data, calculations and graphs, respectively, already carried out.




2.2.4. Experimental Data Calculation


The measured gas volume was corrected to dry gas at standard temperature and pressure conditions (273.15 K and 101.325 kPa), and the data are expressed in normal cubic millimeters of methane per gram of volatile solid (NmLCH4 gVS−1).




	
Test Carried Out in a Closed System








The volume of biogas produced was evaluated:




	
By pressure measurement using a differential manometer;



	
By volumetric measurement using a suitable device (flowmeter, “inverted specimen”, syringe, etc.)








The composition of the biogas produced in methane (CH4) was analyzed each time the volume was measured using a suitable measuring device (chromatograph, infrared analyzer, etc.)



The measuring and analysis devices must be calibrated and checked in accordance with the recommendations of the supplier of the measurement equipment.




	
Monitoring by pressure measurement








Parameter to be measured:




	
The differential pressure ΔP(i);



	
The methane content;



	
Atmospheric pressure on the day of analysis;








The pressure in the reaction chamber was equilibrated to the atmosphere after each measurement.



Each time a sample was taken, ΔP(i), Patm(i) and y(i) were measured.



Calculations:




	
The pressure in the reaction chamber:










  P  ( i )  =  Δ P   ( i )  +  P  atm    ( i )  ,  



(1)








	
The saturating vapor pressure of water at the working temperature T, e.g., according to the Rankine formula:










   P  sat    ( T )  = 101325 exp  (  13.7 −   5120  T   )   



(2)








	
The volume of methane (NCTP) produced since the last sampling:










  Δ V  ( i )  =  [   (  y  ( i )     (  P  ( i )  −  P  sat    ( T )   )  Vh  T   )  −  (  y  (  i − 1  )     (   P  atm    (  i − 1  )  −  P  sat    ( T )   )  Vh  T   )   ]     T 0     P 0     



(3)




with




	-

	
P(i)—the pressure in the reaction chamber at the time of analysis (Pa);




	-

	
ΔP(i)—the differential pressure read on the pressure gauge (Pa);




	-

	
Patm(i−1)—the atmospheric pressure on the time i−1 of the previous analysis (Pa);




	-

	
Patm(i)—the atmospheric pressure on the time i of analysis (Pa);




	-

	
Psat(T)—the saturating vapor pressure of water at temperature T (Pa);




	-

	
Y(i−1)—the CH4 content in the dry biogas on the time i−1 of previous sampling (%);




	-

	
y(i)—the CH4 content in the dry biogas on the time i of sampling (%);




	-

	
ΔN(i)—the number of moles of methane produced since the last sample was taken (mol);




	-

	
ΔV(i)—the volume of NCTP methane produced since the last sampling (Nm3);




	-

	
Vh—the volume of the gas headspace (including the measuring device) (L);




	-

	
T—temperature of the reaction chamber during measurement (K);




	-

	
T0—standard temperature (273.15 K);




	-

	
P0—standard pressure (1 × 105 Pa).









	
Monitoring by volumetric measurement






Parameters to be measured:




	
Volume of biogas produced since the last collection;



	
Methane content of the biogas;



	
The atmospheric pressure on the day of the previous sampling.













	
The pressure in the reaction chamber is balanced to the atmosphere after each measurement.



	
Each time a sample was taken, ΔP(i), Patm(i) and y(i) were measured.



	
Calculations:













	
The saturating vapor pressure of the water at the working temperature T, by using the Rankine formula as shown above.



	
The volume of methane (NCTP) produced since the last sampling:










  Δ V  ( i )  =  [   (  y  ( i )     (   P  atm    ( i )  −  P  sat    ( T )  ) ( Vb  ( i )  + Vh  )   T   )  −  (  y  (  i − 1  )     (   P  atm    (  i − 1  )  −  P  sat    ( T )   )  Vh  T   )   ]     T 0     P 0     



(4)




where




	-

	
Vb(i)—the volume of biogas measured on the time i of the analysis (m3);




	-

	
Patm(i−1)—the atmospheric pressure on the time i−1 of the previous analysis (Pa);




	-

	
Patm(i)—the atmospheric pressure on the time i of analysis (Pa);




	-

	
Psat(T)—the saturating vapor pressure of water at temperature T (Pa);




	-

	
Y(i−1)—the CH4 content in the dry biogas on the time i−1 of previous sampling (%);




	-

	
y(i)—the CH4 content in the dry biogas on the time i of sampling (%);




	-

	
ΔN(i)—the number of moles of methane produced since the last sample was taken (mol);




	-

	
ΔV(i)—the volume of NCTP methane produced since the last sampling (Nm3);




	-

	
Vh—the volume of the gas headspace (including the measuring device) (L);




	-

	
T—temperature of the reaction chamber during measurement (K);




	-

	
T0—standard temperature (273.15 K);




	-

	
P0—standard pressure (1 × 105 Pa).









	
Test Carried Out in an Open System






Parameter to be measured:



The volume of biogas produced is measured using a suitable device (flowmeter) that has been calibrated beforehand. The methane (CH4) composition of the biogas was analyzed periodically (or continuously) using a suitable device.



The volume of methane produced can be measured directly, after solubilization of the carbon dioxide in a basic solution. In this case:




	
The CO2 solubilization device (trap) must be separated from the reaction chamber, preventing the return of the CO2-free biogas into the headspace, in contact with the reaction medium;



	
Knowledge of the methane content of the biogas at the beginning and end of the test was necessary.








At each analysis, V(i), P and y(i) were measured.



Calculations:



The calculation of methane production between two analyses must take into account the following:




	
The variation of the methane content of the headspace in the reaction chamber;



	
The variation in the methane content of the biogas produced between two analyses.








The volume of methane produced between two analyses can be approximated by the following formula:


  Δ V  ( i )  =  (   [   V h   (  y  ( i )  − y  (  i − 1  )   )   ]     (  P −  P  sat    ( T )   )      10  5      273.15  T   )  +  (   [  Vb  ( i )    y  ( i )  + y  (  i − 1  )   2   ]     (  P −  P  sat    ( T )   )      10  5      273.15  T   )   



(5)








	
With the saturating vapor pressure of water at the working temperature T by using the Rankine formula as shown above.








where




	-

	
Vb(i)—the volume of biogas produced since the last analysis (m3);




	-

	
P—the pressure in the reaction vessel (Pa);




	-

	
Psat(T)—the saturating vapor pressure of water at temperature T (Pa);




	-

	
y(i−1)—the CH4 content in the dry biogas on the time i−1 of previous sampling (%);




	-

	
y(i)—the CH4 content in the dry biogas on the time i of sampling (%);




	-

	
ΔV(i)—the volume of NCTP methane produced since the last analysis (Nm3);




	-

	
Vh—the volume of headspace (including the of the gas phase measuring device) (m3);




	-

	
T—reaction chamber temperature (K).









For an AMPTS device, these calculations were automatically included in the software.



Since this inter-laboratory study, Hafner et al. [46] have built a free website where normalized BMP calculation was given (available at www.dbfz.de/en/projetcs/bmp/methods).




2.2.5. Results Analysis


All Excel files were collected and treated by the Ondalys company (Clapiers, France), partner of the inter-laboratory study. On one hand, statistical data were drawn for each lab after removing the outliers. The repeatability was assessed with 3 assays per set; the intra-laboratory reproducibility was assessed with 2 sets for each lab, and finally, the inter-laboratory reproducibility was determined between the 11 labs involved in this study. The averages of the methane production of the blanks were always subtracted from those of the data before the analysis of the results. The uncertainty of the blank production was not considered.



On the other hand, statistical analyses were carried out by an independent way for the substrates SA (raw complex substrate) and SA’ (dried and shredded complex substrate), and SB (dried and shredded straw), using ANOVA and Newman–Keuls or Duncan tests. Factors of variability studied for SA and SA’ were the following: (i) Substrate preparation: raw vs shredded (2 modalities); (ii) Lab (11 modalities); (iii) Date of analysis (2 modalities) and for SB: lab (11 modalities); date of analysis (2 modalities).



The results for the statistical quantitation of significance for the different factors obtained by ANOVA should be interpreted with caution. The measurements were taken from actual laboratory practices, therefore forming an incomplete and unbalanced experiment design, with no randomly assignment for the factor levels. The sample size for some factor levels, especially for the experimental system (Manual/AMPTS), was for some factors small. Thereby, a certain number of precautions were applied during the statistical analysis in order to particularly dismiss the terms with too small sample size, and to consider the nested nature of certain factors (method/gas measurement/agitation).



Calculations of the Relative Standard Deviation (RSD) for repeatability and reproducibility were performed according to NF ISO 5725 [53] and NF ISO 13528 [54], using the following model


y = m + B + e,



(6)




where m is average, B the difference between steps series in one lab and e the residuals.



The intra-laboratory repeatability was calculated as


   σ r  =   var  ( e )    =       SS  r    N − p      



(7)




where SSr is the sum of the squares of the intra-laboratory repeatability, N is the total number of observations and p is the number of series



The inter-laboratory reproducibility was calculated as


   σ R  =    σ L    2  +  σ r    2     



(8)




where    σ L    2  =    (  p − 1  )   (      SS  L    p − 1   −  σ r    2   )       N ′      is the inter-laboratory variance; SSL is the sum of the squares of the inter-laboratory reproducibility, and     N ′  = N −      ∑  i = 1  p    n i 2     N    is the corrected average number of repetitions per test with n the number of repetitions per test.



Concerning the outlier’s removal, some data have been identified by each lab for the first step in discussion with Ondalys. Each laboratory was allowed to decide which results have been justifiably withdrawn from the statistical analysis, with the following suggested rules:




	-

	
1 test was eliminated from a series of 3 replicates if RSD was higher than 10% and the two other tests had close values;




	-

	
1 whole series (the 3 replicates) was eliminated if RSD was higher than 10% and the three replicates were all sufficiently different from each other (RSD higher than 10% leaving 2 replicates);




	-

	
1 test or 1 series was eliminated if technical justification (gas leakage, broken bottles, electrical shutdown, failure of devices or sensors, problem of heating system, etc.).









The basic idea behind these rules was that these results would not have been provided to a customer and were removed from statistical analysis because there was no objective reason to rule them out.



Table 1 indicates that a significant number of outliers had been ruled out. These outliers greatly impacted the different results but accounted for the initial objective, which was to analyze the variability of intra and inter-laboratory measurements in order to try in a second phase, to harmonize the measurement protocols.



In the harmonized protocol (described below in the Results section), the rules for the elimination of outliers had been requested as mandatory. Applying these rules and also the self-criticism of each laboratory as in the first phase, a significant number of outliers were detected in the second phase and ruled out, as shown in Table 2.





2.3. Choice, Composition and Preparation of Substrates


2.3.1. Choice of the Different Substrates


The solid organic substrates studied in anaerobic digestion projects were highly variable depending on the feedstocks considered. Two main criteria were considered for the choice of the substrates studied: biodegradability (biochemical properties) and physical structure (homogeneity, size). The choice of substrates was determined in order to study the response of the partners with regard to these two aspects: biodegradability and homogeneity. For this purpose, three distinct substrates were prepared with the targeted characteristics summarized in Table 3. The substrate SA ‘is identical to the substrate SA but was prepared before sending to all labs by drying and grinding into powder in order to obtain a homogeneous substrate. In this way, the impact of the preparation mode and the impact of the experimental measurement protocol on the BMP results could be determined.



The different labs decided to add, during the second experimental phase, a lipidic substrate (fats), because this type of substrate was very sensitive to the biological activities of the microbial populations provided by the ‘inoculum. Commercial mayonnaise was chosen.




2.3.2. Composition of the Substrates


All substrates SA, SA’ (same substrate as SA but dried and shredded), SB and SC were prepared by one laboratory and sent to all participants. For the first phase of this study, lots of SA, SA’ and SB were sent to the eleven labs in November 2012. For the second phase, lots of SA’, SB and SC were sent in May 2014.



The composition of these substrates is given in Table 3.




2.3.3. Preparation of Substrates


The mixtures SA were prepared for each lab partner in 5.1 kg lots while wheat straw (dry material) was packed in bags and the other components (wet materials) were packed in buckets. A total of 26 lots were prepared in September 2012 and frozen at −20 °C.



For the preparation of the substrate SA’ (homogeneous powder), 2 lots were dried at 80 °C to reduce the potential loss of volatile fatty acids (VFA) and ground to 1 cm (Blick BB 230). Due to the reduced capability of drying, the substrates were frozen at −20°C before shredding. The whole dried matter was grinded as powder with lab knives grinder (Fritsch Pulverisette 19) equipped with 0.5 mm grid in order to obtain a homogeneous dried powder. Then, lots of 100 g were packed in sealed vessels.



The lots SB were packed in buckets containing 100 g of wheat. Lots SC were mayonnaise buckets purchased from supermarkets.



A nutritive solution was prepared by one of the eleven labs and sent to other labs. The composition, adapted from the recommendations which Angelidaki et al. [20,24] themselves adapted from Madigan et al. [55], was given in Table 4.





2.4. Physicochemical Parameters


Total Solids (TS) and Volatile Solids (VS) contents of the solid and the liquid substrates, and inoculum, were determined by drying at 105 °C for 24 h and 550 °C for 2 h, respectively, and respecting APHA 2540-G [56]. The analyses were carried out in triplicate by all the labs for all substrates.





3. Results


3.1. Substrate Characterization


The characterization of the substrates SA, SA’, SB and SC carried out by each lab was summarized in Table 5, giving TS and VS contents, showing a good reproducibility of these values for each substrate. For each laboratory, both repeatability among triplicates and reproducibility between two sets of tests were good with standard deviation lower than 3% for all values. The theoretical BMP were also given for all substrates as target values and point of comparison with the experimental BMP values obtained during the inter-laboratory study for the four substrates. These theoretical methane productivities were calculated on the basis of substrate composition, literature data, and formula of Buswell and Müller [57]), completed by Boyle [58]. The calculation of theoretical BMP was detailed in Appendix A (Table A1, Table A2, Table A3 and Table A4).




3.2. First Phase (Free Protocols)


The data collected at the end of this inter-laboratory study thus constitute the basis of the first comparative study, of the protocols used by French laboratories for the 235 BMP measurements of solid organic matrices, from a qualitative point of view (nature of the protocols implemented and impact of key parameters of the protocol of the measured value) and quantitative (repeatability and reproducibility of the measurement).



According to the inter-laboratory methodology, all the participating labs sent the Excel file survey concerning its own protocol used for the first phase to the coordinator. An analysis of the eleven Excel file surveys dedicated to the protocol used by each lab was carried out, and the main information about protocol was summarized in Figure 3 showing the repartition between manual and automatic (AMPTS) methods used; the implementation of a drying step; the use of pH buffer, nutrient and mineral solution or not; the choice of I/S ratio for the start-up of the BMP test; the choice of gas quantification and the stirring. The effect of these factors was studied by ANOVA analysis and was detailed below.



The first phase of the inter-laboratory study was carried for seven months. In this phase, two labs decided to carry out the BMP tests with two methods (manual and automatic) providing 13 instead of 11 lab results. In this way, the number of expected values for each substrate was 78 equal to 13 labs multiplied by 3 replicates per substrate (inoculum/blank or positive control substrate) multiplied by 2 sets. The numbers of expected, removed and considered values for the data curation and statistical analysis were summarized in Table 1. For each substrate, some values were removed due to the fact that one replicate or the whole set of replicates was atypical and considered as outliers. In this way, the statistical analysis was carried out only on the considered values. A significant number of outliers had been ruled out (22% for SA, 13% for SA’ and 24% for SB) that explained why some data are missing in Figure 4, for instance set A for substrate SA for lab ID 1.



The intra-laboratory repeatability (lower or equal to 7%) and the intra-laboratory reproducibility averages (lower or equal to 9%) were quite good for both sets A and B carried out during the first phase for SA, SA’ and SB, as shown in Figure 4 and summarized in Table 6. The inter-laboratory reproducibility was quite high with 17–20% for the three substrates, resulting of deviation for the BMP values between 289–629 NmLCH4/gVS for SA, 250–481 NmLCH4/gVS for SA’ and 175–370 NmLCH4/gVS for SB.



The experimental BMP values obtained for all the sets of the three substrates were lower than the theoretical BMP calculated and plotted in the Figure 4a–c. The experimental BMP averages reached were, respectively, 89.3%, 84.6% and 55.3% of the theoretical BMP calculated for for SA, SA’ and SB. For substrate SB (straw), this low value of BMP could be explained by the recalcitrance of polymers degradation such cellulose, hemicellulose and lignin due to the 3D-lignocellulosic structure preventing accessibility of enzymes. Another hypothesis could be an uncompleted biodegradation maybe due to the fact that the inocula used for the BMP test were not acclimatized and adapted for lignocellulosic substrate. One solution allowing to avoid this problem could be the acclimation of inoculum and to carry out successive batchs as described in Kouas et al. [59]. Indeed, the use of a single batch for the determination of BMP and estimation of degradation kinetics on solid substrates led to underestimations [60].



Nevertheless, the inter-laboratory reproducibility was quite poor, with an RSD around 20% whatever the substrate. ANOVA analysis did not show clear influence of the identified protocol factors, except for the mineral medium implementation which was found to raise the BMP value. For other factors like the assessment method (manual/automated), the I/S ratio and the buffer addition, the influence of the BMP value was found to be substrate-dependent. The solid substrate preparation before BMP assessment (fresh or freeze-dried) had no significant effect on the results.



Boxplots (box-and-whisker plots) were used for graphical comparisons as a typical graphical representation for results of such inter-laboratory study [46]. In all boxplots, the red cross shows the average, the black line shows the median, the box shows 25th and 75th percentiles, vertical lines (whiskers) show the range, and the lower and upper points (blue crosses) show respectively the minimum and the maximum and are plotted as points. To facilitate comparisons, extreme values were adjusted to the following limits: SA, 250–650; SA’, 250–500; SB, 150–400 NmLCH4 gVS−1 (Figure 5).



The dispersion of the obtained BMP values was synthetized in Table 6. For each laboratory, both repeatability among triplicates and reproducibility between two sets of tests were considered as acceptable and were, respectively, 4–7% and 6–9%.



The calculated repeatability and reproducibility standard deviations were of the same order of magnitude for the three substrates, slightly smaller for SA’ (non-harmonized substrate preparation and raw vs. dry introduction). This constitutes the error made on the standard BMP test in France before harmonization of the measurement protocol.



ANOVA analysis with two factors (lab, substrate) and with interaction for SA/SA’ was carried out with a sample size of 103 (50 for SA vs 53 for SA’). The ANOVA analysis provided a p-value equal to 0.563 for the factor Substrate showing no significance with a p-value upper than 0.005 and no difference between the two substrates SA and SA’. The effect of the factor Substrate SA vs SA’ was only due to one lab (p-value of 0.563 instead of 0.003 if the considered lab was removed or included in the ANOVA analysis) and if this lab was removed when carrying out the ANOVA analysis, no significant effect was observed between the substrates SA and SA’.



There was no significant difference between the averages for SA and SA’, as shown in Figure 6, reflecting there was no impact whatever the considered lab on the shredding steps and no impact with the fact to use the substrate as raw or dried (no impact of drying steps). There was also no significant effect of continuous mixing (data not shown).



The effects of parameters vs. factors of the measurement protocol on the BMP value were highly dependent on the considered substrate. The typology of the measurement protocols showed very little correlation with the classification of the different labs regarding their BMP values. The sole parameter showing a low effect, higher BMP values (about 9% for the three substrates with limited p-values), was the use or not of the mineral nutrient solution, more than the use of a buffer solution. The values were respectively given for with vs without mineral nutrient solution for SA, SA’ and SB: 414 vs 445 (p-value = 0.011), 389 vs 421 (p-value = 0.008) and 257 vs 281 NmL gVS−1 (p-value = 0.005).



The analysis of these results, with regard to the different experimental practices implemented and the expertise provided by each of the partner laboratories led to the development of a common protocol, accompanied by recommendations, intended to be widely distributed and used. This common protocol was applied and tested during a second experimental phase, where the substrates of solid organic substrates (SA’, SB, SC) were analyzed according to the methodological framework set.




3.3. Second Phase: Harmonized Protocol


3.3.1. Harmonization of the BMP Protocol


Based on the results obtained, curated and discussed by all the participants after the first phase of the inter-laboratory study, the main objective of this second phase was obviously to propose a harmonized protocol, to test it and to validate the criteria defined in the common rules and finally in order to reduce drastically the inter-laboratory reproducibility (around 20%).



After the first phase, discussions between the participants led to the proposal of a harmonized protocol with unified practices for the following factors: I/S ratio, pH buffer and mineral complementation (as described in the Materials and methods section). The subsequent second phase of the study was carried for eight months on substrates SA’ and SB (both same as for the first phase), as well as on a new lipidic substrate (SC).



The harmonization of the protocol was collectively discussed between all the participants, and all the criteria were discussed in depth and have been a subject of debate during these meetings. This step led to the choice of the following criteria as imposed conditions for the BMP tests:



	
BMP protocol




	
Systematic addition (20 mL in the cultivation medium) of a mineral nutritive solution;



	
Systematic use of carbonate buffer (3 g/L NaHCO3 added in the cultivation medium);



	
Fixed I/S Ratio equal to two (except for highly biodegradable substrates where the I/S ratio could be equal to 5 gVS/gVS);



	
Implementation of one blank and one positive control substrate both in triplicate, as described before in Material and Methods section, carried out in the same conditions as the substrates.








	
Validation criteria




	
The validation criteria were also defined according to the targeted consensus obtained among all participants. To validate the BMP test, all these following four criteria had to be reached together:




	
The repeatability of triplicates (RSD < 10%);



	
The final pH value had to be higher than 6.5;



	
The maximal methanogenic activity measured on the positive control during the test must be higher or equal to 35 NmLCH4 gVS−1 day−1, and the value of its methanogenic potential must be defined between 90 to (and) 100% of the stoichiometric methanogenic potential of acetate, i.e., 0.373 NLCH4 per gram of acetate;



	
The methane part due to the endogenic activity would not exceed one-third of the whole methane production of the assay.








	
If one of these criteria was not fulfilled, the test was considered as invalid.








	
End of the BMP criteria




	
The measurement was considered as over when the increase of the methanogenic potential did not excess 1% per day.












3.3.2. Results of the Second Phase


In this second phase, three labs decided to carry out the BMP tests with two methods (manual and automatic) providing 14 instead of 11 lab results. The numbers of expected, removed and considered values for the data curation and statistical analysis were summarized in Table 2. For each substrate, some values were removed due to the fact that one replicate or the whole set of replicates was atypical and considered as outliers. In this way, the statistical analysis was carried out only on the considered values. A significant number of outliers had been ruled out (8% for SA’, 23% for SB and 19% for SC), which explained why some data are missing in Figure 7, for instance, set A for substrate SB for lab ID 10.



The intra-laboratory repeatability and the intra-laboratory reproducibility were determined from the 330 measurements carried out during this second phase of the study and were good for both sets A and B carried out during the first phase for SA’, SB and SC, as shown in Figure 7 and summarized in Table 7.



The experimental BMP values obtained for all the sets of the three substrates were lower than the theoretical BMP calculated and plotted in the Figure 7a–c. The experimental BMP averages reached were, respectively, 85.1%, 55.5% and 83.7% of the theoretical BMP calculated for SA’, SB and SC.



To facilitate comparisons, extreme values in following boxplots in Figure 8 were adjusted to the limits: SA’, 250–600; SB, 150–450; SC, 650–1100 NmLCH4 gVS−1. The intra-laboratory repeatability and the intra-laboratory reproducibility averages were quite acceptable for SA’, SB and SC, as shown in Figure 8 and given in Table 7.





3.4. Synthesis of the Two Phases


3.4.1. Intra-Laboratory and Inter-Laboratory Reproducibility


As summarized in Table 8, despite the proposed harmonization, the standard deviations of repeatability and reproducibility calculated were not significantly enhanced as expected and were of the same order for the three substrates, except for the inter-laboratory reproducibility of SC, slightly better. They were not significantly different from those in phase 1; the use of the harmonized protocol therefore did not significantly improve the inter-laboratory reproducibility of the measurement.



In addition to intra-laboratory repeatability and inter-laboratory reproducibility, the methodology used also made it possible to assess intra-laboratory reproducibility. The values determined are fairly close to each of the three substrates tested. Their averages, presented in Table 8 below, allowed to quantify the metrological quality of the harmonized protocol.



Our results were of the same order than those reported in Hafner et al. [46] where the relative standard deviation among thirty laboratories from thirteen countries was 7.5 to 24%, obtained from BMP tests carried on four complex but homogeneous substrates and microcrystalline cellulose used as positive control.



Variability in BMP measured by different methods in different laboratories still remained as significant problem, as shown by round robin tests [40,46] including our study. Several explanations for the observed differences have been suggested, including measurement errors and differences among inoculum [7,46,61,62]. A recent large inter-laboratory study found evidence that differences among measurement methods were important [46].



Some hypotheses allowing to explain the remaining variability could be proposed such as volatile solids measurement, inoculum origin, stirring, choice of the method (automatic vs manual) and gas measurement method (volumetric vs manometric), data processing.



As shown also by Hafner et al. [46], the substrate volatile solids measurement reported here (Table 5) did not impact the observed variability. On the other hand, the use of Excel file surveys for data collection and curation with automatic calculation provided reduced these potential errors. The effect of inoculum origin was not investigated in our study, but results reported about this in several studies [63,64,65,66,67,68,69,70,71,72,73], especially Hafner et al. [46], did not confirm this hypothesis explaining the observed remaining variability.



Concerning the potential effect of BMP method (automatic vs. manual) or gas measurement method (manometric vs. volumetric) on the observed results, ANOVA on these factors carried out in our study allowed to conclude that these factors did not make major contributions to variability. Similar conclusions were given by Amodeo et al. [52] about the quantification of differences in BMP measurement using three measurement methods, including the two most used methods (automatic system AMPTS II and manual manometric) and a gravimetric method more recently described [50,74]. Amodeo et al. [52] have shown that all methods gave similar results and were reasonably accurate.



Stirring factor was not investigated in our study. This information was just collected as information in the Excel file protocol survey and no other special recommendation than BMP media should be stirred continuously or sequentially in a discontinuous way was defined in the harmonized protocol about stirring. Amodeo et al. [52] assessed the importance of the stirring position in the measurement sequence in their study and showed that mixing after biogas measurement resulted in 3% higher BMP for both manual methods than mixing before.



Overall, no single factor appears to explain the variability in the BMP alone; variability in laboratory practices probably explains most of it [46]. The reduction of BMP variability is still needed and requires current and continuous investigation carried out by the anaerobic digestion scientist community. Many other factors were already investigated such as effect of temperature [63] or mixing [75], headspace pressure [76,77], flushing of headspace [78], implementation of successive batches [59,60], origin [64,65,67,68,72] and acclimation of inoculum [67,70], substrate ratio and substrate mix ratio [65] and so on.




3.4.2. Control Positive Limits


As the factors method and gas measurement mentioned before, the maximum methanogenic activities were also influential in the phase 2 (p-value < 0.0001 from ANOVA with for SA’ and 0.005 for SC; respectively carried out on a sample size of 69 and 56). However, note that in our study, the values of maximum methanogenic activities (SMA) measured within the framework of the second experimental phase were, for the majority of laboratories, not usable while this criteria based on sodium acetate BMP may eliminate BMP values with high error resulting from several reasons, including measurement errors, calculation errors and inactive inoculum. Otherwise Hafner et al. [46] showed that this validation criteria are essential for reducing inter-laboratory variability. This fact showed that the choice of the positive control is very important and determinant for the success of the BMP tests. The choice of positive control should be considered from the beginning when building the BMP protocol test, allowing to avoid such problems and to validate both experimental test setup and inoculum performance [72]. Therefore, the use of positive control substrates with theoretical known methane potential is mandatory to check the quality of BMP results reported. Harmonization guidelines consider the use of standard compounds as a compulsory element to obtain reliable BMP results. Cellulose, with a theoretical methane potential of 414 mLCH4 gVS−1, has frequently been suggested as the most common choice of standard compound for quality control of BMP measurements [20,30,45]. Its full biodegradability, low price, high quality and worldwide distribution designates it as the favorite positive control substrate [14]. However, this theoretical value is not totally reached because around 10–15% of degradable substrate components are used for microbial growth and cell maintenance [14]. Other different compounds could be used as described in Koch et al. [79]; eight tested common supermarket products showed 81–91% of theoretical maximum BMP



Finally, Hafner et al. [46] recommend firstly a relative standard deviation for cellulose BMP not higher than 6% and, secondly, a mean cellulose BMP between 340 and 395 NmLCH4 gVS−1.




3.4.3. Effect of the Experimental Method on BMP


The analysis of the results of the second experimental phase, carried out according to the harmonized measurement protocol, highlighted the impact of the experimental method on BMP value. The identification of the parameters/factors of the measurement protocol influencing the BMP values was carried out by ANOVA with 4 factors for SA’, SB and SC (Table 9).



The parameters varying from one laboratory to another were the following:




	-

	
The experimental method, which was either “manual” if the monitoring of biogas production and its qualitative analysis were carried out manually by an operator or “automatic” when carried out using an automatic measurement system (AMPTS);




	-

	
The biogas measurement method, carried out either using a manometer or using a volumetric flowmeter (the semi-automatic measuring device AMPTS was considered as volumetric measurement);




	-

	
The initial substrate concentration [S], expressed in gVS/L;




	-

	
The maximum methanogenic activity (SMA) expressed in NmLCH4 gVS−1 day−1;




	-

	
The maximum endogenous activity (ENDO) expressed in NmLCH4 gVS−1 day−1.









Considering the p-values lower than 0.005 (Table 10) obtained from ANOVA for the factor method for the three substrates and boxplots (Figure 9) showing the comparisons between automatic and manual method and between volumetric and manometric gas measurement, the automatic method (which involved a volumetric measurement of biogas production) thus led to lower methanogenic potential values (of around 15%) compared to the manual method (volumetric measurements). However, this automatic method was only used by three participants of this inter-laboratory study, and if one dataset obtained by this method was not totally satisfying, its interpretation led to a wrong conclusion. From a statistical point of view, due to a very low number of considered substrates (3 substrates in this study) and the difference between data with AMPTS and manual determination, as shown in Table 8 (e.g., 11 vs 45 for SC substrate), the ANOVA was disproportionate, and the interpretation was very difficult. In this way, it was quite difficult to consider these conclusions as significant because of the too low statistical size, and not randomly assigned measurement methods and parameters.



Since this French inter-laboratory study, one other inter-laboratory was carried out with 31 participants where 15 labs using the automatic method (AMPTS® II devices); it showed that there was no effect or underestimation of the BMP values with the AMPTS device [45,52]. Finally, the results of ANOVA with four factors for SA’, SB and SC showed there was no correlation of the inoculum endogenous activity for all the laboratories (p-values > 0.005 and equal to 0.005, 0.071 and 0.668, respectively, for SA’, SB and SC).



Another recent study dealing with the comparison of BMP results of ten feedstocks using both AMPTS method and the German DIN 38,414 standard method [36] has shown that there was no statistically significant difference between the DIN method at 28 days and the AMPTS method at 21 days, thus supporting both methods in determining BMP of feedstocks [80].




3.4.4. Potential Effect of Inoculum on BMP


Considering the results obtained (inter-laboratory reproducibility of ±18%), under operating conditions strictly defined by the harmonized protocol, a large part of the inter-laboratory variability can be attributed to the nature of the microbial consortium used in these BMP tests, which remained the only parameter not fixed by the protocol. The improvement of the metrological quality of the BMP measurement was dependent on the evaluation of this variability, related to the microbiological composition and metabolic activity of the inoculum. Such an evaluation should/could be carried out as part of a subsequent inter-laboratory study third part, specifically dedicated on the impact of this parameter in the measurement.



Hafner et al. [46] showed that regular laboratory inocula were sufficient, and inoculum origin was not a major contributor to observed inter-laboratory variability in BMP. In this international interlaboratory assay, laboratories compared the BMP values obtained with their own regular inoculum and one shared inoculum per country. Surprisingly, no one of the shared inoculum showed a decrease in interlaboratory variation. Transport, and the storage of the inoculum, which greatly affects it [71,73,81], could explain these unexpected results.



Both phases allowed also to conclude that the pretreatment of the substrates (drying, shredding) did not affect significantly the BMP values. The assays also suggested that reliable statistical analyses, with the detection of the outlier values, are also recommended to evaluate the effect of the numerous factors that can impact the BMP tests.






4. Conclusions


This work results from inter-laboratory assays on three substrates. The main conclusions that can be drawn are as follows:




	
Using the protocols specific to each laboratory, the intra-laboratory variations are acceptable, with an average repeatability of 6%, after removal of about 16% of outliers. For each laboratory, the results are considered credible, but inter-laboratory variations are significant, on average 18%.



	
No experimental factor (agitation, method of measurement, data processing) can statistically explain these variations which persist, even with the use of a harmonized protocol.



	
The reasons for inter-laboratory variability in BMP remain unclear at the end of these trials; inoculum diversity and variability have been shown not to affect BMP in other recent studies.



	
The use of a positive control might have allowed a better sorting and refinement of the results.



	
Drying the SA complex substrate (containing proteins, carbohydrates, lipids and fibers) does not change the BMP. This net and interesting result can probably be extrapolated to other substrates but containing no volatile molecules.



	
Eleven laboratories participated in this trial, generating approximately 350 BMP. Despite this large number, due to the different measurement methods, the removal of the outliers resulted in variable and sometimes small numbers of results to compare. The mathematically accurate statistical conclusions are therefore to be considered with hindsight. Understanding the variability of BMPs would therefore require a much larger panel, which would not guarantee control of the conditions for obtaining reproducible and comparable BMPs. The inter-laboratory variability remains significant and comparable to those observed in this work, even in the study involving more than 30 laboratories [46].
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Appendix A. Calculation of Theoretical Methane Productivity


The theoretical methane productivity was calculated on the basis of substrate composition, literature data, and formula of Buswell and Müller [57]), completed by Boyle [58]:


CnHaObNcSd + (n − a/4 − b/2 + 3C/4 + d/2) H2O → (n/2 − a/8 + b/4 + 3d/8 + d/4) CO2 + (n/2 + a/8 − b/4 − 3d/8 − d/4) CH4 + c NH3 + d H2S



(A1)
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Table A1. Calculation of theoretical methane productivity of organic molecules.






Table A1. Calculation of theoretical methane productivity of organic molecules.





	
Component

	
Crude Formula and Weight Percentages of VS

	
Theoretical Methane Yield (NL/gVS)






	
Cellulose, starch, galactose, mannose in macromolecules

	
C6H10O5

	
0.415




	
Proteins

	
C6H12O3N2

	
0.420




	
Lipides (glycerol trioleate)

	
C57H104O6

	
1.013




	
Xyloses

	
C5H8O4

	
0.424




	
Coumarylic acid (in lignin)

	
C9H10O2

	
0.784




	
Coniferylic acid (in lignin)

	
C10H12O3

	
0.715




	
Sinapylic acid (in lignin)

	
C11H14O4

	
0.666




	
Hemicellulose

	
xylose

	
66 %

	
0.283




	
galactose, mannose

	
33 %

	
0.138




	
Total for hemicellulose

	
0.421




	
Lignin

	
Coumarylic alcohol

	
30 %

	
0.235




	
Coniferylic alcohol

	
40 %

	
0.286




	
Sinapylic alcohol

	
30 %

	
0.200




	
Total for lignin

	
0.721









SA and SA’ (same complex mixture but dried and shredded for SA’).
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Table A2. Calculation of theoretical methane productivity of SA and SA’.






Table A2. Calculation of theoretical methane productivity of SA and SA’.





	
Component

	
Weight Percentages of VS (%)

	
Theoretical Methane Yield (NLCH4/gVS)






	
Potato

	
starch

	
100

	
27

	
0.112




	
Maize

	
glucides

	
72

	
18

	
0.054




	
proteins

	
10

	
0.008




	
lipids

	
8

	
0.015




	
lignin

	
10

	
0.012




	
Meat

	
proteins

	
85

	
26

	
0.093




	
lipids

	
15

	
0.039




	
Straw (see below)

	
29

	
0.145




	
Total

	
0.476









SB (straw).
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Table A3. Calculation of theoretical methane productivity of SB.






Table A3. Calculation of theoretical methane productivity of SB.





	
Component

	
Weight Percentages of VS (%)

	
Theoretical Methane Yield (NL CH4/gVS)






	
Cellulose

	
43

	
0.178




	
Hemicellulose

	
29

	
0.122




	
Lignin

	
28

	
0.200




	
Total

	
0.499









SC (mayonnaise).
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Table A4. Calculation of theoretical methane productivity of SC.






Table A4. Calculation of theoretical methane productivity of SC.





	Component
	Weight Percentages of VS (%)
	Theoretical Methane Yield (NL CH4/gVS)





	Lipids
	100
	1.013
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Figure 1. Schedule of the methodology applied during this inter-laboratory study. 
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Figure 2. Schematic and organizational schedule of the inter-laboratory study; this process was carried out twice (phases 1 and 2). 
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Figure 3. Overview of the existing experimental practices among the lab protocols, for the first phase of the inter-laboratory study. Numbers refer to the 13 lab results. 
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Figure 4. Summary of BMP values measured for the results of the first phase—free protocols showing intra-laboratory repeatability and intra-laboratory reproducibility: (a) SA; (b) SA’; (c) SB. 
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Figure 5. Box plots for the results of the first phase—free protocols: (a) SA; (b) SA’; (c) SB. 
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Figure 6. Scatterplot SA vs SA’, mean values and standard deviation for each lab. 
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Figure 7. Summary of BMP values measured for the results of the second phase—harmonized protocol showing intra-laboratory repeatability and intra-laboratory reproducibility: (a) SA’; (b) SB; (c) SC. 
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Figure 8. Box plots for the results of the second phase—harmonized protocols: (a) SA’; (b) SB; (c) SC. 
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Figure 9. Box plots for the variables Method (a–c) and Gas measurement (d–f) for SA’, SB and SC. 
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Table 1. Numbers of expected, removed and considered values for the data curation and statistical analysis of the first phase.
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	Values for the 1st Phase
	SA
	SA’
	SB





	Number of expected values
	78
	78
	78



	Number of removed values
	17
	10
	19



	Number of considered values
	61
	68
	59
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Table 2. Numbers of expected, removed and considered values for the data curation and statistical analysis of the secondphase.
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	Values for the 2nd Phase
	SA’
	SB
	SC





	Number of expected values
	75
	69
	69



	Number of removed values
	6
	16
	13



	Number of considered values
	69
	53
	56
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Table 3. Composition and main characteristics of the substrates used in the inter-laboratory study.
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Substrate

	
Composition (% w)

	
Main Characteristics






	
SA

	
Potato

Grain maize

Beef

Wheat straw

Total

	
40%

20%

30%

10%

100%

	
Complex composition (mix of compounds easily and slowly biodegradable)

High heterogeneity

High content of moisture




	
SA’

	
Idem SA but dried and shredded (1 mm)

	
100%

	
Complex composition (same as SA)

Homogeneous

Dry




	
SB

	
Wheat straw

	
100%

	
Unique substrate slowly biodegradable

Homogeneous

Dry




	
SC

	
Mayonnaise

	
100%

	
Lipidic substrate

Homogeneous

Immiscible with water
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Table 4. Composition of the nutritive solution used in the second phase.
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	Chemicals
	Concentration (g L−1)





	NH4Cl
	26.6



	KH2PO4
	10



	MgCl2·6H2O
	6



	CaCl2·2H2O
	3



	FeCl2·4H2O
	2



	CoCl2·6H2O
	0.5



	MnCl2·4H2O
	0.1



	NiCl2·6H2O
	0.1



	ZnCl2
	0.05



	H3BO3
	0.05



	Na2SeO3
	0.05



	CuCl2·2H2O
	0.04



	Na2MoO4·2H2O
	0.01
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Table 5. Composition of the substrates used in the inter-laboratory study.






Table 5. Composition of the substrates used in the inter-laboratory study.





	Substrate
	n *
	TS (%)
	VS (% TS)
	Theoretical BMP (NmL CH4/gVS) **





	SA
	11
	30.20 ± 2.28
	95.22 ± 1.25
	476



	SA’
	21
	97.09 ± 0.92
	94.43 ± 1.06
	476



	SB
	22
	91.86 ± 1.79
	92.13 ± 2.87
	499



	SC
	10
	74.49 ± 1.79
	98.66 ± 0.26
	1013







* n was the number of independent triplicates analyzed by all the labs, including the 2 phases for SA’ and SB, only the first phase for SA and the second phase for SC. ** The theoretical BMP was determined from calculation described in the Appendix A.
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Table 6. Synthesis for the first phase of the French inter-laboratory study.






Table 6. Synthesis for the first phase of the French inter-laboratory study.





	BMP (NmLCH4 gVS−1)
	SA
	SA’
	SB





	Mean
	425
	403
	267



	Median
	422
	407
	267



	Min
	289
	250
	175



	Max
	629
	481
	370



	Intra-laboratory repeatability RSD
	7%
	4%
	6%



	Intra-laboratory reproducibility RSD
	9%
	6%
	8%



	Inter-laboratory reproducibility RSD
	20%
	17%
	20%
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Table 7. Synthesis for the second phase of the French inter-laboratory study.






Table 7. Synthesis for the second phase of the French inter-laboratory study.





	BMP (NmLCH4 gVS−1)
	SA’
	SB
	SC





	Mean
	405
	277
	848



	Median
	408
	282
	828



	Min
	260
	195
	660



	Max
	525
	370
	1026



	Intra-laboratory repeatability RSD
	4%
	4%
	4%



	Intra-laboratory reproducibility RSD
	5%
	7%
	5%



	Inter-laboratory reproducibility RSD
	19%
	21%
	13%
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Table 8. Synthesis of the French inter-laboratory study.






Table 8. Synthesis of the French inter-laboratory study.





	Intra- and Inter-Laboratory RSDs
	Harmonized Protocol





	Intra-laboratory repeatability RSD
	4%



	Intra-laboratory reproducibility RSD
	6%



	Inter-laboratory reproducibility RSD
	18%
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Table 9. ANOVA with 4 factors for SA’, SB and SC.






Table 9. ANOVA with 4 factors for SA’, SB and SC.





	
Variable

	
Factor

	
Data Number






	

	

	
SA’

	
SB

	
SC




	

	
Total

	
69

	
53

	
56




	
Method

	
Automatic

	
22

	
14

	
11




	

	
Manual

	
47

	
39

	
45




	
Gas measurement

	
Manometric

	
29

	
24

	
27




	

	
Volumetric

	
40

	
29

	
29
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Table 10. Size of ANOVA with 4 factors for SA’, SB and SC.






Table 10. Size of ANOVA with 4 factors for SA’, SB and SC.













	Factor
	Substrate
	FD *
	Sum of Squares
	F
	p-Value





	Method
	SA’
	1
	37,297.734
	18.207
	<0.0001



	
	SB
	1
	31,758.846
	24.33
	<0.0001



	
	SC
	1
	70,302.028
	13.349
	0.001



	Gas measurement
	SA’
	1
	11,076.371
	4.506
	0.038



	
	SB
	1
	12,932.688
	7.619
	0.008



	
	SC
	1
	100,817.886
	21.958
	<0.0001







* FD: Freedom degree; F: Law’s Fisher.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file26.jpg
et /09

o et

btk YO |

o it /09

o it )






media/file8.jpg
VP (NmL/gVS)

0

00

a0

300

2

H

pt

g

SA- Phase 1

Theoretical BMP

12 3 4 s s 7 8

Lab 1D

@

mseta msets

0 1






media/file27.png
SA’ — Phase 2 SB — Phase 2 SC — Phase 2
Method 450 ¢ Method 1100 + Method
1050 -+
400 +
. 000 -+
-
— m —
W D 150 + W ogsp |
) = 2
~ 150 - S~ 900 4
—l fo—
£ -EI i . E - <
E 200 + = .2_- 850
o o 150 -+ & BOO
E - E . E I
200 -
700 4+
AMPTS Manual 150 1 AMPTS Manual 650 L AM.PTS Manual
(a) (b) (c)
SA’ — Phase 2 SB — Phase 2 SC — Phase 2
Gas measurement 450 Gas measurement 1100 T Gas measurement
1050 +
400 +
. iy T
z Il 2 T 2
o | B
S~ ~— ~— -
E E i E™ ¥
300
£ - £ * £ 0l
= S + S
o o 250 + & 800 +
=h i
200 +
. 700 -+
Manometric Volumetric 150 L Manometric Volumetric 650 - Manometric Volumetric

(d) (e) (f)





media/file12.jpg





media/file18.jpg
v e

v (s

SA'- Phase 2

 Theorscol e el "“'
s
@
58-Phase 2

®)





media/file19.jpg
SC- Phase 2

1200
mseta msets

s 7 s s 10 u 9w

LabID

Theoretical BMP
1000

o
12 s

VP (NmL/gVS)
g 8

H

(©





media/file10.png
EMP (NmL/gVs)

000

500

400

3

=

2

2

1

2

0

SA - Phase 1

ES5etA EHSetB
Theoretical BMP

| 2 3 4 3 ] 7 3 9 10 12

Lab 1D

(a)





media/file5.png
Substrate
(SA, SA’,
SB, SC)

Inoculum

Positive
Control

Set A

SetB

Inoculum A -

InoculumB

Positive
control A

Positive
control B

| Replicate 1
{ Replicate 2
 Replicate 3

Replicate 1
Replicate 2
Replicate 3

| Replicate 1

Replicate 2

' Replicate 3
" Replicate 1

Replicate 2

Replicate 3

| Replicate 1
{ Replicate 2
Replicate 3

Replicate 1

| Replicate 2
Replicate 3

t0

t0 + 4 weeks





media/file15.png
400

350 -

_
-
(SA8 / TwN) dINg

13 12 13

10

200
150

Lab ID
(c)






media/file14.png
SA - Phase 1

“_

_

_
2 S 2 8
[Ty ] un < <
(sA2 /1wN) dNg

3 8

350 +

300 -

250

13

12

11

10

Lab ID

(a)
SA'-Phase 1

500 -

450

_ _
3 ?
™

4
(SA8 / TwN) dng

300

250 -

13

12

11

10

Lab ID

(b)






media/file2.jpg
« 13t experimental phase - 11 laboratories, different protocols

* Analysis of results (statistics)
« Analysis of protocols (survey)

 Proposal of a harmonized protocol

* 2" experimental phase - 11 laboratories, same harmonized
protocol

* Synthesis and final report

€ €L





nav.xhtml


  water-12-02814


  
    		
      water-12-02814
    


  




  





media/file11.png
EMP (NmL/gVs)

BEMP (nmL/gVs)

600

500

400

3

2

2

2

1

2

0

500

450

400

350

300

250

200

150

100

5

=

0

SA'-Phase 1

mS5etA ESetB
Theoretical BMP

1 2 3 = 3 B 7 a8 9 10 12 13

Lab ID

(b)

SB - Phase 1

HS5etA ESetB

Theoretical BMP

1 2 3 = 3 6 Fi a8 9 10 11 12 13

Lab ID

(c)





media/file6.jpg
Experimental Sample Drying pH Buffer 1/5Ratio (VS)
System

 Carbonate
Orying a Phosphate w2010
Nocrying = one Bito2

Nutrient & Mineral

Gas Quantification stiring
Solution
= Manometric n Agiation v

vaumeric = Noagition to






media/file20.png
BEMP {(NmL/gVs)

BEMP (NmL/gVs)

600

200

400

3

8

2

8

1

8

0

500

450

400

330

300

230

200

130

100

5

=

0

SA' - Phase 2

ES5etA ESetB

12 13 14

H5etA EH5etB

11 12 13

Theoretical BMP

1 2 3 4 3 7 3 9 10

Lab ID

11

(a)

SB - Phase 2

Theoretical BMP

1 2 4 3 7 a8 9 10

Lab ID

(b)





media/file23.jpg





media/file7.png
Experimental Sample Drying pH Buffer I/S Ratio (VS)
System

m Carbonate
®m Manual

m Drying m Phosphate E2to10
m AMPTS .
m No drying = None Hlto2
Gas Quantification Stirring Nutrient & Mineral
Solution
® Manometric m Agitation m Yes
m No

m Volumetric m No agitation






media/file24.png
SA' -Phase 2

600

550

500

o o
5 0
4

=T
(SABWN) dNg

350

300

250

11 12 13 14

10

LabID

(a)






media/file16.jpg
371u) vs

SA (NmL/gys)





media/file3.png
e 1stexperimental phase - 11 laboratories, different protocols

~

7

e Analysis of results (statistics)
e Analysis of protocols (survey)

\

* Proposal of a harmonized protocol

= = . g
e 2nd experimental phase - 11 laboratories, same harmonized

protocol

e Synthesis and final report






media/file9.jpg
v (vntieve)

e mieve)

SA'-Phase 1

L Tl ae freameme
A
®
$8-Phase 1

sEEEEE

b

©





media/file0.png





media/file22.jpg
S -Phase2

2

5w





media/file17.png
500

450

-

=t

(**8/7w) s

300

200

450

SA (NmL/gy<)





media/file4.jpg
Substrate
(SA, SA',
B, SC)

SetA

SetB

Inoculum A

Inoculum

Positive
Control

Inoculum B

Positive

control A

Positive
control B

Replicate 1
Replicate 2
Replicate 3
feplate 1
Replicate 2
Replicate 3

Replcate 1
Replicate 2
Replicate 3
Replicate 1
Replicate 2
Replicate 3

Reicae 1
Replate 2
Replate

cate 1
Replate
Replcae 3

!
0

!

+4 weeks

time





media/file25.png
450

400

BMP (NmL/gVs)
g &

g

200

150

SB - Phase 2

‘%‘é5$$L

Lab ID

13

(b)

1100

1050 -

1000 -

g

850

BMP (NmL/gVs)
8
|

700

650

SC - Phase 2

7
Lab ID

13

(c)






media/file21.png
BEMP (NmL/gVs)

1200

1000

300

000

400

200

0

SC - Phase 2

ESetA ES5etB
Theoretical BMP

1 2 4 3 ¥ 3 9 10 11 13

Lab ID

(c)





