Pre prints.org

Review Not peer-reviewed version

Prediction of the Methane Production
Potential of Ingredients and Rations
Based on Their Chemical Composition
Through a Meta-Analysis of Literature
Data

Josue Henry and Harry Archiméde

Posted Date: 7 August 2025
doi: 10.20944/preprints202508.0531.v1

Keywords: prediction; Biochemical Methane Potential (BMP); tropical and temperate ingredients

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4564074
https://sciprofiles.com/profile/4557023

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0531.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Prediction of the Methane Production Potential of
Ingredients and Rations Based on Their Chemical
Composition Through a Meta-Analysis of Literature
Data

Josué Henry 2 and Harry Archimeéde **

1 INRAE, UR143, Tropical Livestock Systems, Genetics and Agroecology Research Unit, Domaine Duclos
Prise d’eau, F-97170, Petit-Bourg, Guadeloupe
2 SARA, 17 Boulevard de la Pointe Jarry, 97122 Baie-Mahault, Guadeloupe

* Correspondence: harry.archimede@inrae.fr

Abstract

A meta-analysis was conducted to predict the methane production potential of feed ingredients and
rations based on their chemical composition. Fifty publications were selected, yielding 410 datasets.
Prediction equations for Biochemical Methane Potential (BMP) were developed using NDF ADL and
CP. The accuracy of these equations (R?=84.5; RMSE=52.73) was lower than that obtained from smaller
experimental datasets.
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1. Introduction

Anaerobic digestion involves the breakdown of organic matter in a digester by a consortium of
methanogenic microorganisms. The performance of this process partially depends on the
characteristics of both the inoculum and the substrates [1]. A wide variety of ingredients are eligible
for anaerobic digestion [1,2], including: Plant products (grains, fruits, tubers); Crop residues (straws,
vines, leaves); Livestock waste (pig and cow slurry, manure, poultry droppings); Agro-industrial by-
products (bran, oilseed cakes, peels); Food waste (canteens, hotels); Slaughterhouse waste;
Wastewater treatment sludge.

The reference method for determining Biochemical Methane Potential (BMP) is a laboratory test
measuring methane production over 30—40 days from a substrate inoculated and fermented in
biodigesters. Methane production from the inoculum alone is subtracted to isolate the substrate’s
contribution. While automated versions exist, these tests remain time-consuming and expensive,
unsuitable for rapid screening.

Alternative approaches include larger-scale anaerobic digestion reactors (up to 10 L), used in
batch or continuous mode. Continuous reactors mimic real digesters, allowing assessment of biogas
productivity and process stability —but like BMP tests, are labor-intensive.

Conversely, “gas test” methods use much smaller containers under batch-like conditions. These
classify ingredients but are not suitable for extrapolation to industrial digestion systems.

Predictive methods offer alternatives:

e  Stoichiometric approaches estimate CH; and CO, production using the empirical formula
(CaHbOcNa) of the substrate via Buswell or Mueller equations. These are only useful for pure or
well-characterized substrates and ignore degradability.

e  Biochemical composition-based models predict BMP using lipid, protein, and carbohydrate
contents [1,3], but do not account for biodegradability.
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e Infrared spectroscopy models [4] rely on large, diverse calibration datasets.

Previous prediction models were based on small datasets usually originating from experiments
conducted by a team. This study aims to improve BMP predictions using a larger meta-analysis
database. To our knowledge, based on a search of the Web of Science platform, this is the first meta-
analysis on this subject.

2. Materials and Methods

2.1. Database Development

The study was conducted following the guideline of “Preferred Reporting Items for Systematic
Reviews and Meta-Analyses: The PRISMA Statement” [5]. Data were collected from articles in the
Web of Science using keywords: Biochemical Methane Potential (BMP) and biomass. The period
covered was from January 1, 2009 to December 30, 2024. The strategy for selecting articles for the
meta-analysis is summarized in Figure 1.

Six hundred and twenty-three (623) articles were identified. After reading the abstracts and
methodological material, only 50 publications were retained for the meta-analysis. Seventy-three (73)
were literature reviews that did not include experimental data. Studies focusing on algae (75) were
excluded because it is a very specific type of biomass that deviates from circular economy approaches.
A significant number of publications (390) were excluded due to inappropriate methodology (the
BMP tests were not well described; bottles smaller than 100 ml and short duration of measurement
(< 7 days); presence of biomass pre-treatment that alters its physical and chemical composition and
consequently impacts methane production) and insufficiently characterized substrates (chemical
composition). The chemical composition (CP, NDF, ADF, ADL) of biomasses had to be indicated
while the known theoretical variability for the ingredient concerned did not authorize taking average
values from the literature. To address missing data concerning chemical composition (CP, NDF, ADF,
ADL), 81 datasets were supplemented using Feedipedia. The lack of information on the lipid content
of biomass, known to impact methane production, was not considered a deal breaker, as this data
was very rare in the literature.

Forty-five publications (45) were excluded because they were not freely accessible (purchase
required). About ten trials were excluded due to abnormally low BMP values (>50 L/kg DM), often
caused by short incubation times (<72 h) or atypical chemical compositions.

Articles had to include methane production data, organic matter input.All units were
standardized.
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Data base : Articles not selected because:
623 articles

* Lack of experimental results (synthesis): 73

* Experiments on algae: 75

» Lack of open access (purchase): 45

* Insufficient information (chemical composition) and/or
inappropriate methods (380)

Statistical
analylsis :
50 articles

2.2. Data Coding and Analysis

Data were coded by: 1) Origin: temperate vs tropical resources; 2) substrate type: grass, fodder
trees, straw, unconventional high-fibre, high-fat, manure, slurry; 3) substrate group: High in fibre;
High in carbohydrates (sugar, starch; > 30% of DM), High in fat (> 20% of DM).

Statistical analysis (ANOVA) was conducted using Minitab. The BMP was the response variable.
Two mixed-effect models were used. The first model treated: trials as random effects; included the
biomass group (high in fibre, high in carbohydrates, high in fat) as fixed factor; included NDF and
CP as covariates. The second model treated: trials as random effects; included the biomass group
(high in fibre, high in carbohydrates, high in fat) as fixed factor; included NDF, ADL and CP as
covariates. Neither model included lipids as a covariate because little data was available.

3. Results
3.1. Database Description

The Figure 1 describes the data present in the database.

Data base:

50 publications
410 data
§
Substrate origin Substrate type Chemical composition

Grass and straw :116
Forage trees crop residue : 66

Manure and slurry : 96 Fiber : 307
Temperate: 226 Kitchen waste : 13 Cellular carbohydrates :86
Tropical: 184 RNC_ Fiber: 26 Fat :10
RNC _ Cellular carbohydrate: 72 Protein : 7
Others : 21
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Figure 1. Description of the database.

Most trials occurred in temperate zones. Frequently studied substrates were grasses, straw,
manure, and slurry. Unconventional resources (e.g., agro-industrial by-products) were also well-
represented. Fiber-rich ingredients were most evaluated. Protein-rich (meat) samples were few; fat-
rich substrates mainly included oilseed cakes.

Chemical composition data were often incomplete and could not always be supplemented due
to high variability. Statistical comparisons and variance analysis used a subset where both NDF ADL
and CP were available (Table 1).

Table 1. Characteristics of the Database.

Variable Type N Mean SE Q1 Median Q3
NDF High in fibre 246 555,9 14,2 386,0 533,0 716,6
High in carbohydrates 58 363,8 28,2 197,0 329,5 500,0
High in fat 4 2493 1453 0,0 2250 522,8
Proteins (meat) 3 109,8 100,7 0,0 18,5 311,0
ADL High in fibre 191 108,4 7,5 44,0 74,0 145,8
High in carbohydrates 46 102,3 15,2 38,5 52,2 130,5
High in fat 2 87,0 20,0 67,0 87,0 107,0

Proteins (meat) 3 30,1 24.9 0,0 10,8 79,5
MAT High in fibre 249 136,5 6,1 65,9 121,0 190,0
High in carbohydrates 69 88,6 7,3 61,5 76,8 108,3
High in fat 4 151,0 70,7 17,5 147,0 288,5
Proteins (meat) 5 319,7 87,6 162,5 248,1 512,8
CH4 High in fibre 307 176,3 8,1 29,3 180,9 281,8
High in carbohydrates 86 264,6 17,6 128,6 288.7 364,5
High in fat 10 408,7 52,8 284,5 393,5 548,9
Proteins (meat) 7 2177 46,7 85,3 217,5 352,6

3.2. Influence of Ingredient Characteristics on BMP

Resource origin (temperate vs tropical) had no significant effect on BMP (P<0.869). Chemical
composition significantly influenced BMP (P<0.001). Fat-rich resources had the highest BMP (408.6
+52.67 L/kg DM), while fiber-rich ones had the lowest (176.3 +8,07 L/kg DM). Carbohydrate-rich
substrates were intermediate (264.6+ 17.61 L/kg DM), with no significant difference between the latter
two. Except for lipid-rich ingredients, BMP differences between groups disappeared when NDF and
CP were equal.

Main BMP prediction equations based on NDF ADL and CP are shown in Table 2. Analysis of
equations incorporating NDF and CP indicates that BMP decreases with increasing NDF and CP
content. The relatively high value of R? results from taking into account the different publications
(trials) as a random effect. The RSE specifying the prediction error, 62.24 L/kg DM, is relatively high
in view of the variability observed during the analysis of triplicate BMP measurements.

Table 2. Prediction Equations for BMP Based on Chemical Composition (g/kg).

Substrate Type BMP Equation (L/kg DM) R? RSE N
Fibrous Carbohydrates BMP =225.0 - 0.1246 NDF - 0.1308 CP 827 6224 251
Cellular Carbohydrates BMP =248.8 — 0.1246 NDF - 0.1308 CP 827 6224 251

Lipids BMP = 513.9 - 0.1246 NDF - 0.1308 CP 827 6224 251
Fibrous Carbohydrates BMP =177.5-0.0272 NDF - 0.2265 ADL + 0.0641 CP 845 5273 213
Cellular Carbohydrates BMP =202.6 — 0.0272 NDF - 0.2265 ADL +0.0641 CP 845 5273 213
Lipids BMP = 263.0 — 0.0272 NDF - 0.2265 ADL +0.0641 CP 845 5273 213

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0531.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0531.v1

5 of 7

Some equations for predicting BMP based on the chemical composition of feedstock ingredients,
reported in the literature, are presented in Table 3. They indicate a reduction in BMP with increasing
NDF content and an increase with lipid concentration.

Table 3. Predictive equations for biochemical methane potential (BMP) reported in the literature.

Various ingredients [6]

BMP, L/kg DM = 346 + 6.96 Lipids (%DM); RMSE =53.8; R2=0.411

BMP, L/kg DM =402 - 3.85 Lignin (%DM); RMSE = 69.3; R = 0.23

BMP, L/kg DM =418 + 9.24 Lipids (%DM) - 12.8 Lignin (%DM); RMSE =45.4; R?=0.623

BMP, L/kg DM = 845 + 7.59 Lipids (%DM) - 36.9 Lignin (%DM) - 5.67 Structural
carbohydrates (%DM); RMSE = 34.3; R>=0.809

BMP, L/kg DM =279 + 5.47 Protein (%DM) + 12.0 Lipids (%DM) + 8.99 Cellulose (%DM)
- 30.5 Lignin (%DM); RMSE = 27.6; R*=0.891

Manure [7]

BMP, L/kg DM = 57.9 + 35 Lipids (%DM); R*=67.9

BMP, L/kg =167 + 30.1 Lipids (%DM) - 5.43 Lignin (%DM) + 1.15 (%DM) ; R? =96.6
BMP, L/kg =201 + 31.5 x Lipids - 3.85 x Lignin - 1.88 x Cellulose; R* = 96.6

Manure & plant mixture [7]

BMP, L/kg = 78.4 + 33.4 x Lipids (%DM); R?=59.9

BMP, L/kg =198 + 31.2 x Lipids (%DM) - 5.51 x Lignin (%DM) ; R? =94.3

BMP, L/kg =92 + 26.1 Lipids - 5.97 Lignin + 1.88 Protein; R* = 95.7

Fibrous resources [7]

BMP, L/kg =371.0 - 8.1289 Lignin (%DM) — 3.2705 Ash (%DM) + 4.8242 Hemicellulose
(%DM)

BMP, L/kg = 394.6 - 6.3368 Lignin (%DM) - 4.8595 Ash (%DM) — 1.3054 Total Extract
(%DM) + 4.4641 Hemicellulose (%DM)

4. Discussion and Conclusions

Methane production is the result of a succession of complex chemical reactions carried out by a
consortium of microorganisms under anaerobic conditions: 1) Hydrolysis breaks down certain
macromolecules of organic matter (polysaccharides like cellulose, hemicellulose, starch; lipids;
proteins) into simpler molecules (sugars, fatty acids, amino acids); 2) Acidogenesis converts some of
these simple molecules into carbon dioxide and hydrogen; 3) Acetogenesis transforms simple
molecules (mainly soluble sugars and amino acids) into low molecular weight acids (2 to 5 carbon
atoms, volatile fatty acids), low molecular weight alcohols (including ethanol), and hydrogen; 4)
Methanogenesis is the final step, where acetate is converted into methane and CO,. In addition, part
of the CO, is reduced to methane. Consequently, predicting BMP based solely on chemical
composition is a challenge. The composition of the substrate may reflect the potential for hydrolysis
and, to a lesser extent, the profile of acetogenesis products. Hydrolysis is a limiting step, especially
with lignified substrates. Acetogenesis may be hindered by high hydrogen concentrations.

To our knowledge, no meta-analysis has yet been conducted to predict BMP from the chemical
composition of feedstock ingredients. The published equations were developed from relatively small
experimental datasets [9]. The objective of this study was to develop robust BMP prediction equations
using literature data. This goal is difficult to achieve due to the nature of the published data. One of
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the difficulties encountered in the present study is a lack of information (complete chemical
composition in macro elements, precise description of protocols) in the majority of the publications
consulted, which led to the rejection of more than 80% of the experiments evaluating BMPs. Raposo
et al [9] had already identified this constraint: “unfortunately, a lot of information necessary when
reporting BMP studies was not included in the description of most articles. Specifically, 50% of the possible in-
formation that should be reported in the reviewed articles was omitted”. We therefore chose to use known
macro elements (fiber, protein) [9] to have a significant impact on methane production. Fats and
carbohydrates were too poorly documented to be included in the equations. To characterize the fiber,
we used NDF and ADL from the Van Soest method [10]. Unlike ADL, which is the non-degradable
fraction of fiber, the NDF fraction may contain carbohydrates depending on the protocol used and
whether the substrate being evaluated is more or less rich in carbohydrates [10]. The use of fiber-rich
versus carbohydrate-rich groups in the statistical analysis helps to control this bias to some extent.

The accuracy of prediction equations must be evaluated in terms of intra-laboratory (triplicate)
and inter-laboratory variability of BMP measurements. Several studies have been published on intra-
and inter-laboratory variability in BMPs [11-13]. Using harmonized protocols, the intra- and
interlaboratory variability (Residual Standard Deviation) measured in France [13] are 5% and 20%,
which would represent values of 10.4 and 38.1 L/kg DM based on the average BMP value measured
in this meta-analysis. The accuracy of the equations for predicting BMP from chemical composition,
obtained in the study, was 62.4 L/kg DM. Consequently, the produced equations in the present
metanalysis, although statistically significant and consistent with known effects of composition, have
moderate accuracy. Moreover, their predictive power is understandably lower than that of equations
developed from smaller, more homogeneous experimental databases. However, some of these
equations incorporate more relevant compositional variables (lipids, lignin) describing methanogenic
biomass.

The BMP of biomass samples is negatively correlated with variables describing plant cell walls
[9]. In our prediction equations, NDF —which is more commonly reported in the literature —was used
as a proxy for cell wall carbohydrates. The negative effect of NDF on BMP aligns with literature
trends. However, NDF is likely not the most relevant indicator, as it contains varying amounts of
cellulose, hemicellulose, and lignin. The proportions of these components determine the
fermentability of the structural carbohydrates and, consequently, methane yield. The more lignified
the carbohydrates, the less fermentable they are. Hence, lignin content is arguably the strongest
predictor of BMP outcomes [9]. Our results confirm this tendency. The introduction of lignin
improves the accuracy of the prediction because it accounts for the non-fermentable fraction of the
fiber. However, this data remains relatively rare in the literature on BMPs. Furthermore, it is the fiber
component for which the variability in measurement is greatest.

Depending on the predictors used in the prediction equations, the impact of CP can be positive
or negative on the BMP. The positive effect of CP can be explained by the supply of N necessary for
the growth of bacteria involved in methanogenesis. Furthermore, high CP levels are correlated with
higher fermentability of the substrate. This positive effect aligns with literature findings [9]. However,
high CP concentrations may lead to excessive ammonia production, which can inhibit anaerobic
digestion and reduce methane formation [14].

Lipid content was not included in our equations due to limited data availability. Nonetheless,
lipid content is highly relevant, as lipids are high-energy organic compounds that are biodegradable
under anaerobic conditions. Lipids result in higher methane yields compared to structural and non-
structural carbohydrates [9]. The higher BMP values observed in this study for lipid-rich rations
support this finding.

5. Conclusion

The data available from the literature are too heterogeneous to allow accurate BMP prediction
based solely on chemical composition. Our findings highlight the need for a standardized,
homogeneous experimental database including BMP values and detailed physicochemical
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composition. Ingredient characterization should, at a minimum, include NDF, lignin, lipids, and
proteins, as these significantly influence BMP. Developing ingredient-category-specific prediction
equations—yet to be defined —could improve BMP prediction accuracy.
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