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Abstract

This work presents a novel meta-analysis for methane yields from anaerobically
digesting dairy cattle manure. A database is compiled from 115 articles (2,181 cases) by
systematically assessing the academic literature. YCH4 and secondary variables collected
in the database describe performance, operation conditions of digester and manure
composition. Inputs to the database are normalised to enable inter-study uni- and
multi-variate analysis, according to different types of digesters.

Most cases (N=1,299) are reported for batch digesters and meta-analysis results in
a mean YCH4 of 0.230±0.016 m3kg−1. CSTR (N=241), results in mean of 0.190±0.016
m3kg−1 (random-effect model). Other continuous digesters, such as fixed-film, plug-flow
and UASB require further cases for the application of meta-analysis. For non-specified
semi-continuous digesters (N=347), the mean calculated by the random-effect model is
0.204±0.032 m3kg−1 (N=27).

With respect to multi-variate analysis of operation conditions, batch digesters form
four clusters, while two clusters are identified for CSTR and three for semi-continuous
digesters. For variables describing manure composition, batch digesters present eight
clusters, while CSTR and semi-continuous digesters have insufficient cases. The strongest
correlations found for these secondary variables (Spearman’s rho: -0.685 and -0.696)
result for pH and YCH4 in batch and CSTR, respectively.

Maximum YCH4 estimated by meta-analysis are proposed to replace the default IPCC
values because they are based on a larger sample size and integrate updated literature.
In particular, markedly higher YCH4 are obtained for Asia, Middle East and Indian
Subcontinent than those in the IPCC guidelines.
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1. Introduction1

This meta-analysis examines the methane yields (YCH4) found in the literature for2

anaerobic digestion (AD) of dairy cattle manure. The dairy sector is responsible for 4%3

of global anthropogenic greenhouse gas (GHG) emissions [1]. To reduce the carbon4

footprint of milk-producing farms, AD has been proposed as a mitigating technology.5

AD converts the volatile solids (VS) in cattle manure to biogas (CH4 and CO2 mixture)6

and digestate [2]. Consequently, GHG emissions are decreased by: i) avoiding high7

global warming CH4 from manure management systems; ii) generating renewable8

energy that substitutes fossil fuels and; iii) producing digestate that replaces mineral9

fertilisers. In order to quantitatively predict these benefits, assumptions on the10

performance of AD processes are critical [3].11

In this respect, YCH4 is a metric widely utilised in mass and energy balances to calculate12

the CH4 production. The YCH4 corresponds to the CH4 formed by unit of VS and is13

defined as follows:14

YCH4[m3kg−1] =
CH4,out put

V Sinput
(1)

Theoretical, modelled and experimental values of YCH4 are available in the literature.15

Theoretical estimates commonly use the Buswell equation [4, 5] which is based on the16

chemical composition and stoichiometry of degradation reactions. However, actual YCH417

are less than theoretical values because not all organic material converts to biogas (e.g.18

non-degradable solids, inhibition of reaction and/or generation of new bacteria). Thus,19

utilising theoretical YCH4 can over-estimate CH4 production for AD scenarios. For20

models of YCH4 (e.g. ADM1 [6] and Linke et al. [7]), validations are based on21

experimental work with limited AD operation conditions. Therefore, increasing the22

sample size of experimental results can provide a more robust source of validation.23
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Although, empirical values of YCH4 are available in multiple (and increasing)24

publications, it is challenging to integrate results differing in operation conditions,25

slurry compositions and units of measurements. This work addresses this by applying26

meta-analysis techniques to systematically review and numerically combine the research27

on YCH4 in the dairy sector.28

Meta-analysis has traditionally developed in the medical sciences but in recent years29

has been applied in the the bio-energy sector [8, 9]. For biogas generation from dairy30

farms, qualitative reviews are dominant [10–12]. Only two meta-analysis [13, 14] exist31

for AD of dairy manure, however, they are focused on different aspects of the process32

(i.e. microbial communities [13] and the effects over farm emissions [14]). Additionally,33

to the authors’ knowledge, this is the first work to integrate such numerous cases from34

the academic literature in the field.35

The aim of this meta-analysis is to quantitatively combine YCH4 measurements to enable36

a comprehensive understanding of this metric with respect to operational and37

composition variables. For this purpose, two main steps are carried out: creating a38

specific database and statistically analysing the collected information. A database is39

compiled because no specific dataset is available for the entire literature reporting YCH440

of AD in dairy farms. Research articles are found by using particular keywords and41

applying defined criteria (Section 2.1). The YCH4 are extracted from the selected work42

and entered to the database together with secondary variables (i.e. specifying operation43

and/or manure composition). In order to enable numerical combination, units of44

measurements for all variables are standardised (Section 2.2). To analyse the variables45

compiled in the database, uni- and multi-variate tests are introduced in Sections 2.3-2.4.46

In the Results and Discussion section, key aspects of the database are first described47

(Section 3.1). Thereafter, YCH4 are discussed in terms of digester type (i.e. batch,48

continuous or semi-continuous). Multi-variate structure between key variables related to49

3



the performance of different AD systems is examined. Correlations and clustering of50

principal components are discussed in terms of sources of similarities and variations.51

The discussion finally compares results of meta-analysis models applied over maximum52

YCH4 to the default values of the National Guidelines for GHG emissions of the53

Intergovernmental Panel of Climate Change (IPCC [15], i.e. widely used to predict CH454

emission from manure management systems).55

2. Methods56

This section first presents the methodology to develop the novel database of YCH4 for57

AD of dairy cattle manure. Second, the mathematical background for the statistical58

analysis of the variables in the database is introduced. All statistical calculations are59

performed in R v.3.0.2.60

2.1. Article selection61

A systematic search of articles in the academic literature is carried out to compile the62

database of YCH4 of dairy cattle manure and secondary variables. The selection of63

articles is based on the following four criteria:64

i) scientific publications in the academic literature that have been peer-reviewed and65

are in the field of AD;66

ii) primary sources;67

iii) available work in journals in English to which the authors have access and;68

iv) inclusion of experimental data of YCH4 for AD of dairy cattle manure.69

The first criterion is defined to ensure quality results in articles that potentially report70

YCH4 values. The ISI Web of Knowledge platform [16] is used because it contains71

mainly peer-reviewed journals. The publication language is set as “English” and the72

publication year is not constrained. It should be noted that, although China has played73

an important role in the development of AD plants (e.g. by 2007 it had 26.5 million74
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biogas plants installed [17]), articles written in Chinese are discarded by this criterion.75

Similarly occurs for publications from India [18]. This is significant constraint of the76

language criterion. However, as results will show, the selection of English articles in this77

work markedly contributes in bringing together a large sample size.78

Keywords, logical connectors and combinations shown in Figure 1 are used for the79

search of articles. The keywords aim to identify technology presence, agricultural sector80

and the metric of interest for this meta-analysis.81

—Figure 1 here—82

From the search results, titles and abstracts are used for a first filtering step. They are83

assessed to determine if studies report mono-digestion of dairy cattle manure and are84

primary sources (i.e. the latter corresponds to the fulfilment of the second criteria).85

Secondary sources are excluded to avoid duplicated values in the database. Therefore,86

review articles are rejected in this step. In addition, articles from a same author are87

verified to not repeat cases in the database.88

From the titles and abstracts, articles available to the authors are collected (i.e. third89

criteria). The final filter step consists of selecting papers that include quantitative and90

empirical results (in text, tables or figures) of YCH4 for dairy cattle manure, thus,91

complying with the fourth criteria.92

2.2. Database input93

YCH4 are extracted from the selected articles to compile the database. Values of of YCH494

are adapted so that all cases correspond to cumulative CH4 production per kilogram of95

VS. YCH4 values are standardised to normal conditions (20 °C, 1 atm) and given in96

“m3kg−1” (i.e. volume of methane produced per mass of VS fed to digester.97

When articles report various YCH4 (e.g. profiles across time or measurements at different98

temperatures), multiple cases are logged into the database. To record differences99

between cases, secondary variables are also entered to the database (when available).100
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Qualitative secondary variables are: author name, journal name, year of publication101

and location of study (country and/or continent). If the latter is not available, the102

location of the first author is used. For quantitative secondary variables, the first103

column of Table 1 shows those that are found most frequently in the literature for AD104

of dairy cattle manure, thus, used in this work. These variables specify AD operation105

conditions and chemical compositions of the undigested slurries (i.e. before entering the106

digester). The units of measurements for secondary quantitative variables are also107

presented in Table 1. If a variable is reported in different dimensions, underlying data108

from the original article is utilised to reconcile the units. If insufficient information is109

available when dimension conversion is required, the original units of measurements are110

recorded into the database, but the variable is excluded for numerical analysis.111

—Table 1 here—112

To ensure that comparable experiments are combined, the results are presented113

separately according to type of digester (batch, continuous and semi-continuous) and114

differences are discussed.115

2.3. Uni-variate analysis116

Having the variables standardised to the required unit of measurement, normality of the117

distributions is assessed by the Shapiro-Wilk test [19]. Inter-quartile ranges (IQRs) are118

reported to examine the dispersion of the variables of the database. Because of the119

expected non-normal distributions of YCH4, Wilcoxon Signed Rank test [20] is used to120

evaluate significant differences between distributions.121

—Table 2 here—122

In order to obtain novel effect sizes (i.e. YCH4) that synthesise the literature,123

meta-analysis models were applied to the distributions from the database. Fixed- and124

random-effect models are applied given the mean (Mi), standard deviation (si) and125

sample size (Ni) for each case “i”. The calculations undertaken to evaluate the new YCH4126
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from this work, are summarised in Table 2. The main difference between the models is127

that the fixed-effect model considers that each case corresponds to a measurement of128

effect size from a population with unique mean (µ). The estimation of µ is reported as129

M. For this model, the variance (Vi) is calculated with respect to µ . The random-effect130

model, in contrast, assumes a distribution of the population, hence multiple µi. To131

account for this, the model measures the variability of Mi with respect µi and of µi with132

respect to µ .133

2.4. Multi-variate analysis134

To assess the overall effect of the secondary variables in Table 1 over the YCH4,135

correlations are examined by using the Spearman Rank test [21]. This test determines136

(p<0.05) if the relation between variables is monotonic (non-specific to linear relations).137

This test is chosen because it is a robust method in the presence of outliers.138

Principal component analysis is combined with cluster-analysis to study the underlying139

structure of the operation conditions and slurry compositions. This approach is adopted140

from Brambilla et al. [22]. As a first step, the most reported variables describing AD141

systems in the literature are identified to undergo principal component analysis. This142

technique is a unsupervised pattern-recognition method that allows reduction of143

dimensionality for multivariate datasets [23]. The dimension reduction allows144

visualisation of the database and synthesis of the data collected from the numerous145

cases in the database. Results of first and second principal components are presented by146

score plots.147

As a second step, different groups of cases in the database are analysed by applying the148

most used clustering algorithm (k-means [24]) over the first two principal components.149

K-means clustering depends on the initialisation, therefore, experiments are repeated150

over 100 initial random centroids for 2 to 10 clusters. The number of clusters is defined151
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by selecting the best Davies-Bouldin Index (DB Index) score from the k-means output152

[24].153

3. Results and discussion154

This section presents the outcomes of the database development and statistical analyses155

in five subsections. The first subsection covers results from the application of filtering156

criteria, general overview of the typology of the papers that conform the database (e.g.157

year of publication and journal) and introduction to types of digester found in the158

literature. The second to fourth subsections report the YCH4 for batch, continuous and159

semi-continuous AD-systems, respectively. YCH4 and its relation to secondary variables160

are examined by uni- and multi-variate analysis for these different types of digesters. In161

the last subsection, the meta-analysis of maximum CH4 potentials is discussed to162

improve those currently used by IPCC.163

3.1. Database development164

The search of papers using the word combination described in the methods section,165

outputs 888 publications. By assessing these papers against the selection criteria (i.e.166

peer-reviewed research articles in the field of interest), 115 articles (fraction equivalent167

to 13.0% of the initially found) are chosen to construct the database (publicly available168

on the website of the Energy and Power Group from the University of Oxford:169

epg.eng.ox.ac.uk/content/anaerobic-digestion). The causes for the high rejection,170

according to criteria, are shown in Figure 2a.171

—Figure 2 here—172

Within the papers rejected by the first criterion, 352 correspond to other feedstock; 43173

co-digest dairy cattle manure with other organic waste, excluding specific YCH4 values of174

interest; 38 are not research articles and are, for example, patents or book chapters and;175

29 articles do not assess the production of CH4 from AD, focusing on different176

8



technologies for manure-management systems (e.g. hydrogen production). All articles177

rejected by the second criteria correspond to review publications. The third criteria178

discards 14 articles that report titles and/or abstract in English, however, their main179

content was in a different language. In addition, 33 articles (from which 22 correspond180

to two journals), are not accessible to the authors. It should be noted that the database181

includes 45 scientific journals, thus, the third is not an important constraint. The182

fourth criteria rejects 178 papers that do not include numerical results on YCH4 of AD183

process and 31 that use modelled or assumed (i.e. non-empirical) YCH4 values.184

Regarding secondary variables that describe the typology of the studies, the origin and185

year of publication of the 115 selected articles are shown in Figure 2b and Figure 3,186

respectively. It is observed that European and American work is dominant with 46187

articles and 44 articles, respectively. For other continents markedly fewer articles are188

found to report empirical YCH4 values. The categorisation of cases conforming the189

database according to world region is of particular interest when comparing results from190

this meta-analysis to the default maximum YCH4 of the IPCC (see Section 3.5).191

—Figure 3 here—192

With respect to year of publication, the literature covering AD of dairy cattle manure is193

increasing (see Figure 3). Results indicate that from 2007 to 2014 an average of 10194

publication per year reported YCH4 of dairy cattle manure. Before 2007 only two articles195

per year in average contain experimentally-measured YCH4 of this dairy waste. This196

increase is expected because, although AD is a mature technology (i.e. implemented for197

waste treatment since 1880s in Europe [2]), today it is being re-visited as a mean to198

reduce carbon emissions in the context of international agreements. In addition, it is199

observed that the increase in publication begins the same year of the global financial200

crisis (2007-8), which could be related to dairy farms seeking to diversify their201

production activities.202
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From the selected papers 2,181 cases are extracted and conform the database. To avoid203

duplicates, repeated cases found in five of the articles [25–29] are entered once. 2,161 of204

the cases in the database are selected from 95 articles. The remaining 20 articles report205

single cases from which 16 are identified as control experiments in co-digestion studies.206

Table 1 summarises secondary quantitative variables in the database according to207

digester type. It is observed that the cases in the database report different operation208

conditions and composition variables, according to the objectives of each article. For209

example, for batch and semi-continuous cases the time and hydraulic retention time,210

respectively, are specified in less cases than the temperature. However, for continuous211

digesters the opposite occurs. In order to improve the consistency in reporting the212

performance of AD systems in the research literature, it is recommended to follow213

standardised protocols such as the EPA Guidelines [30]. In consequence, the214

implementation of standardised protocols to report specifications on AD systems (and215

composition of inlet substrate) would allow the selection of a larger sample size for the216

multi-variate analysis of this work.217

As presented in Table 1, 2,147 of the cases in the database can be classified as: batch,218

continuous or semi-continuous. The following sections analyse the YCH4 and secondary219

quantitative variables separated in these categories. It should be noted that cases which220

report YCH4 in units of measurements that cannot be reconciled to “m3kg−1”, are221

omitted.222

3.2. Batch digesters223

Batch reactors are the most reported in the literature for the AD of dairy cattle manure224

with 1,299 cases. From these, 1,144 cases from 54 articles report YCH4 in the units of225

interest (or can be converted to it). Digesters operated as batch reactors are loaded at226

the beginning of the experiment (or cycle) and only biogas is extracted during the AD227

process. The yields from these digesters result in non-normal distribution (Shapiro’s P=228
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3.06x10-33), median 0.124 m3kg−1 and inter-quartile range (IQR) 0.235 m3kg−1. Low229

median is due to the presence of cases at low operation times, where the AD process is230

only beginning. In fact, 19 articles report profiles of YCH4 against time, which indicate231

that multiple cases represent initial stages of CH4 production.232

To observe underlying structure of the YCH4 from batch digester, results from principal233

component analysis and their subsequent cluster analysis are shown in Figures 4a-b for234

operational and composition variables, respectively. For the former, 42 studies report235

simultaneously YCH4, digester volume, temperature and operation time, yielding 1,104236

cases. The first two principal components of Figure 4a represent jointly the variance237

fraction of 61.6%. The first principal component is highly dependent on YCH4 and time238

of operation, while the contrary is observed for the second principal component.239

—Figure 4 here—240

The directions of the YCH4 and time of residency vectors are similar. Thus, high YCH4241

are associated to longer digestion times, as expected. Higher correlation is also expected242

(Spearman’s rho= 0.411, P-value= 2.2x10-16), but not achieved due to the presence of243

overlapping profiles (i.e. see bi-plots of YCH4 over time in Supporting Material).244

Individual profiles of YCH4 are observed to reach asymptotic maximums. This is due to245

decrease in the available organic material to be anaerobically digested. As time246

advances in batch digesters, bacterial population growth is limited by the availability of247

nutrients and therefore, these profiles are associated to Monod’s equation [31].248

With respect to the digester volume, the YCH4 vector shows opposite direction (with249

respect to the first principal component axis), which can be attributed to variables250

presenting poor (and negative) correlation (Spearman’s rho= -0.135, P-value=251

4.68x10-6). It is unexpected that the temperature vector is opposite to the YCH4, with252

respect to the first principal component axis. Much work (e.g. Umetsu et al. [32] and253

Kaparaju et al. [33]) have reported an increase of YCH4 with raise of temperature,254
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however, the batch digesters collected in the database show a weak and inverse255

correlation (Spearman’s rho= -0.263, P-value= 2.2x10-16). This could be explained by256

batch digesters achieving maximum YCH4 independently of operation temperature as257

long as enough retention time is allowed.258

Four clusters result from the k-means algorithm (DB Index= 0.25), as shown in Figure259

4a. All clusters extend across the first principal component, while being less affected by260

the second principal component. The red cluster of Figure 4a, corresponds to small261

digesters (0.30-2.0 l) operating at the highest temperatures for batch digesters in the262

database (50 °C and 55 °C). This cluster is conformed by 73 cases from seven articles.263

The blue cluster of Figure 4a, represents large digesters (850 l) operating at 35 °C. This264

cluster of 34 cases is conformed by the data reported in only one article [34]. Both blue265

and red clusters correspond to the lower YCH4 obtained for batch digesters with266

maximums 0.19 and 0.29 m3kg−1, respectively. The green and yellow clusters of Figure267

4a correspond to the most common values for digester volumes (0.1 to 5.0 l) and268

temperatures (25 to 38 °C). These clusters are conformed by 653 cases (from 31 articles)269

and 344 cases (from 24 articles), respectively. The main difference between these groups270

is the time of reaction. In particular, the green cluster represents experiments carried271

out at lower retention times (up to 69 d) than those in the yellow cluster (up to 160 d).272

In agreement with this, the centroid of the green cluster corresponds to a lower YCH4273

(∼0.05 m3kg−1) than that of the yellow cluster (∼0.32 m3kg−1). An interesting case in274

the yellow cluster is that of Zeeman et al. [35] which, although outside the main group275

of cases, shows high YCH4 (0.11 m3kg−1) for low operation temperature (25 °C).276

For secondary variables describing initial compositions, only 4 studies report277

simultaneously YCH4, pH, DM content, VS content and COD values, yielding 108 cases.278

The first two principal components of these variables are shown in Figure 4b and279

represent the variance fraction of 74.8%. The variables that most affect the first280
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principal component (variance fraction of 51.8%) are VS, DM and COD. These281

variables relate to the available organic matter to be digested, thus, their vectors in282

Figure 4b are in similar direction. DM and COD present weak negative correlations283

with respect to YCH4 resulting in Spearman’s rho of -0.361 (P-value= 6.3x10-18) and284

-0.261 for COD (P-value= 2.5x10-9), respectively. VS shows a moderate monotonic285

function (Spearman’s rho= -0.457 and P-value= 1.6x10-27). The second principal286

component is more affected by pH and YCH4. These vectors show a strong negatively287

correlation (Spearman’s rho= -0.6960, P-value= 1.0x10-97), which is reflected in the288

opposite direction of their vectors in Figure 4b. This is an expected result because high289

pH content (e.g. ammonia in the slurry) can inhibit the methanogenic activity [36].290

Eight clusters result (DB Index= 0.13) from the k-mean applied to the principal291

components of composition variables for batch digesters. The cases align in diagonals292

which could suggest that other cluster algorithms are preferable (e.g. density-based).293

The particular large amount of clusters for this bi-plot could be due to overlapping data294

in each diagonal which can affect the DB Index optimisation [37]. The lines which arise295

from the cases are parallel with slope value -1.56. In the case of the yellow and light296

blue clusters, these align having pH 6.8, DM mass fraction 1.9%, VS dry mass fraction297

62.7% and COD 21 kg ·m−3. The YCH4 for these clusters ranges from 0 to 0.33 m3kg−1.298

Their intercept is 1.17. The orange, blue and red clusters (bottom right of Figure 4b)299

are aligned with an intercept -3.09. The cases in these clusters, have fix value for pH300

(6.5), DM (mass fraction 2.3%), VS (dry mass fraction 74.7%) and COD (30.3 kg ·m−3).301

The red cluster corresponds to a case from the work of Pandey et al. [38], who attribute302

the high results to differences in the inocula utilised (i.e. granular sludge from digester303

processing potato starch). However, it is considered to be an outlier in this304

meta-analysis because it reports 1.67 m3kg−1 for YCH4, markedly exceeding the305

theoretical value (0.469 m3kg−1 by Buswell’s equation [39, 5]).306
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The light green cluster has pH 6.9, DM mass fraction 5.3%, VS dry mass fraction 73.6%307

and COD 70.3 kg ·m−3, with YCH4 ranging from 0.26 to 0.33 m3kg−1. The parallel that308

crosses this cluster has an intercept -5.78. The final cluster corresponds to a single case309

from Pabon-Pereira [40] (dark green cluster in Figure 4b). This has pH 6.9, DM mass310

fraction 10.5%, VS dry mass fraction 86.7% and COD 29.2 kg ·m−3 (YCH4 range= 0.14311

to 0.23 m3kg−1). If the same slope was repeated for this case, the intercept is -10.6.312

Overall, an increase in the organic matter content of the slurry is observed according to313

the first principal component. However, the increase of these variables presents no314

correlation with the ranges of YCH4 in each aligned group. This also is observed by the315

low correlations (i.e. Spearman rho values) between YCH4 and DM, VS and COD.316

3.3. Continuos digesters317

Continuous and semi-continuous digesters are less found in the literature in comparison318

to batch systems. The YCH4 distributions for these types of digesters are shown as green319

box-plots in Figure 5. The orange box-plot correspond to distribution of YCH4 which are320

jointly reported with Ni and si, thus, can be used for meta-analysis. The results from321

meta-analyses models are also presented in Figure 5 (fixed-effect model: red circles and322

random-effect model: yellow circles).323

—Figure 5 here—324

The database includes 335 cases for continuous digesters (see Table 1), from which 331325

(from 38 articles) are used because YCH4 can be expressed as “m3kg−1”. For these326

digesters, dairy cattle manure is fed continuously into the reactor while streams of327

biogas and digestate (products) are removed. Specific subcategories found for328

continuous digesters, according to reactor operation are (see Figure 5):329

continuously-stirred tank reactors (CSTRs), fixed-film reactors, plug-flow reactors and330

up-flow anaerobic sludge blanket.331
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There are 241 cases (from 35 articles) in the database that report YCH4 from CSTR.332

The distribution of all YCH4 for this digester type (green boxplot in Figure 5) is333

non-normal (Shapiro’s P= 2.91x10-5) and has a median 0.141 m3kg−1. As expected this334

distribution is significantly lower (Wilcox’s P=2.97x10-16) from the B0 of batch335

digesters. This is due to significantly lower hydraulic retention times (HRTs) in336

continuous digeseters compared to residency time in batch digesters (Wilcox’s P<337

2.2x10-16). From this distribution, 12 cases report YCH4 with Ni and si (orange box-plots338

in Figure 5). This subgroup is non-significantly different from the distribution of all339

YCH4 reported for CSTR (Wilcox’s P=0.143). Therefore, meta-analysis models applied340

over this subgroup are representative of the literature data. The meta-analyses models341

applied over the latter cases results in 0.179±0.001 m3kg−1 for fixed-effects and342

0.190±0.016 m3kg−1 for random-effects.343

Multi-variate analysis is carried out for CSTRs because these are the most numerous344

cases reported for continuous digesters. Score-plots for operation variables associated345

with CSTR digesters are shown in Figure 4c. From 23 articles which report all346

operation variables of Table 1, 173 cases are extracted and used for principal component347

analysis. The first principal component of Figure 4c corresponds to the variance348

fraction of 43.2% and is highly dependent on YCH4, OLR and volume. Contrary to349

batch digesters, the volume and temperature vectors are in the same direction as the350

YCH4 with respect to the first principal component. These both variables show a strong351

positive correlation with respect to YCH4 (Spearman’s rho= 0.71 for volume and; rho=352

0.69 for temperature). The second principal component represents the variance fraction353

of 26.8% and is mostly affected by the HRT and OLR. A positive moderate correlation354

(Spearman’s rho= 0.435, P-value: 2.7x10-16) is found, between the YCH4 and HRT. At355

lower HRT (< 40 d), YCH4 exhibits a larger range (0.002 to 0.333 m3kg−1), while356

presenting more stable values thereafter. These observations are similar to the357
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asymptotic profiles for YCH4 and retention time in batch digesters (see biplots of358

Supporting Material). With respect to the OLR, the YCH4 vector is in opposite359

direction having a Spearman’s rho -0.45 (P-value= 5.2x10-11). This is an expected360

result because increasing OLR (i.e. lowering the retention times) can wash-out bacterial361

cultures reducing the digester performance [41].362

Two clusters are output from the application of k-means to the principal components of363

Figure 4c (DB Index= 0.37). The blue cluster is conformed by 95 cases from 16 articles.364

This cluster groups cases in a larger range of HRT (1 to 128 d) and OLR (0.12 to 34.4365

kg ·m−3d−1), compared to the green cluster (HRT: 8 to 69 d and; OLR: 0.12 to 6.6366

kg ·m−3d−1). The digesters operating within the blue cluster also have lower367

temperatures (10 to 55 °C) and result in lower YCH4 (maximum 0.220 m3kg−1). For the368

green cluster, 78 cases (from 11 articles) are observed in Figure 4c. The YCH4 from cases369

in this cluster range from 0.115 to 0.333 m3kg−1. In general, these cases operate at370

higher temperatures (35 to 55°C) and in larger digesters (up to 1,500 l) than those in371

the blue cluster (up to 230 l).372

With regards to the composition variables (see Table 1), it is found that there are373

insufficient cases of CSTR digesters in the literature for dairy cattle manure to perform374

principal component analysis. However, there are enough cases for bi-variate analysis375

between YCH4 and each composition variable (see Supplementary Material).376

The variables most correlated with YCH4 are found to be the pH (Spearman’s rho=377

-0.685, P-value= 2.0x10-15) and nitrogen content (i.e. TKN, Spearman’s rho= 0.605,378

P-value= 7.8x10-13) of untreated manure. The strong correlation between pH and YCH4379

is in agreement with the findings for batch digesters. However, high correlation between380

TKN and YCH4 is unexpected because higher nitrogen in ammonia has been reported to381

inhibit AD [36]. For variables related to organic material in the input slurry, only weak382

correlations are found with respect to YCH4: DM (Spearman’s rho= 0.188,383
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P-value=0.018), VS (Spearman’s rho= -0.338, P-value: 2.5x10-5) and COD384

(Spearman’s rho= 0.48, P-value= 1.9x10-8).385

Fixed-film reactors are the second most numerous continuous digesters collected in the386

database (N=81, from five articles). The YCH4 for this digester type (green boxplot in387

Figure 5) is not normally distributed (Shapiro’s P= 3.3x10-14) and has median 0.103388

m3kg−1. From these YCH4, eight cases from the work of Lo et al. [27] are the only to389

report Ni and si (orange box-plot Figure 5). The fixed-effect meta-analysis model390

applied over these eight cases results in YCH4 mean of 0.017±0.001 m3kg−1. For the391

random-effect model, the mean YCH4 is 0.018±0.006 m3kg−1. However, the means392

obtained by meta-analysis should be used with caution as the distribution of the eight393

cases in the subgroup is significantly different (Wilcox’s P= 3.94x10-4) from the YCH4 in394

the 81 cases for all plug-flow digesters in the database.395

For the remaining continuous digesters, insufficient cases are collected for the396

application of meta-analysis models. A single case is found to report experimental YCH4397

of dairy cattle manure in units of interest for plug-flow reactors (PFRs, N=1). Thus,398

the latter is ommited from Figure 5). For up-flow anaerobic sludge blanket (UASB)399

digesters, there are eight cases which report experimental YCH4 and correspond to the400

work of Rico et al. [42]. The distribution of these digesters is normal (Shapiro’s P=401

0.58) and has median 0.484 m3kg−1 (see Figure 5). The mean of these cases, exceeds402

the theoretical value (0.469 m3kg−1 by Buswell’s equation [39, 5]). However, they do403

not present a significant difference (Wilcox’s P-value=1). Therefore, differences in YCH4404

could be attributed to chemical compositions or longer biomass retention time (i.e.405

bacterial consortia and organic substrate).406

3.4. Semi-continuos digesters407

For semi-continuous digesters the input and/or output of digesters are discontinuous.408

There are 513 of these cases identified in this work (Table 1) and 443 of them (from 26409
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studies) are used.410

One type of semi-continuous digester corresponds to AD ponds. These usually411

accumulate manure periodically but are discharged sporadically (e.g. when the412

produced bio-fertiliser is needed). There are 96 cases identified in the database for413

lagoon digesters from three articles. The high variability in loading/discharging rates414

and operation temperature results in a large IQR of 0.214 m3kg−1 (see Figure 5). The415

YCH4 for lagoon digesters presents a non-normal distribution (Shapiro’s P=2.84x10-6)416

and median 0.345 m3kg−1. This median is not significantly different than the theoretical417

YCH4 (Wilcox’s P-value=0.422). The higher YCH4 of the lagoon digesters distribution,418

has been attributed by other authors [43–45] to degradation of accumulated organic419

matter on the bottom of ponds. Thus, more VS are available to be converted to CH4,420

than the measured at the inlet to the AD ponds. From the above, it is suggested that421

for future work, measurements of VS fed to lagoon digesters are standardised.422

From the 96 cases, only two (from two articles [43, 44]) can be used for meta-analysis423

models (orange box-plot in Figure 5). The YCH4 of these cases is non-significantly424

different from the distribution of all lagoon digesters (Wilcox’s P=0.297). The fixed425

effect model results in a mean 0.400±0.057 m3kg−1 (see red circles of Figure 5) . This426

is in great agreement with the case from Safley et al. [43], because the sample size of427

YCH4 from that case is 93, whereas, the case from Park et al. [44] has a sample size of428

seven. For the random-effect model a mean of 0.440±0.160 m3kg−1 is obtained.429

There are 347 cases in the database (from 23 articles) that include YCH4 from other430

non-specified semi-continuous digesters. These cases are grouped and also shown in431

Figure 5. Their distribution is non-normal (Shapiro’s P<2.2x10-16) with median 0.173432

m3kg−1. A subgroup of 27 of these cases (from five articles) are utilised for433

meta-analysis models. For the fixed-effect model a mean 0.176±0.001 m3kg−1 is434

obtained and for the random-effect model 0.204±0.032 m3kg−1.435
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There are 98 cases from 15 articles in the database that specify all operation variables436

of Table 1 and YCH4, for semi-continuous digesters (non-specified, i.e. anaerobic437

digesters labelled as ponds are excluded). These cases undergo principal component438

analysis and the resulting score-plots are presented in Figure 4d. With the excpetion of439

the volume vector, it is observed that according to the variables directions (red arrows440

of Figure 4d), the semi-continuous digesters are in closer agreement to the batch441

digesters than the continuous digesters. In fact, it is observed that the studies utilising442

semi-continuous digesters are classified as such because of the feeding procedure,443

however, the overview of many systems corresponds to dynamic states, rather than444

stationary (i.e. continuously operated digesters).445

The first principal component represents the variance fraction of 43.7% and the second446

27.8%. The first principal component is highly dependent on OLR and YCH4 and exhibit447

a weak correlation (Spearman’s rho=-0.262; P-value=1.0x10-5). The second principal448

component is mostly affected by the volume and temperature. The direction of the449

YCH4 vector is opposite (along the first principal component axis) to the digester450

temperature. This shows a weak and inverse correlation which is further indicated by451

the Spearman’s rho value -0.162 (P-value= 2.6x10-3). The volume of digesters also452

presents a weak negative correlation to the YCH4 (Spearman’s rho=-0.250;453

P-value=2.5x10-6). Regarding the HRT and YCH4 vectors, these have similar direction,454

with respect to the first principal component. These variables exhibit a moderate455

positive correlation (Spearman’s rho= 0.242, P-value= 5.1x10-6) and follow similar456

patterns than those observed for batch digester (see Supporting Material).457

Three clusters are found (DBI=0.33) for semi-continuous digesters and presented in458

Figure 4d. The red cluster comprises 28 cases from three different articles of Lo et al.459

(see online database). It is observed that all cases in the cluster operate at thermophilic460

conditions (55 °C) and volume 3 l. The differences in principal components for this461

19



cluster are due to changes in OLR (2.07 to 35 kg ·m−3d−1) and HRT (1 to 15 d). The462

YCH4 range is the lowest among those in Figure 4d, from 0.011 to 0.161 m3kg−1. The463

blue cluster comprises 57 cases from 13 articles. These cases exhibit higher YCH4 than464

the red cluster, with centroid at approximately 0.262 m3kg−1. This is attributed to465

higher HRT (1 to 60 d) and, in turns, lower OLR (0.4 to 8.87 kg ·m−3d−1). The466

semi-continuous digesters of the blue cluster operate at the lowest range of467

temperatures (20 to 37°C), which is consistent with psychrophilic and mesophilic468

conditions. The volumes of the digesters in this cluster covers a large range (between469

0.04 L and 300 L), suggesting that this operation variable is not affecting the principal470

components describing AD performance. The green cluster of Figure 4d corresponds to471

13 cases from two articles. The YCH4 are the highest found for the semi-continous472

digesters, with centroid at approximately 0.77 m3kg−1. This exceeds batch473

performances, which could suggest the presence of lagoons which, as discussed474

previously (see Figure 5), have been identified to have higher performance due organic475

material accumulated in the bottom of digesters. The OLR (0.5 to 2.9 kg ·m−3d−1) and476

HRT (10-20 d) is not markedly different from the other clusters. The temperatures of477

the digesters in the green cluster are between 35 and 45 °C (i.e. mesophilic conditions).478

This suggests that temperature is a key factor in the separation of the three clusters.479

As for continuous digesters, there are insufficient cases of semi-continuos reactors in the480

database to perform principal component analysis over composition variables of interest.481

Considering bi-variate analysis some moderate correlations can be found between YCH4482

and secondary variables describing initial composition of the dairy cattle manure. The483

strongest correlations between YCH4 and a secondary variable is with COD (Spearman’s484

rho= -0.542, P-value= 2.2x10-16) and TKN (Spearman’s rho= -0.485, P-value=485

1.6x10-13). This interesting result supports the well-known work of Angelidaki et al.486

[36], which reports that an increase in ammonia (containing nitrogen) can suppress CH4487
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production in AD of livestock waste. However, it should be noted that Sterling et al.488

[46] have reported that only large increases in ammonia can inhibit AD, while gradual489

increases could enhance the CH4. The latter is not evidenced in the results of this work.490

The other composition variables of interest are less correlated or weakly correlated to491

YCH4: pH (Spearman’s rho= -0.060, P-value= 0.41), DM (Spearman’s rho= -0.354,492

P-value= 2.8x10-9) and VS (Spearman’s rho= -0.284, P-value= 3.5x10-6).493

3.5. Maximum methane potentials494

This section considers the experimental YCH4 (B0) of dairy cattle manure (i.e. obtained495

from batch essays). These values are interesting to study separately from other cases,496

because they can be utilised to quantify energy output and environmental benefits of497

AD systems. Much work is based on the methodology described by Owen et al. [47] to498

experimentally determine B0. However, it should be noted that there is little agreement499

in the use of this or any standard protocol [48]. This results in difficulties to identify500

the differences between AD systems. In particular, an essential issue to consider when501

comparing B0 from different AD systems is to report the temperature and pressure at502

which the experiments are carried out (i.e. as reported by Marti-Herrero et al. [49]).503

The B0 from the database are used to obtain novel effect sizes by meta-analysis models .504

Results are compared against the B0 default values from the IPCC 2006 methodology505

[15], in accordance to the world regions defined in the latter.506

The IPCC Guidelines provide two default values of B0 from AD of dairy cattle manure.507

For Europe, Oceania and North America the default B0 is 0.24 m3kg−1 and is based on508

the work of Morris 1976 [50, 15]. For other regions of the world the default value 0.13509

m3kg−1 is based on the work of Safley et al. (1992, [51, 15]). A revision of these values510

is needed because they only consider a reduced amount of literature (from 1976 and511

1992) and exclude the last thirteen years of research which, according to the findings of512

this work (see Figure 3), accounts for the fraction of 87.5% of published articles in the513
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field. Furthermore, the B0 of the original work is based on the diet of dairy cattle which514

are also in need of update.515

The B0 values from the IPCC are shown as blue circles in Figure 6. It should be noted516

that these default YCH4 are not considered in the subgroup for meta-analysis because517

the original sources [51, 50] are published in books (i.e. not research articles as required518

by the first criterion).519

—Figure 6 here—520

From the database, 799 cases (from 42 articles) are identified as either biochemical521

potential tests or maximum YCH4 determined in similar batch conditions (i.e. measuring522

cumulative CH4 production until no increase is observed). For articles reporting YCH4523

against time, the maximum yield of each profile is extracted. In the 42 articles, 143524

cases are identified as B0. The distributions of B0 are represented by the green525

box-plots of Figure 6. For all the regions defined in the IPCC Guidelines experimental526

results (in comparable units of measurements) are found for B0 (see number of cases in527

Table 3), except Oceania and Latin America (i.e. omitted in Figure 6). As expected,528

the results for B0 are significantly higher than the YCH4 distribution for all batch cases529

(Wilcox’s P= 9.67x10-10).530

—Table 3 here—531

It is observed in Figure 6, that the B0 values from the IPCC with corresponding error532

bars of 15%, are within the distribution of B0 found in the database. In fact, only the533

region comprising Asia, Middle East and Indian Subcontinent shows a significant534

difference (Wilcox’s P-values in Table 3) in B0 distribution with respect to the IPCC535

value. This could be attributed to developments in feeding of dairy cattle in that region,536

because the IPCC default values are based on the dairy diets prior to 1992 [51]).537

Similar observations are found for African experiments (i.e. the fraction of cases which538

is greater than the default IPCC value is 60%). However, the sample size is not large539
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enough (N=5) to prove significant difference. Europe and North America present the540

largest samples of B0 (see Table 3), as expected from the origin of the articles identified541

in Section 3.1.542

Although most regional B0 values are non-significantly different from those in the543

database from the IPCC default values, results indicate that different means and error544

bars would better represent the findings of the literature. Therefore novel effect sizes545

and confidence intervals are examined by applying fixed- and random-effect models of546

meta-analysis.547

The meta-analysis models require cases which report B0 together with specific Ni and si.548

For this 53 cases from 21 studies are selected. The distributions of this subgroup of B0549

is shown in Figure 6 (orange box-plots). Results show that the means of these550

distribution differ with the IPCC default value between 0.01 and 0.13 m3kg−1. In551

particular, the subgroup distributions for the Asia, Middle East & Indian Subcontinent552

Region is again the only significantly different (p<0.05) from the IPCC value (i.e. as for553

the green box-plot of Figure 6, discussed previously).554

The results of fixed-effect and random-effect models are also shown in Figure 6 in red555

and yellow circles, respectively. The means obtained by the random-effect models are556

found to be in best agreement with the distributions of the subgroup of B0 cases (i.e.557

case reporting Ni and si), with differences from 0.001 to 0.026 m3kg−1. The means for558

this model are 0.230±0.016, 0.230±0.047, 0.230±0.020, 0.260±0.060 and559

0.110±0.022 m3kg−1 for all regions, Asia/Middle East & Indian Subcontinent,560

West/East Europe, North America and Africa, respectively. For the fixed-effect model561

the means are 0.198±0.001, 0.220±0.003, 0.195±0.001, 0.280±0.011, 0.100±0.009562

m3kg−1, for the same regions mentioned above, respectively. This results in differences563

from 0.010 to 0.040 m3kg−1 between the means of the fixed-effect model and those of564

the subgroup of B0 cases. The random-effect model is expected to show better results565
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because it assumes a distribution of B0, rather than a fix value. This is more566

representative of the high heterogeneity of the samples, which arise from different567

experimental set-ups. Therefore, it is preferable to adopt the results of B0 from the568

random-effect model to estimate the potential CH4 production from AD of dairy569

manure.570

Compared to the IPCC default values, the random-effect meta-analysis model provides571

more robust values of B0 (i.e. based on larger sample size, more updated cases and572

considers the heterogeneity of cases). Therefore, the means and confidence intervals of573

B0 obtained by this model are suggested to replace those in the current IPCC574

Guidelines. Furthermore, it is recommended to apply this meta-analysis model for the575

estimation of B0 of other digestible feedstock. This would provide better IPCC-default576

B0 values, with stronger evidence-base (i.e. larger sample integration).577

4. Conclusions578

This work presents a meta-analysis of methane yield of dairy cattle manure. A novel579

database is compiled from 115 selected articles (2,181 cases). The systematic review of580

the literature shows that the report of operation conditions and slurry composition does581

not generally follow standardised protocols. The latter are strongly recommended in582

order to provide insights of differences in performance of AD systems.583

Meta-analysis models are applied over the database according to digester type (batch,584

continuous or semi-continuous). This methodology enables numerical combination and585

synthesis of experimental results to date.586

Multi-variate analysis identifies clusters for YCH4 and operation conditions (i.e.587

temperature, volume, time/HRT, OLR) or feedstock composition (i.e. pH, DM, VS,588

COD, TKN). This can contribute to the construction of AD scenarios by providing589

ranges of variables that are commonly grouped.590
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Meta-analysis applied over maximum YCH4 is a reliable form to correct the out-of-date591

IPCC default values. This method has a greater sample size (i.e. based on more articles592

than the current IPCC Guidelines). Consequently, this work can contribute to more593

robust estimates of energy production and greenhouse gas mitigation of AD systems in594

the dairy sector.595

Supporting Material596

Supporting information containing biplots for YCH4 against secondary quantitative597

variables and DB Index results is available online.598
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Tables and Figures759

Table 1: Number of cases (fraction of casesa) reporting secondary quantitative variables according to
digester type.

Secondary Variables [Units] Batch Continuous Semi-continuous

Operation conditions

Timeb [d] 1,260 (97.0%) 326 (97.3%) 332 (64.7%)

Working volume [m3] 1,286 (99.0%) 311 (92.8%) 513 (100%)

Temperature [◦C] 1,288 (99.1%) 291 (86.9%) 509 (99.2%)

Organic loading [kg ·m−3s−1] n.a. 277 (82.7%) 377 (73.5%)

rate (OLR)

Chemical composition

pH n.a. 785 (60.4%) 115 (34.3%) 348 (67.8%)

Dry matter (DM) [kg · kg−1] 1,078 (83.0%) 232 (69.2%) 470 (91.6%)

Volatile solids (VS ) [kg · kg−1] 1,063 (81.8%) 231 (69.0%) 505 (98.4%)

Chemical oxygen [kg ·m−3] 653 (50.3%) 183 (54.6%) 304 (59.3%)

demand (COD )

Total Kjeldahl [kg ·m−3] 726 (55.9%) 159 (77.3%) 303 (59.1%)

nitrogen (TKN)

a Fraction of cases that report secondary variable with respect to total cases of specific digester (in %)

for that type of digester.bTime for batch and hydraulic retention time (HRT)

for continuous and semi-continuous digesters, respectively.
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Table 2: Calculations for two meta-analysis models [52].

Steps for calculation. Fixed-Effect Random-Effect

1. Variance of case “i” Vi = s2
i /Ni

2. Initial weight of case “i” Wi = 1/Vi

2. Measure of heterogeneity n.a. Q = ∑WiM2
i −

(∑WiMi)
2

∑Wi

3. Std. deviation of sample n.a T 2 = Q−(k−1)

Wi−∑W 2
i /∑Wi

4. Variance of case “i”1 Vi V ∗i = Vi + T 2

5. Weight of case “i”1 Wi W ∗i = 1/V ∗i
6. Mean of sample M = ∑WiMi/∑Wi M∗ = ∑W ∗i Mi/∑W ∗i
7. Variance of sample VM = 1/∑Wi VM = 1/∑W ∗i
8. Std. deviation

√
VM

√
VM∗

9. Confidence interval (CI)
[
M∓ zC/100

√
VM

] [
M∗∓ zC/100

√
VM∗

]
1For the fixed-effect model, case variances and weights are calculated in Steps 1-2.

k: number of cases; zC/100: critical value for confidence interval of 95%

(assumed 1.96 from [52]).
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Table 3: Wilcoxon’s P-values between default B0 values from IPCC and B0 from database of this work,
according to region of the world.

Asia, Middle West & East North Africa

B0 group East & Indian Europe America

Subcontinent

All B0 in database 0.023 (38) 1.000 (76) 0.908 (24) 0.571 (5)
Subgroup B0

a 0.033 (7) 0.916 (36) 0.474 (8) 0.400 (2)
aSubgroup of “All B0” which report specific Ni and si, thus, can be used for
meta-analysis models. Numbers of cases of B0 in database in parenthesis.
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Figure 1: Keywords and logical connectors used for search of articles for the database.
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Figure 2: Pie-charts for articles in the database classified according to: a) filtering criteria and; b)
continent.
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Figure 3: Articles in the database according to year of publication.

39



Figure 4: K-means clusters for first and second principal components of YCH4 and: a) operational
variables for batch; b) composition variables for batch; c) operational variables for continuous and; d)
operational variables for semi-continuous digesters. Colours represent different clusters.
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Figure 5: YCH4 from different digester types found in the literature. Green box-plot: all YCH4; orange
box-plot: YCH4 which are reported together with si and Ni; red circles: results from fixed-effect mode
andl; yellow circles: results from random-effect model;
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Figure 6: Maximum YCH4 (B0) from batch tests according to regions. Green box-plot: all B0 in the
developed database; orange box-plot: B0 in database which are reported together with si and Ni; red
circles: results from fixed-effect model; yellow circles: results from random-effect model and; blue circles:
IPCC default values (IPCC 2006, [15]);
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