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Abstract

This paper is a compilation of some experimental results published in peer-reviewed articles dealing
with predictive regression models between biochemical methane potential tests and different chemical
parameters characterizing the organic content of biomass samples. Results reviewed were focused on
laboratory measurements with the main objective of bringing together the existing experience to
evaluate pitfalls and challenges that could be generalized for future research using this kind of
substrates. Firstly, BMP test measurements were briefly described for experimental approaches
according to different factors such as inoculum, physical and chemical experimental conditions,
inoculum to substrate ratio and gas measurement systems. A lot of information necessary when
reporting BMP studies was not included in the description of most articles. It is also unexpectedly the
lack of positive control tests as a way to check the reliability of the experimental results obtained. As
consequence, BMP test results from different laboratories are normally inconsistent and irreproducible.
Secondly, chemical parameters analysed in experimental research works such as moisture/dry matter,
total chemical oxygen demand, carbohydrates, lipids, proteins and lignin were also reported in a
comparative way. In fact, 70% of analytical determinations were covered in some degree, but the
presence of a correct reference description was only occasional. Finally, general regression models
were summarized. However, the development of one overall model that applies to all kind of samples is
difficult to achieve. In order to be reliable and widely applicable, predictive regression models for
methane production of biomass samples should be based on accurate laboratory measurements.
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1. Introduction

Anaerobic digestion (AD) plants represent a very successful and promising option for
the energy recovery of biomass. Estimation of the potential of particular biomass
substrates to produce methane is essential for successful plant operation and
optimization. Many biomass samples have been evaluated as potential substrates for
renewable energy through anaerobic reactors [1-2]. Obtaining a high methane yield is
always desirable but to achieve a maximum value it is important to select the
appropriate substrates to be managed through full-scale AD plants [3]. Therefore, it is
mandatory to carry out an economically feasible biochemical procedure for some
substrates that could have production cost [4].

Anaerobic biodegradability (AnBD) is normally evaluated in the laboratory through
biochemical methane potential (BMP) measurements, which are batch experiments
where defined amounts of seeding sludge (inoculum), substrate and water are mixed
and incubated for a certain period of time [5]. However, it is important to note that AnBD
results cannot be directly related to BMP results. This is because AnBD is related to
the amount of organic matter degraded by anaerobic microorganisms to produce
biogas. Similarly, BMP is the methane yield of the organic substrate that depends on
the amount of organic matter removed, but more specifically on its biochemical nature
(in terms of carbohydrate, fat, fibre and protein contents), which varies widely [6]. In
addition, the lignocellulosic matrix of the substrate can also affect the methane
potential of biomass samples. Then, the chemical composition of biomass samples
and the three dimensional structure are both key factors for the methane potential
obtained [7].

Despite the important information provided by BMP test measurements, there are two
main problems with these assays. Firstly, bioassays are relatively difficult to conduct
under reliable and reproducible experimental conditions. BMP results can be
influenced by several factors such as inoculum, operating conditions and
biogas/methane measurement system [8]. Secondly, these bioassays are time
consuming [9]. Thus, BMP results cannot be used for evaluating processes in the
short-term to inform decisions in industrial plants and consulting companies [10].
Unlike BMP, analytical methods for biomass characterization can be applied in a cost-
effective way in the short time [11]. Therefore, linking “less laborious” chemical
measurements with BMP results can be useful to establish a firm decision tool in order
to design and apply strategies that can be used for process optimization in full-scale
applications. To date, different chemical parameters have been used to develop
regression models for predicting the specific methane potential of biomass samples
[12]. Since these methods only depend on the functional behaviour and typically do
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not respect fundamental biochemical dependencies, they are only valid for specific
substrates [13]. Not surprisingly, attempts to validate these models using a wide
spectrum of types substrates were less successful. In addition, it appears that methane
production cannot be predicted by a single chemical parameter. Alternatively, a
combination of many variables might be necessary to allow a better understanding of
the interactions among them [14].

The main objective of this study was to compile previous research works published in
the literature in which diverse predictive regression models were proposed for different
biomass samples [15-40]. These models were assessed by focusing on laboratory
measurements such as the factors affecting BMP tests and the specific analytical
methods reported for the different chemical measurements. Finally, predictive
regression models were compared in relation to their suitability for overall applications.

2. Summary of reviewed articles

A detailed bibliographic study of selected articles (n=26) is included in appendix A.
The characteristics of the articles reviewed can be summarized as follows: i) The
articles have been published during a period of 12 years (2007-2019), with the highest
number of publications (n=4) in 2018. That means that currently there is a lot of interest
in this research topic. ii) The information was published in 11 different journals, with
nearly 40% of articles from Bioresource Technology journal. iii) The affiliation of the
authors of these articles include 14 countries, with Denmark (n=5), Germany (n=7) and
France (n=8) in the top positions.

3. Laboratory measurements for biomass samples in AD research field

There are different laboratory measurement methods relating to biomass samples
required to design and operate AD plants for efficient biogas production. These
methods are used in order to describe the quality of the initial substrates as well as to
predict reactor performance. The methods can be classified into two main groups:
biological/biochemical and chemical measurements. The principal laboratory
parameters that influence the biogas production for biomass samples are
carbohydrates, lipids and proteins as well as chemical oxygen demand (COD), lignin
and BMP tests. Certain parameters are very simple to monitor, therefore their
determination take very little time and they have a relatively low cost. On the contrary,
other analyses are more complex and require extensive time to obtain the experimental
results. This latter group of tests usually requires specific equipment, higher
experimental costs, and longer periods of time than conventional analyses.

Despite the high number of laboratories involved in biogas research, laboratory
measurements are faced with a multitude of pitfalls and challenges. These are related
to the very special characteristics (heterogeneity and matrix/nature) of the substrates
and the specific techniques for the whole spectrum of biogas research. On the other
hand, since the equipment and experimental procedures have not been completely
standardized yet, comparison of results from different laboratories is normally not easy
to perform. In the following, the different laboratory measurements will be described.
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4. BMP tests: Factors influencing measurements

BMP is a powerful and simple technique established to determine the maximum
methane production from the organic matter present in pure or mixed substrates such
as sludges, wastes and bio-products by AD. This biological determination has proved
to be quite a simple method to obtain the extent and rate of organic matter
transformation to methane by anaerobic digestion processes. The test is relatively
simple to carry out. To start, a substrate is weighed and mixed with a fresh anaerobic
inoculum (taken from an active reactor) in a vessel. The mixture is incubated at
constant temperature. The methane produced during biodegradation is measured and
the methane potential calculated after subtracting the methane production from blank
reactors that contain only inoculum. Therefore, the literature includes numerous BMP
research studies. However, it is important to note that this test often suffers from a lack
of standardization in experimental procedures, parameters and data reporting [5]
Consequently, BMP test results carried out by different researchers lead to
inconsistent and irreproducible results [8]. Many BMP procedures have been proposed
to serve as guidelines at national and international levels. In the reviewed articles, 5
documents (19%) did not include any referenced methodology. The most popular
reference methods cited were two German guidelines, VDI 4630 [41] and DIN 38414
[42] and one harmonization paper published by Angelidaki and co-workers [43]. The
suggested harmonized paper recently published by Holliger and co-workers [44] was
cited once. To carry out an accurate BMP test it is important to consider all the factors
required to develop a reliable determination. In this review, different factors influencing
BMP results are studied, but only briefly, because previous articles were devoted to
study the common factors affecting BMP test measurements [5, 45]. In addition, two
recent published articles reviewed in detail previous research studies relating to BMP
measurements [46, 47]. As summary, 14 factors should be included in the description
of any BMP test measurement belonging to inoculum, physical and chemical
experimental conditions, inoculum to substrate ratio and gas measurement systems
characteristics. In addition, the quality control of any BMP test measurement should
be demonstrated by using a positive control substrate with a known theoretical
methane yield [5, 41, 43, 44]. The lack of such information in a research study could
create limited comparability in the experimental results reported.

4.1. Inoculum

Inoculum is one of the most important BMP factors because it supplies the
microorganisms responsible for conducting the AD process. This means that variation
in the microbial composition, including diverse trophic groups of symbiotic
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microorganisms responsible for the sequential fermentation stages, could affect BMP.
However, previous reported results remain inconclusive on inoculum effects, probably
due to the associated effect of the biodegradability of substrates [48]. There is a
general agreement that anaerobic sludge should be as fresh as possible to avoid a
decrease in microbial activity [49]. In any case, the main characteristics of any
inoculum that should be considered for BMP assays are origin/source, solid contents,
start-up concentration and pre-incubation. These factors are described briefly in the
following.

4.1.1. Origin/source

Ideal inoculum should be adapted to the substrate to be degraded but this situation is
not very common. The acclimation of sludge to fibrous substrate was proposed as a
way to increase the methane production of paragrass samples [50]. Frequently, the
inoculum source for BMP tests is variable because referenced guidelines do not
suggest the use of special types of digesters for sampling selection. Neither are there
suggestions to the specific nature of inoculum, as flocculent or granular sludge.
Therefore, inoculum can be collected from a wide range of anaerobic reactors, and is
most commonly taken from biogas plants (fed with agricultural or bio-wastes) or
municipal wastewater treatment plants. The use of inoculum from pilot plants or small
laboratory reactors is also popular.

4.1.2. Solid contents

The inoculum used for BMP tests should be characterized in terms of total solids (TS)
and volatile solids (VS). Normally, the content of VS is assumed to be related to the
content of active microbial biomass, and, is needed to calculate the quantity of
inoculum to be used.

4.1.3. Concentration at the start-up of experiment

The VS concentration of inoculum is a very important factor to be considered
individually and when planning the inoculum to substrate ratio (ISR) of the BMP
measurements. Although more research has been considered necessary to study the
impact of inoculum (and substrate) at fixed ISR, preliminary results showed that dilution
of the inoculum or substrate may underestimate the methane yields [51].

4.1.4. Pre-incubation or pre-digesting

Harmonization guidelines suggested the pre-incubation at the same BMP temperature
that the inoculum will operate but at different intervals of time, ranging from 2-5 days,
5-7 days and up to 7 days [41, 43, 44]. This procedure has been advised as a way to
reduce the gas volume values of blank reactors and improve the accuracy of net
methane production. However, the reduction of residual methane production should
not be necessary to obtain accurate methane yields.

4.2. Physical operational conditions

Information about the following physical factors should be included in BMP reports.
4.2.1. Reactor capacity: Both total and working volumes should be considered. The
total volume defines the reactor headspace as the difference in the working volume.
Headspace volume can vary widely depending on the gas measurement system
selected. The working volume of the reactor is a key factor to consider the total amount

6



of substrate (and inoculum) added to the system and also to calculate its initial
concentration. In addition, BMP tests are usually carried out in reactors where volume
depends on the features of the substrate. Smaller volumes should be used for
homogeneous substrates while large volumes are more suitable for substrates of
heterogeneous nature. In any case, smaller volumes are considered as less efficient
than larger ones [52]

4.2.2. Temperature

The temperature selected for BMP measurements is a very important factor because
it is well known that AD process is temperature dependent. Also, the reactor
temperature affects the biogas transfer rates. Therefore, it should be necessary to
avoid severe changes in the operational temperature selected during a trial. The
majority of anaerobic reactors are usually operated at either mesophilic or thermophilic
ranges of temperature.

4.2.3. Stirring

Mixing ensures the transfer of substrate to microorganisms. Also, mixing is important
to provide uniform temperature in the reactors and for releasing the biogas into the
headspace. Different mixing approaches can be found in the literature: no mixing,
shaking manually and automatic mixing. In addition, no mixing or manually shaking
once per day may be sufficient for reactors treating diluted or easily biodegradable
substrates. It was reported that stirring is more important to kinetics than extent of BMP
results [53].

4.2.4. Test duration

The time selected to carry out the BMP test should be long enough to ensure the
maximum degradation of organic matter. Literature reported incubation times ranging
from 30 to 100 days. The recommended incubation time should be used as a guideline,
low (lower 1% of cumulative) or null net daily methane production during three
consecutive days suggested as a rule to end BMP measurement [44].

4.3. Chemical operational conditions

Information on following chemical factors should be included in experimental reports.

4.3.1. Headspace gas

When performing a BMP test, eliminating the oxygen in the headspace is sometimes
assumed to be critical. However, it remains to be demonstrated that the residual
oxygen in the headspace has adverse impact on the anaerobic digestion process.
Besides, in relation to the question of whether flushing the headspace is really required,
mainly two types of flush gas are used: pure nitrogen (N2) and different mixtures of
nitrogen and carbon dioxide (N2-CO2) (normally in the proportions 70/30 or 80/20) [54].
4.3.2. pH/alkalinity adjustment

pH and alkalinity are routinely used as indicators for imbalance and failure of anaerobic
reactors. Therefore, it is relevant to ensure adequate pH (7-8) and buffering capacity
(above 3 g CaCOs/L) [44].

4.3.3. Mineral medium: Optimal microorganism metabolism and microbial growth
requires balanced concentrations of macronutrients, micronutrients and some trace
metals. Sometimes, it is unclear whether a BMP test will have sufficient nutrients
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available considering the content present in the inoculum and the substrate, or
alternatively, additional supplements are necessary [55]. Anyway, mostly referenced
BMP guidelines suggested the use of additional nutrients [41, 43, 44].

4.4. Inoculum to substrate ratio (ISR)

It has been demonstrated that ISR is an important design parameter for achieving
accurate BMP results [56]. In order to find the maximum methane potential and
methane production rate, a right balance between the substrate and microorganisms
is necessary. For routine BMP tests, an ISR 22 has been suggested as a default [44].

4.5. Gas measurement systems

Since biogas production is the key factor to determine the methane potential and
biodegradability of a substrate, accurate measurements of biogas and methane
guantity without significant losses or error is important. Techniques for measuring the
rate and volume of biogas produced from AnBD assays include mainly volume
displacement devices or pressure manometers. Volumetric methodologies are more
popular among scientific community due to easy usage and the variety of systems that
can be used such as liquid displacements, lubricated glass syringes and gas meters.
Manometric methods are more sensitive but may have large systematic errors [57]. In
addition, headspace pressure is known to affect biogas composition due to effects on
CO:z2 partitioning between biogas and the liquid portion of reactors [54]. Regardless of
the gas measurement system selected, it is very important to apply correction factors
to convert the observed methane potential to standard temperature and pressure
conditions for obtaining standardized results [58].

4.6. Positive control substrate: cellulose

BMP tests measurements can be faulty due to the inadequacy of selected inoculum or
experimental conditions. Additionally, the presence of leakage through septa or in any
other tubing connections could lead to underestimation of BMP results. Therefore, the
use of positive control substrates with theoretical known methane potential can be
considered as obligatory 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 mL CHa/g
VS, has frequently been suggested as the most common choice of standard compound
for quality control of BMP measurements [41, 43, 44]. Some reasons to support this
choice are its full biodegradability, low price, high quality and worldwide distribution. It
is important to note that this theoretical value is not totally reached because around
10-15% of degradable substrate components are used for microbial growth and cell
maintenance.



5. Chemical measurements

Biomass samples are complex heterogeneous mixtures of mainly organic matter and
to a lesser extent inorganic matter. The composition of natural biomass depends on
various factors: type of biomass, plant species or plant parts; growing conditions
(geographic location, climate, sunlight, soil, water); age of plants and harvesting time
[59]. To get a better understanding of the AD process for biomass samples, the
determination of the bulk chemical composition should be the first step and common
approach before sample digestion. These chemical characteristics are used mainly to
describe the quality of the initial solid substrates, which determines their AD potential
application. However, these measurements can also be applied to the end products as
well as process states during the fermentation process. The chemical composition of
a biomass sample can be stated using different analytical terms [60, 61]. Firstly,
proximate analysis gives the composition of the biomass in terms of gross components
and is therefore of fundamental importance for biomass energy. The parameters
included are moisture, volatile matter (VM) (burn in gaseous state), fixed carbon (FC)
(burn in solid state) and ash (inorganic material). Secondly, the objective of ultimate
analysis is to determine the elemental composition of a solid biomass sample in terms
of carbon (C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O), but for some
solid biomass chloride (Cl) and other elements may also be of interest. Thirdly,
compositional analysis of biomass is used to determine feedstock compositions in
terms of carbohydrates, lipids and proteins as well as mass balances and product
yields from conversion processes [62]. Unfortunately, these organic fractions are not
easy to determine due to the heterogeneous nature of samples and also to some
analytical limitations. In fact, normally the measurement methods reported for AD
research fields were taken from the characterization of wastewater, food, soil and wood
samples. As a result, variations and modifications of analytical methods were created
which often make comparison of results among different laboratories difficult.

The next sub-sections will explain the most important analytical parameters to take into
account for biomass substrates characterization feeding in anaerobic digesters.

5.1. Moisture/Dry Matter (DM)

Water is present in all biomass samples. The water content has a great connotation
because it determines physical characteristics, microbiological stability and sensory
properties. It also has a major effect on technical processes and substrate energy
density (hence the cost of transportation and storage). For this and other reasons
practical and legal limits exist.

For processing biomass samples in AD processes it is indispensable to be able to
measure moisture accurately because the substrates treated are generally based on
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DM content. Obviously, the determination of water content is a very important topic
and it can be considered as one of the most common analyses performed for solid
samples.

Nevertheless, water content determination is not as trivial an analysis as it might be
expected. There are several methods to determine the water content, which can be
classified as direct and indirect methods [63]. Direct methods are those that can
determine water itself. They can be based on physical separation of water (distillation,
oven-drying, halogen, microwave and infrared drying). An alternative are the methods
based on a selective chemical reaction of the water in the sample (calcium carbide and
calcium hydride methods or Karl Fisher titration). Indirect methods may either
determine a macroscopic property of the sample which depends on its water content
(densimetry, polarimetry, refractometry), or measure the response of the water
molecules in the sample to a physical influence such as Nuclear Magnetic Resonance
(NMR), Near Infrared (NIR) and Microwave (MW) spectroscopies.

Although not totally reliable for some biomass samples, oven-drying methods
estimating the moisture by evaporation, are routinely used because they are simple,
inexpensive and relatively fast. These are empirical methods in which the moisture
results obtained are defined by the drying conditions. The two most critical factors
affecting this measurement are temperature and time. It is very important to define
them correctly to avoid misinterpretation because different drying temperatures and
times are reported in the literature [64]. Specifically, some laboratories used identical
temperature and time for all types of samples while other laboratories changed both
parameters depending upon the matrix. There are others factors influencing the
moisture determination such as the oven air (forced draft or mechanical convection),
size of drying containers (small, medium and large) and type (capsules or crucible) and
also usage of suitable desiccators containing effective desiccant material [65].

It must be clearly stated that oven-drying methods cannot distinguish between water
and other volatile substances. This means that during oven-drying, volatile substances
other than water are lost. For this reason, the term moisture should be replaced by
‘loss on drying” whenever a drying operation is conducted to determine the water
content [66]. In addition, side chemical reactions could be present while the heating
process takes place.

In general, for biomass materials, oven-drying methods tend to overestimate dry matter
content for untreated material. On the other hand, oven-drying methods generally
underestimate dry matter content in pre-treated material due to loss of volatile organic
compounds [67]. Some challenging measurements for loss on drying in the AD
research field are silage samples. This is due to the formation of volatile fatty acids
(VFAs), ammonia and alcohols in the course of the ensiling process [68]. Similarly,
samples coming from two-stage AD processes have a lot of volatile compounds,
principally VFAs [69]. Ensiling and two-stages processes have been proposed as the
way to obtain higher methane yields, although the explanation of this improvement has
always been unclear [70, 71]. To avoid inaccurate results for this kind of samples, it is
necessary to correct the results using volatility coefficients for organic compounds lost
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if their specific chemical structures are identified [72]. Alternatively, Karl Fisher titration
Is considered as a more accurate method taking into account that only water molecules
react with titration solvent [67].

5.2. Total Chemical Oxygen Demand (CODt)

The determination of CODt for biomass samples is significant for evaluating the
energetic balance of the AD processes. This is due to the ratio between methane
produced and COD removed that is a constant theoretical factor equal to 350 mL CHa/g
CODremoved. The reference method used to determine the COD parameter is based on
the APHA-AWWA-WPCF standard methods for the analysis of water and wastewater
[73]. Therefore, the measurements of biomass samples can be considered as a
problematic task because the majority of reported methods rely on liquid samples and
should be adapted specifically for solid samples. An interlaboratory study on COD
measurement was carried out for different laboratories dealing with the AD research
field [74]. This study included four samples, two solid samples as raw materials, and
two liquid samples to be prepared with high concentration of suspended solids.
Unfortunately, the overall analytical data evaluation showed that only 36 % of results
could be considered as acceptable. A second interlaboratory study showed that the
overall analytical performance was improved by around 30%, demonstrating the
positive effect of a regular participation in proficiency testing studies [75].

Some specific methodologies were reported in the literature trying to characterize
accurately the organic matter of solid substrates in terms of COD. Raposo and co-
workers proposed an adapted titrimetric approach using concentrate oxidant and open
reflux approach [76]. The method was proposed as a way to obtain maximum recovery
values for both solid samples and solutions with high suspended solid contents. More
recently, some attempts have been carried out using commercial kits based on
conventional closed reflux colorimetric method. Firstly, Noguerol-Arias and co-workers
proposed a method based on a preceding solid dilution using magnesium sulphate as
an analytical inert material [77]. Secondly, Andre and co-workers reported the use of
commercial tubes without previous solid sample dilution [78]. In their proposed
methodology a homemade plastic support is required to transfer the sample weighing
directly into COD tubes. Thirdly, Cazaudehore and co-workers proposed a prior double
acid hydrolysis of the solid sample from which, after cooling, a liquid supernatant
sample is analysed in the commercial tubes [79].

5.3. Lipids
The terms lipids, fats and oils are frequently considered as synonymous and thus used

interchangeably. The term lipid normally refers to the whole collection of food
molecules that are insoluble in water and soluble in organic solvents. Fats and oils are
more specific terms used according to the solid or liquid state of the lipid material at
room temperature, respectively.

The lipid content is highly variable for solid samples, for example lignocellulosic

samples have low content while organic fraction of municipal solid waste (OFMSW)
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and algal samples have high content. The knowledge of lipid content is very important
because they are energy-dense organic compounds anaerobically biodegradable and
considered as a source of higher methane yield potential when compared to proteins
and carbohydrates. During AD processes, the presence of intermediate long chain fatty
acids (LCFASs) as inhibitory compounds become the main reason of biological process
instability [80].

Several analytical methods have been developed for total lipid extraction. Most of them
use liquid-liquid extraction procedures, which are time consuming, and require a lot of
manual operations. Nevertheless, lipids are normally characterized by the Soxhlet
method. This is a procedure developed by semi-continuous solvent extraction and
where fat content is measured by the weight of fat removed from the sample. This is a
routine method due to its simplicity and relative safety at laboratory level. Other
advantage is its potential for upscaling results to industrial plant level [81]. A very
important decision is the solvent selected because the extractive characteristics of
different solvents are different and naturally the extraction yield can affect the results
obtained. For example, Ramlucka and co-workers studied the effect of 13 solvents in
the extraction of lipids from algal biomass. Results reported showed that ethanol,
chloroform and hexane were generally more efficient in the extraction of lipids than the
other solvents studied [82].

Other alternative technique for the analysis of lipids is the NMR technique, which is
based on the measurement of the resonance frequency of the atomic nuclei under the
influence of a magnetic field [83]. In any case, the equipment is not easily accessible
and the results are difficult to interpret.

5.4. Proteins
Proteins play a major role in the AD processes. They are hydrolyzed into amino acids
by extracellular enzymes secreted by different bacteria. Later, the amino-acids are
de-ammonified by anaerobic oxidation, yielding volatile fatty acids, hydrogen and
ammonia. The main disadvantage of protein rich biomass during AD is the high amount
of nitrogen released in form of ammonia that can inhibit methane formation [84].
Different methods were reported in the literature to determine the protein content of
solid substrates. They are based on diverse analytical principles, providing the protein
content either indirectly or directly [85]. Indirect protein determination is habitually used
and it is based on the analysis of the organic nitrogen content in the samples. Normally,
the organic nitrogen is liberated at high temperature, by combustion in the Dumas
method (TDN) [86] or by sulphuric acid hydrolysis and distillation in the Kjeldahl method
(TKN) [87]. It is important to note that for indirect protein determination other organic
(urea, nucleic acids) or inorganic (nitrates, nitrites and ammonia) nitrogen compounds
can also be measured. On the other hand, direct protein determination is calculated
based specifically on the analysis of amino acids. To obtain the amino acids profile the
sample must be previously extracted and later hydrolysed (110°C during 24 h). Then,
the analysis is carried out by high performance liquid chromatography (HPLC) and the
different amino acids can be classified as essential and non-essential.
The first pitfall related to protein content is the difference obtained when results of TKN
and TDN are compared [88]. The reason is that TKN measures organic nitrogen and
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ammonia while TDN also determines the inorganic fraction in form of nitrites and
nitrates. Because of this, Dumas and Kjeldahl methods will lead to different results
depending on the inorganic nitrogen content of the sample and also to what degree
the organic nitrogen is recovered by Kjeldahl method. Therefore, to avoid conflicts and
misinterpretations in official situations it is very important to clearly specify the method
used for crude protein determination. There is a clear tendency towards Dumas
method as it offers shorter analysis time, ease operation and improved safety when
compared to Kjeldahl method. Normally, TDN values are higher than TKN values [89].
Therefore, both methodologies could be interchanged only when differences in results
are insignificant.

The second pitfall for protein content measurement is the selection of the nitrogen to
protein conversion factor (NtPCF) established to relate the measured nitrogen to the
quantity of protein. Historically, the NtPCF for the traditional TKN method has been
established considering that 16% of the overall nitrogen content corresponds to
proteins for all types of samples and that all organic nitrogen is protein-bound [87]. For
that reason, a general conversion factor of 6.25 has been stated. However, the nitrogen
content of different proteins varies within a rather large range (13-19%) [90].
Throughout the years, evidence has accumulated that the common conversion factor
of 6.25 in most cases overestimates the proteins content because a fraction of nitrogen
should not be associated with proteins [91, 92]. In order to adjust for these variations,
some conversion factors have been proposed for specific substrates, making the
conversion from nitrogen to protein more reliable [93].

5.5. Carbohydrates

There is a considerable inconsistency in the terminology used for this kind of organic
compounds. Most sources consider an oligosaccharide to be a carbohydrate
composed from 2 to 10 sugar (saccharide) units. A polysaccharide usually contains
from 30 to at least 60,000 monosaccharide units. There is no official definition of an
oligosaccharide. Two monosaccharides (sometimes called simple sugars), D-glucose
and D-fructose, are found in significant amounts and can be used directly for anaerobic
microorganisms. Higher saccharides (oligo- and polysaccharides) must first be
hydrolyzed to monosaccharides before cell absorption and metabolism utilization.
From the analytical point of view, determination of both total/soluble carbohydrates and
also their structural fractions are useful.

5.5.1. Total/soluble carbohydrates

This determination applies to various types of carbohydrates (CARBS) including
monomeric, oligomeric and polymeric compounds. It is important to note that CARBs
fraction is the only component in the compositional analysis which may be calculated
by difference. In this sense, total amounts of CARBs have been calculated theoretically
deducting lipids and protein contents taking into account the VS quantity. Similarly, it
is possible to find in the literature the nitrogen free extract (NfE) fraction. This is a very
inaccurate name indeed because this fraction has nothing to do with nitrogen and it's
not an extract either. NfE hypothetically represents the soluble carbohydrates of the
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sample, such as starch and sugars. Unfortunately, these methods have very low
accuracy since CARBs fraction accumulates all of the errors existent in the analysis of
the other organic constituents.

Experimentally, the most rapid, simple and cheap approach for the determination of
total carbohydrate content is based on colorimetric approach. The spectrophotometric
determination of CARBs has two main drawbacks [94]. Firstly, measurement results
are expressed in terms of glucose-equivalent concentrations. Therefore, the
absorbance responses to different saccharides may not be directly applicable for
calibration curves using glucose as calibration standard. Secondly, there is a problem
with interferences because many organic compounds can react with colour-developing
reagents, mainly in presence of concentrated sulphuric acid, and consequently the
results of carbohydrate content are usually overestimated. In any case, to measure
CARBs spectrophotometrically prior acidification of samples by sulphuric acid is
necessary. There are two principal methodologies with different reagents for
developing a chromophore. One methodology is based on the use of anthrone with
maximum absorbance at 625 nm [95]. The other, Dubois methodology, used a solution
of phenol with the maximum absorbance at 490 nm [96]. These assays are generally
accepted because they are simple, requiring only chemicals, tubes and a
spectrophotometer. However, critical comparisons of both methods were reported in
the literature with contradictory conclusions about their accuracy. It seems that the
phenol-sulphuric method recovered more carbohydrates than the anthrone method
[97].

5.5.2. Structural carbohydrates

This fraction is made of mainly two types of structural carbohydrates such as cellulose
and hemicellulose that provide the structural and hold functions of the cell wall.
Cellulose is the predominant polymer constituted by D-glucose units linked by 3-1,4
glycosidic bonds. Hemicellulose is a mixture of polysaccharides that are grouped
together due to their similar structure and chemical properties. Their structural
backbone and side chains differ according to the biomass sample selected. Then, the
specific composition of sugars (pentosans and hexosans) differs and typically
produces a mixture of glucose, galactose, mannose, arabinose, xylose and rhamnose.
Usually, hemicellulose is degraded to sugar more easily than cellulose because its
structure is mostly an amorphous form. Other residual polysaccharides components
include pectins, glucans, fructans and mannans. Two principal analytical methods
have been proposed to determine these compounds.

5.5.2.1. Detergent fibre system (DFS)

The detergents system analysis was developed by Van Soest and co-workers at the
United States Department of Agricultural (USDA) in the 1960°s for feed assays in
ruminant nutrition although it has been widely used for non-ruminant research [98, 99].
The concept behind detergent system is that plant cells can be divided into soluble and
insoluble components by using two detergents. Firstly, a neutral detergent gives the
neutral detergent fibre (NDF) fraction as an indicator of structural carbohydrates intake.
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Following, an acid detergent reagent is used to obtain the acid detergent fibre (ADF)
fraction as a measure of digestibility and, thus, the energy intake.

A number of procedural variations have been developed out of attempts to overcome
certain difficulties during this gravimetric determination [100]. The first decision is the
apparatus to be used, being possible to select manual, semi-automatic or totally
automatic systems. The second decision is the selection of the filtration technique
between traditional crucible or filter bag [101, 102]. For crucible system it is necessary
to apply vacuum to separate the fibre components while for bag an easy self-filtration
is carried out. The third choice is related to the use of two reagents to avoid the positive
interferences of some organic components: sodium sulphite and alpha-amylase have
been proposed to remove residual structural proteins and starch, respectively [103,
104]. The fourth decision is related to the analytical procedure manner. It is possible
to carry out the determination using a sequential analysis when NDF and ADF fractions
are estimated using the same sample, being necessary to measure ADF after finishing
with the NDF fraction. In the non-sequential way, NDF and ADF fractions can be
estimated using different samples and, therefore, they should be analysed both at the
same time [105]. Finally, to avoid mistakes, it is very important to consider the
correction for remaining ash expressing results per volatile solids content [104].

5.5.2.2. Two steps sulphuric acid hydrolysis (SAH)

This method was developed by Sluiter and co-workers at the National Renewable
Energy Laboratory (NREL) [106, 107]. The method is labour intensive and requires
attention to some details because is empirical. Then, differences in technique could
affect the final results. The procedure utilizes a strong sulphuric acid solution (typically
72 % wi/w) in a primary hydrolysis, followed by dilution with water and a secondary high
temperature (100-125°C) hydrolysis. This procedure hydrolyses the polymeric
carbohydrates into free sugars that can be analysed individually by HPLC to quantify
the carbohydrate fraction of the sample. The main advantage of this method is the
possibility to carry out a quantitative compositional analysis by adding the individual
components.

5.6. Lignin (LIG)

This is a three-dimensional macromolecule biosynthesized by the polymerization of
three types of phenyl-propanoid or monolignol units such as p-coumaryl, coniferyl and
sinapyl alcohol units. It is mainly water-insoluble and a major component of the plant
cell wall because it provides the structural support and prevents microbial attacks and
decomposition of the structure. Lignin is considered as “cellular glue” because is both
physically and chemically connected to structural CARBSs in lignocellulosic samples.
There are several analytical procedures for determining the lignin content of cell walls
[108]. The most commonly described procedures for biomass samples are methods
that remove cell wall constituents except lignin. These procedures are directly
connected to the previously explained DFS and SAH methods for the determination of
structural carbohydrates. In this sense for DFS method, the ADF fraction is treated with
concentrated sulphuric acid solution which removes cellulose from lignin components

that are gravimetrically measured and named as acid detergent lignin (ADL) [109]. In
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the case of the SAH methodology, the non-lignin structural components are removed
during the two hydrolysis stages from the solid structure leaving a lignin-rich residue
named as Klason lignin (KL) which is vacuum filtered and measured gravimetrically
[110,111]. It should be noted that the main difference between both methodologies is
the sequence in which acid concentration and temperature are employed to effect the
hydrolysis of polysaccharides. Relating to inter-method variability between DFS and
SAH, it can be indicated that the lignin components are either: insoluble and soluble.
However, the Van Soest methodology has a negative bias because the soluble
components of lignin are not determined [112, 113]. In any case, independently of the
methodology used, the lignin content should be corrected for protein-like compounds
to avoid being significantly overestimated [114].

6. Predictive regression models versus BMP tests measurements

BMP test measurements collected on this manuscript have been evaluated thoroughly
focusing on the description of the different experimental factors affecting the assay. A
detailed summary of BMP assays from selected articles is included in table 1.
Unfortunately, a lot of information necessary when reporting BMP studies was not
included in the description of most articles. Specifically, 50% of the possible
information that should be reported in the reviewed articles was omitted. This situation
makes it difficult to compare the experimental results obtained.

6.1. Description of inoculum

6.1.1. Origin/Source

Different sources of inoculum were reported in the reviewed articles. BMP studies
mainly reported the use of an inoculum from a biogas plant (35%). Other options for
inoculum origin were municipal wastewater treatment plants (15%), laboratory reactors
(12%) and pilot plants (8%). It is important to note that this relevant information was
missing in four of the articles reviewed.

6.1.2. VS content

Unfortunately, this information was absent in the majority of reviewed articles (77%).
In the articles containing this information, the organic content reported ranged between
60-70% of DM.

6.1.3. Initial concentration.

For this factor, the information reported in the reviewed articles was infrequent (23%).
In addition, some articles included this information incorrectly by using the percentage
of inoculum volume. Then, only three articles (12%) included the information in
appropriate units, ranging from 2-5 g VS/L.

6.1.4. Pre-digestion.

In spite of this procedure being suggested in the harmonization guidelines, only 19%
of reviewed articles included a previous step of incubation for the inoculum. In addition,
the time selected ranged between 7-14 days, a period of time higher that the suggested
one (2-7 days).

6.2. Description of physical operational conditions
6.2.1. Total and working volumes.
16



Conveniently, all the selected articles included information on this factor. However, the
information regarding both volumes was included in only 38% of the selected articles.
The total volume was reported more times (81%) than the working volume (58%). In
any case, both volumes ranged widely, including small (250 mL), medium (250-500
mL), large (500-1000 mL) and extra-large (>1000 mL) volumes. One article included a
total volume of 20 L. It is important to note that this high volume is not suitable at all
for BMP test measurements from the laboratory point of view considering that a
minimum of nine reactors are necessary (3 blanks, 3 replicates/sample and 3 controls).
6.2.2. Temperature.

Fortunately, only one experiment excluded this information from the report. The
majority of experiments were carried out at the mesophilic range of temperature. The
incubation temperature was achieved mainly by using thermostat-controlled water
baths.

6.2.3. Stirring.

The information for this factor was again missing in the majority of reviewed articles
(69%). In the occasional information found regarding this factor, manual mixing was
mainly used, being followed by automatic shakers working continuously or
intermittently.

6.2.4. Duration (incubation time)

Unfortunately, 27% of articles omitted this information. The time elapsed to finish the
measurements ranged from 30 to 100 or more days. The majority of batch tests (80%)
were carried out over more than 35 days.

6.3. Description of chemical operational conditions

6.3.1. Headspace flushing gas.

This information was not present in half of the selected articles. In the rest of articles,
they described the removing of oxygen before start BMP tests using mainly N2 (27%)
or N2-CO2 mixtures (23%).

6.3.2. pH/alkalinity adjustments.

This information was not reported in 88% of selected articles. The use of additional
buffering, provided by sodium bicarbonate (NaHCOs3), was reported in only 3 articles.
6.3.3. Mineral medium.

More than half of selected articles (58%) have no information about the use or no use
of mineral medium for batch tests. 38% of articles included the use of nutrients while
only one article (4%) reported that nutrients were not employed.

6.4. Description of ISR

In spite that ISR is considered as one of most important parameters in batch tests,
31% of articles left out this information. The majority of studies included an optimal ISR
higher or equal to two. Another important aspect to be considered is the different units
selected for defining ISR, such as TS, VS or COD.

6.5. Description of gas measurement systems

This relevant information was omitted in 15% of articles. The most frequent methods

for gas measurement were volumetric systems, by liquid displacement (27%), gas

counter (23%) or syringe (12%) devices. One article (4%) reported both
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methodologies, liquid displacement and syringe. Manometric systems were reported
in 15% of selected articles.

6.6. Cellulose as positive control

Surprisingly, only six (23%) of selected articles incorporated the study of cellulose to
check the usefulness of reported results. In addition, only two articles included the
values obtained while one article explained that higher than 80% of theoretical
methane production was obtained.

7. Predictive regression model versus chemical measurements

A detailed study of chemical measurements from selected articles is included in
appendix B. Normally, analytical methods reported are based on wet chemistry
methodologies although some articles unusually included NIRs measurements. Figure
1 shows that up to seven possible analytical determinations were used in different
degree for the selected articles. In fact, 70% of analytical determinations were covered
in some degree. However, the analytical information including a correct reference
description was only occasional.

7.1. Moisture/Dry matter

This analytical determination was reported in the totality of articles reviewed except
one where, in general, the analytical information was uncommon. One aspect to
comment is the improper use of some method description references. This situation is
more related with the nature of samples analysed than with the presence of errors in
the results obtained. In fact, reference to APHA selected in many articles should be
reported exclusively for wastewater samples. Therefore, more appropriate references
should be related to soils and forage matrix samples.

In general, the most commonly applied methodology was oven-drying until constant
weight followed by gravimetric determination of the mass lost. But the important
operational factors, such as temperature and time, were not reported in the majority of
selected articles. Exceptionally, one of the reported articles using silage samples,
included the DM correction for losses of volatile compounds for improving the accuracy
of results.

7.2. Total Chemical oxygen demand

This determination was included in 8 out of 26 (31%) articles selected. Unfortunately,
specific methodology was not included in all the reports. Most references are related
to liquid samples. Some references are also related to soil samples, but as a measure
of the organic carbon instead of COD. In any case, many articles reported
spectrophotometric determination as a measurement technique. It is important to note
that to carry out this type of methodology using biomass samples, they should be
previously diluted to be measured. Dilution of solid samples has been reported as the
main reason for the underestimation of results [74,75].
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7.3. Lipids

The content of total lipids was included in the 54% of reviewed articles. Similarly to
previous analytical parameters, the reference APHA-AWWA-WPCF was included to
describe this determination. However, this reference should be used to determine
dissolved or emulsified oil and grease from water samples. Unfortunately, only three
of the selected articles reported the use of Soxhlet methodology for lipid determination.
In addition, only once was the solvent selected (petroleum ether) reported. Another
article included the use of one automatic extraction system device (ANKOM XT-10
extractor) where samples are placed into filter bags which prevent sample transfer
error. In this way, filter bags serve to simplify handling and enable batch processing up
to fifteen samples at a time and up to 100 samples per day.

7.4. Proteins

The determination of the protein content was reported in 73% of reviewed articles.
From 19 articles including protein determination, 7 of them (37%) omitted the
information relating to the specific methodology. Normally, protein in biomass samples
is difficult to measure directly, therefore in many cases the nitrogen content of the
biomass sample is measured indirectly by Kjeldahl (42%) and Dumas (16%) methods.
Specifically, for TKN methodology the interfering total ammonia content (TAN), if not
negligible, must be removed to achieve a reliable protein content. Unexpectedly, the
Lowry method was described once (5%). It is important to note that this methodology
is designed for liquid samples and, therefore, the results must correspond to soluble
protein content. In addition, one research article determined both protein contents, total
(by Kjeldahl) and soluble (by Lowry, previous extraction with NaOH). Irrespective of
the way for the measurement of Nitrogen content, one NtPCF must be selected for
protein content calculation. For the reviewed articles, the use of 6.25 as NtPCF was
used in all cases. It was previously emphasized (section 5.4) that, in general, this factor
may lead to errors when applied to biomass feedstock or process intermediates.

7.5. Carbohydrates

Itis very important to distinguish carbohydrate compounds between structural and non-
structural fractions. Research articles reviewed were more involved in the analytical
determination of structural CARBs (24 articles-92%) versus non-structural CARBs (8
articles-31%).

7.5.1. Non-structural carbohydrates

Only 4 out of 8 articles reported the analytical method selected. Specifically, the
anthrone methodology was used in the reviewed articles. However, it must be
explained that this spectrophotometric method is used for the soluble fraction of
CARBs if no previous sample digestion was carried out. A couple of articles explained
the determination of water soluble CARBs while other two articles reported the content
of reducing sugars.

On the other hand, in 7 articles (27%) the CARBs content were calculated theoretically
by differences. In these articles different names were used such as nitrogen free
extracts (NfE), non-fibre carbohydrates, total carbohydrates and non-lignocellulosic
carbohydrates.
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7.5.2. Structural carbohydrates

Unfortunately, nearly 30% (7 out of 24) of articles, where these compounds were
considered, omitted the information about the methodology selected. From the rest,
58% of articles reported the DFS to calculate gravimetrically the cellulose and
hemicellulose fractions. Some of these articles explained the use of modifications
proposed by Mertens and co-workers about the importance of using alpha-amylase
and sodium sulphite. Only two articles (8%) described the SAH as the methodology to
determine the individual sugars corresponding to both CARBs polymers. This situation
can be explained considering the specific equipment necessary to obtain individual
sugars from biomass samples. Surprisingly, only one article described both analytical
methodologies with no clear explanation about the objective of these measurements.

7.6. Lignin

This determination was reported in 88% of reviewed articles emphasizing the interest
of this parameter relating to the AnBD of biomass samples. The majority of articles
used the ADL fraction to evaluate the lignin content of samples. Only two articles
reported the KL as the lignin-like fraction. It is important to remind that ADL values are
always lower when compared to KL values because some soluble lignin components
are removed in the Van Soest methodology (section 5.6).

8. Evaluation of predictive regression models

A bibliographic study of selected articles about predictive regression models is
included in table 2. In this section, the previously published predictive models were
assessed to explore their power and limitations for predicting BMP.

8.1. Lack of one general model

Development of one overall model that applies to all kind of samples is difficult to
achieve. This is due to several reasons. First, the number of biomass samples studied
and their nature was highly variable. For some studies, the research was very specific
including the same biomass samples or some varieties, while other investigations
included very different types of biomass. Second, some biomass samples were studied
as raw materials and also after pre-treatment procedures. Specifically, some
substrates were studied as ensiled forms where the chemical composition varied due
to the presence of unstable substances such as volatile fatty acids and alcohols. Thus,
the silage fermentation products would have extremely limited applicability in the
majority of predictive models. Third and moreover, the variability in the biochemical
composition of substrates, other factors such as particle size, porosity and surface area
are normally not considered. Fourth, the majority of predictive models were focused
on methane potential but a few of them were dedicated to biogas yield. Therefore, to
transfer the results from biogas to methane, the biogas composition should be obtained
accurately. Fifth, different forms to express the biomass composition in the general
equations for predictive models were selected. In this way, %TS, %VS or w/w were
reported. Sixth, different analytical methodology was used to calculate the chemical
composition of biomass samples.
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8.2. Number of variables

Some regression models were initially developed using a single variable predictor but
the results obtained showed only weak relationships between the individual
components [40]. Although, they were used as an initial estimation approach, it is
important to note that no single parameter, usually applied to characterize the biomass
sample, is sufficient to predict BMP results of each substrate. Alternatively, chemical
composition of biomass samples can be considered as a mixture where the
combination of several constituents may be useful to reflect the AnBD process.
Therefore, results of multiple regression models can be considered as more reliable
for predicting methane potentials [14, 23, 24].

8.3. Contribution to the model: negative versus positive correlation

Biomass samples can be divided into three fractions taking into account their
biodegradability. In this sense, biomass elements can be considered as totally
digestible, poorly digestible and non-digestible. According to AD theory, the digestible
fractions should be positively correlated with methane potential while the non-
digestible fraction should be present in predictive models as negative relationship.
However, previous reported predictive models have diverse contributions for some
significant correlation factors.

8.4. General explanation about significance of chemical parameters

In any case, predictive models published in the literature demonstrated that some
parameters linked to the organic fraction of biomass samples can be correlated to
methane potentials. Typically, lipids, proteins, carbohydrates and lignin are the key
parameters for AD processes. However, other different parameters have been used
for predictive calculations about biogas and methane potentials. In the next section the
significant chemical parameters present in the 23 regression models reviewed will be
evaluated.

8.4.1. Overall organic content (VS and CODt)

The VS and CODt contents are usually denoted as good indicators of the organic
matter content in a substrate. In fact, there is a direct relationship between CODt values
and the VS content of an organic material. However, taking into account the different
nature of VS and their biodegradability, these parameters may not be applicable as
reliable indicators of the methane production. Therefore, both parameters were
scarcely reported as regressors for BMP modelling. Specifically, VS content was used
twice and CODt content three times.

8.4.2. Lipids

From the theoretical point of view, crude fat content is particularly important for biogas
production because it exhibits much higher methane potential than proteins and
carbohydrates. Therefore, as expected, a positive correlation was always found
between BMP results and lipid content. However, their contribution can be considered
as minor because only 8 out of 23 predictive models included the lipid content. One
possible explanation could be that the lipid’s contents for some biomass samples were
low or with limited variation in their concentrations.

8.4.3. Proteins
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The crude protein content has been identified as another parameter with positive
impact on methane yields. Surprisingly, only 10 out of 23 predictive models considered
protein content as a significant parameter for methane yield. Exceptionally, one
predictive model included the N content instead of protein content for modelling.

8.4.4 Carbohydrates

They can be divided in two main groups: structural and non-structural. Each group can
be correlated to mainly soluble or insoluble fractions, although sometimes there is no
way to know if some CARBs are soluble or attached to the solid organic matrix. It is
also important to note that CARBs can be separated in different groups according to
the analytical methodology carried out. In this way, the Weende method gives two
fractions such as crude fibre (insoluble) and NfE (soluble). Alternatively, Van Soest
method provides cellulose, hemicellulose and lignin (insoluble) and non-fibre
carbohydrates (mainly soluble sugars and starch). In addition, carbohydrates contents
(total or non-structural) are sometimes estimated as the missing part from the rest of
organic fractions

8.4.4.1. Non-structural carbohydrates

Surprisingly, this parameter was included only in 8 out of 23 predictive models. In
addition, different fractions, with different names, were used for BMP modelling. Thus,
it is possible to find NfE, total soluble (after extraction), water soluble and reducing
sugars as different regressors to be related to BMP potential. In addition, one predictive
model used uronic acids, as specific acid sugars, in the equations for BMP modelling.
Another particularity of non-structural CARBs is the variability in its relationship with
BMP results, sometimes the correlation was presented as positive and sometimes as
negative.

8.4.4.2. Structural carbohydrates

There is an agreement about the important energy potential of cellulose and
hemicellulose fraction. Therefore, previous predicted models considered these
parameters as very relevant for methane potential. In fact, 18 out 23 models included
cellulose and/or hemicellulose fractions in the equations. Specifically, hemicellulose
was included 10 times, cellulose 9 times and both parameters together 4 times.

On one hand, the contribution of hemicelluloses to the different predictive models was
always considered in a positive role. On the other hand, cellulose correlation was
different in previous studies described. Their contribution was inconsistent and widely
variable from strong or weak to not observable. The variability is also reflected in the
positive or negative correlation influence with BMP results. As cellulose is known to be
fully biodegradable, the surprisingly negative effect was argued considering the
crystallinity of cellulose or its interrelated effect with lignin.

There are other chemical parameters including not exclusively structural
carbohydrates that were used in different predictive models. In this sense, the NDF
fraction (hemicellulose, cellulose and lignin) was used twice. More frequently, 6 times,
was the ADF fraction (cellulose and lignin) used for BMP prediction. In addition, ADF
was used sometimes in combination to lignin fraction. More specifically, arabinan
fraction was also considered an important regressor for methane potential of
lignocellulosic biomass.

8.4.5. Lignin
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In general, methane potentials of biomass samples are negatively correlated with
parameters that describe fibre fractions. Normally, lignocellulosic substrates with high
cellulose and/or hemicellulose contents were generally poor in lignin, and vice versa.
There is a general agreement in the previous published results for biomass samples
that the lignin content can be considered as the strongest predictor of BMP results. It
was recognized decades ago that lignin is not fully degraded anaerobically [115]. More
recent studies confirmed that only a limited fraction of lignin could be degraded
anaerobically [116,117]. Then, lignin content was presented, without exception, as a
negative regressor for methane potential in the 18 out of 23 predictive models.
Nevertheless, unexpectedly, some of the reviewed studies did not establish a
correlation between lignin and BMP. The only explanation provided for the non-
significant effect of lignin was a limited content range used to check their effect on BMP
test measurements.

In any case, the comparative analysis of many substrates reported in the literature
using different regression models showed the lack of good correlation between lignin
content and BMP results [40]. There are some reasons that could be useful to elucidate
that the inhibition mechanism of lignin for BMP tests of biomass samples is complex.
Firstly, the variability in ADL results obtained according to the specific analytical
characteristics of Van Soest methodology. In addition, results obtained for KL are
always different to ADL. Secondly, a limitation of the previous studies is relating to the
complexity of lignin as an organic polymer. Lignin compounds are difficult to describe
from a structural point of view. Thus, AnBD should be discussed in relation to the
structural lignin effects [118, 119]. Thirdly, other important subject is the interaction of
lignin with other components of the cell wall for biomass samples [119-121]. Therefore,
cross-linking lignin with other components of the cell wall can limit the access to other
fermentable structural carbohydrates. However, it is very frequent that interactions
among chemical compounds are not taken into account for predictive models.

8.4.6. Other chemical parameters

The different reviewed regression models also included other chemical parameters. In
fact, residuals components or everything which is not structural CARBSs or lignin were
considered as regressors. Similarly, the neutral detergent soluble (NDS) fraction was
considered as a positive regressor. Specifically, for silage samples, the content of
butyric acid (HBu) and alcohols were considered in the regression model. Finally, a
biochemical determination such as biological oxygen demand (BOD) was considered
to be correlated to AnBD. This decision can be considered as controversial taking into
account that this determination is an aerobic bioassay in which time duration was
increased from 5 to 28 days. Therefore, the disadvantages of BMP measurements
were doubled.

9. Current state, challenges, recommendations and future research work

9.1. Current state

The review manuscript shows that many studies have been carried out to try to predict

methane production from different biomass samples. This is due to the importance of

having a screening tool to compare or maximise methane generated from different

organic substrates. However, the critical evaluation of predictive models developed

until today showed that they are only valid to specific substrates and under certain
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experimental conditions. This lack of reliable predictive regression models can be
explained mainly due to the variation of experimental data reported in the literature as
consequence of limitations in the laboratory measurements routinely used by scientists
working on this research field.

On the one hand, there is an agreement in the scientific community that the information
about the BMP value for a new substrate is decisive before designing an industrial
plant for its treatment. Unfortunately, current BMP testing procedures result in a lack
of comparable experimental results due to the differences in equipment, experimental
conditions and procedures. As a consequence, there is a need to promote common
rules, which would be recognized as good practices among researchers and
practitioners. There are a few guidelines for BMP test protocols published in the last
years which describe some criteria that are considered obligatory in order to accept as
correct the experimental results from BMP test assays. These documents may be
useful to BMP measurements because they permit evolvement and help in the
elimination of systematic errors. In any case, a very important factor in BMP
measurements that cannot be standardised is the inoculum to be used. It can only be
suggested that the presence of an initial appropriate methanogenic community is
necessary to obtain reliable BMP results.

On the other hand, the present review document also focuses on the analytical
methods used for the characterization and quantitation of biomass substrates. It is
important to highlight that the majority of chemical measurements routinely used at
laboratory level can be considered as empirical determinations. Therefore, these
procedures can only help scientists to know roughly the chemical composition of raw
biomass samples. However, due to limitations in the analytical methodology, the
results that they provide cannot be considered appropriate as the basis to create an
overall predictive regression model for methane productivity.

9.2. Challenges

It was a challenge finding predictive regression models in the published literature which
could be compared with the same biomass sample where all the laboratory
measurements have been recorded appropriately according to BMP studies and
analytical determinations. Additionally, it should be noted that the review document
shows that the majority of papers published in the literature did not provide the
necessary information relating to laboratory measurements. The omission of this
information in research papers can be considered as a very problematic issue to
science. It is important to consider that this information is necessary for the
reproducibility of experiments, and without the possibility to reproduce experimental
assays, there is no real science.

9.3. Suggestions

To obtain a reliable overall prediction model for methane production based on
laboratory measurements, it is really important that the determinations necessary to
construct the model can be based on accurate methodologies, and in this way,
unquestionably reporting experimental results with low uncertainty. This review can
help less experienced researchers to give more importance to laboratory
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measurements, identifying problems and finding solutions in their experimental
procedure.

Concerning to BMP measurements, the rules included in the guidelines for BMP test
protocols should be followed. That means: 1) Provide detailed information about all the
experimental conditions to perform the test; 2) Using with care manometric
methodologies because there is some evidence that headspace pressure affects
measured gas production; 3) Performing the appropriate number of replicates for each
sample, including blanks and positive controls; 4) Application of a fresh and robust
anaerobic inoculum providing viable microorganisms to convert organic substrate into
biogas; 5) Using mandatorily positive controls, such a microcrystalline cellulose, as the
only way to validate the experimental BMP results reported.

Concerning to chemical measurements, experimental results should be considered
only as a raw characterization of biomass samples. For moisture, oven-dried methods
should be carefully applied because volatile substances other than water may be lost.
For COD analysis, wastewater methods should not be used for solid samples by their
previous water dilution because this is the main reason for the underestimation of
results. For lipids, the selection of solvent extraction is a key factor. For proteins,
differences between TDM and TKN methodologies should be considered. In addition,
the NtPFC should be selected according to substrate characteristics. For total
carbohydrates, the method by difference should never be reported. For structural
carbohydrates, DFS methodology has limited applicability while two steps SAH
methodology is more reliable. For lignin determination, both frequently methodologies
used, such as ADL and KL, can provide important differences in the lignin content of a
biomass sample. In any case, lignin content cannot be accurately measured by
gravimetric determination.

In summary, it should be necessary to understand better the compositional analysis of
samples by performing high-quality analytical characterization. These results could be
used to determine biomass composition as well as product intermediates and product
yields from conversion processes.

9.4. Future research work

Upcoming investigations should be focused to evaluate the potential of anaerobic
digestion as a promising and effective approach to substitute fossil fuels and mitigate
climate change [122]. Thus, accurate BMP predictive models are necessary to
evaluate recent biological innovations to improve biogas production [123, 124]. In
addition, it is necessary that information on methane production generated through lab-
scale investigations can be useful by commercial plants for the right decision-making
[125, 126]. As future perspectives, it could be interesting to investigate some ideas
arising from all the above information. In general, it would be interesting the scheduled
participation of research labs in interlaboratory comparison studies as a way to improve
the quality assurance of the experimental results obtained. From BMP tests, future
research activities should be conducted to try to develop suitable storable anaerobic
inocula for practical and reproducible application in BMP tests. Another proposal is to
create a methane yield data base where the authors must report from their
investigations all the significant information requested in BMP harmonization
guidelines. Thus, the importance of results comparability can be proved in the short
term. From analytical characterization, the global parameters used for organic matter
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characterization should be replaced by more specific ones. Additionally, there are
some evidences that the chemical composition of an organic substrate is not the only
key factor for its biodegradability. Other characteristic such as the bio-accessibility
according to the structural organization of the organic molecules in the substrates
could be probably also a crucial factor to understand the AD process. Finally, methane
production of BMP test assays obtained by simple regression models should be
compared to soft computing methods [127].

10. Conclusion

In order to be accurate and widely applicable, predictive regression models for
methane production of biomass samples should be based on correct laboratory
measurements. Firstly, relating to BMP measurements, although some variability in
experimental conditions is acceptable, the different factors affecting the bioassay
should be selected accurately according to suggested recommendations. To help
ensure accuracy in BMP measurements, the factors affecting BMP results should be
described in detail. In addition, the utilization of positive control samples to check the
performance of the complete BMP system should be obligatory. Secondly, the
selection of robust analytical methods is essential to obtain reliable regression models.
As with BMP measurement, analytical methodology should be described in detail,
including a correct descriptive reference. Finally, the selected regression parameters
should be in agreement with the AD theory. In this way, specific or particular chemical
parameters should not be used for AnBD modelling. In this review it was demonstrated
that the most important factor for predicting BMP of biomass samples is lignin content,
which affects in three fold through composition (monolingol units), three dimensional
structure and cross-linking.
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