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SUMMARY: Anaerobic digestion (AD) is a well-known technology for waste treatment and bio-
energy production, but digestate management is still a key challenge. Defined simply as the
digested residue of AD, digestate refers to a set of heterogeneous matters featuring different
biochemical compositions and physical properties inherited from greatly diversified AD
processes and feedstocks. This situation induces a blurry scenario for policy-makers, digestate
producers, marketers and consumers regarding digestate treatment and valorization.

In this context, the objective of this study was to establish a digestate typology with available
data on literature and internal databases. Common fertilizing-value parameters were used in the
analysis, which are also present in many policies: dry matter (DM), volatile solids (VS), C/N
ratio, C/No ratio, Total N (TN), Total Ammoniacal Nitrogen (TAN), P and K contents, TAN/TN
ratio. Heavy metals contents were also separately assessed. In a first approach, a Principal
Component Analysis was performed including raw digestates and mechanical separation
fractions. With the selected variables, it was found no statistical difference between raw wet
(Wet AD) and liquid fraction and between raw dry (Dry-AD) and solid fraction. Later, Hierarchical
Clustering Analysis (HCA) was performed on raw digestates resulting in 8 fertilizing-value
groups among a dataset of 91 raw digestates. The groups presented variable nutrients and
organic matter contents that could be qualitatively linked to the AD feedstock and to the type of
process in terms of moisture (Wet or Dry-AD). HCA was performed separately for liquid and
solid fractions after mechanical separation and in both cases, digestates were found to be
categorized into two groups depending simultaneously on the separation technique and AD
feedstock. With regard to heavy metals content, a typology was found to be similarly grouped by
AD feedstock.

1. INTRODUCTION

Anaerobic digestion (AD) of organic waste has been evaluated as one of the most energy-
efficient and environmentally beneficial technologies for bioenergy production in the frame of the
European 2020 renewable energy directive (The Commission of the European Communities,
2009).

AD is mostly regarded as a waste treatment and biogas production technology but the
digested residue (digestate) is the main final product in terms of mass. Thus, digestate
destination is still a key challenge for the development of AD. Digestate spreading is the most
applied solution in Europe but it may lead to several environmental issues. For spreading
purposes, digestates may be transported for long distances, notably in the case of centralized
plants and nutrient exceedance territories (Dahlin et al., 2015). Due to seasonal agricultural
demands, digestate might need to be stored for several months, posing risks of gas emissions
and nutrient losses (Lukehurst et al., 2010). Besides, in many countries, there is a lack of
specific standards framing for digestate use, forcing it to a waste classification, which results in
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expensive legal procedures to allow their recovery.

Valorization technologies are being investigated and industrially applied, with multiple
objectives: concentrate valuable components, treat undesired characteristics, reduce quality
time-variability, produce pure high-value products, create new markets, certify products, among
other (Rehl and Miller, 2011).

The definition of digestate as the digested residue of AD implies a heterogeneous set of
products with different biochemical compositions and physical properties inherited from greatly
diversified AD processes and feedstocks (Lukehurst et al., 2010). This composition variability
has been indicated as one of the major concerns for digestate marketing (Dahlin et al., 2015).
The establishment of rational digestate typologies is a strategy towards a smarter digestate
management that could secure digestate recovery and enhance the dialogue between digestate
suppliers, marketers, consumers and policy makers.

The objective of this study was to establish a digestate typology based on commonly
fertilizing-value characterization data found in literature, coupled with internal databases from
SUEZ and INRA in order to identify the driving forces of digestate quality, despite the limited
available information. As a supplement to the study, other parameters such as heavy metals
contents which are considered in most legislations for soil amendment, were taken into account.

2. METHODOLOGY
2.1 Data sources

Two different datasets were built: one for a fertilizing-value analysis and one for a heavy
metals content analysis. Fertilizing and heavy metals statistics were performed separately
because very few studies were found providing a complete digestate characterization (i.e.
including both fertilizing value and chemical contamination). Moreover, other crucial information
such as biological stability (e.g. respirometric tests, residual biogas potential), phytotoxicity and
biological contamination (pathogens) were collected but not sufficiently to be processed by the
advanced statistical analysis. For the fertilizing-value clustering analysis, unpublished internal
data provided by SUEZ (CIRSEE) and INRA (LBE) was complemented with data collected from
15 peer-reviewed scientific articles (Bachmann et al., 2016; De Moor et al., 2013; Marcato et al.,
2008; Massaccesi et al., 2013; Géraldine Maynaud et al., 2017b; Mdller et al., 2008; Riva et al.,
2016; Schievano et al., 2011; Seppaéla et al., 2013; Solé-Bund6 et al.,, 2017; Tambone et al.,
2010; Tampio et al., 2015; Teglia et al., 2011; Vaneeckhaute et al., 2013a, 2013b), 1
conference paper (Chiumenti et al., 2010) and from three technical reports (Dabert, 2015;
Martin, 2004; Moletta Méthanisation, 2011). For the heavy metal content analysis, data from
SUEZ was coupled with literature data collected from 10 peer-reviewed scientific articles
(Abubaker et al., 2012; Alburquerque et al., 2012; Bustamante et al., 2013; Carballa et al., 2009;
De Moor et al., 2013; Gulyas et al., 2012; Moreira et al., 2008; Stefaniuk et al., 2015; Tampio et
al., 2016; Vaneeckhaute et al., 2013a). The referenced datasets are available in Appendix | and
Il. Data from SUEZ was omitted for confidentiality reasons.

Detailed information on AD configuration was not always available, but the digestates in both
datasets came from greatly diversified inputs and AD processes (wet/dry-AD, continuous
stirred-tank reactor/plug-flow/batch, meso/thermophilic, single/two-stage). In the fertilizing value
dataset, from the 150 digestate data lines (which include liquid and solid fractions obtained after
a separation step applied to the digestate), 110 digestates were sampled and analyzed from
full-scale digesters, the rest being produced by either pilot or bench scale tests.

In order to illustrate the feedstock variability of the resulting datasets, the three main inputs of
each digestate (as presented in Appendix | and IlI) were counted and summarized in Table 1.
Each dataset column represents a sub-dataset used for statistical analysis.
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Table 1: Composition of datasets.

Dataset 1: Dataset 2:
Fertilizing value Heavy metals

Selected variables DM, VS, G/, C/Norg, Cd, Cr, Cu,
TN, TAN, TAN/TN, TP, TK Hg, Ni, Pb, Zn

Identification of sub-datasets 1.1 1.2 1.3 1.4 -

Digestate state, RD, RW, P_SF, RW, RD, LF

according to the source LF and SF SFonly | LF only | Raw only | and SF

Number of digestates

(data lines) ° 150 34 25 91 44

Full scale
fs;;‘n”:p'e AD plant 110 33 24 53 33
Lab/pilot scale | 40 1 1 38 11

Feedstock: in number of presence as one of the three main AD inputs

Animal waste 109 11 21 64 18

Food processing residues 48 7 11 26 15

Source-separated biowaste 50 6 11 32 18

Silage* 28 14 7 15 13

Sewage sludge 25 1 0 11 19

OFMSW 16 4 1 14 2

Agricultural residues 17 1 5 8 2

Energy crops 13 4 3 9 2

Other industrial waste 8 14 0 4 7

RW: Raw digestate from liquid and wet AD. RD: Raw digestate from dry AD (high solids). P_SF: Raw
digestate from dry-AD, when specified as the solids of a percolation system. LF: liquid fraction of digestate
after mechanical phase separation. SF: solid fraction of digestate after mechanical phase separation.

* Including Energy Crops when specified as silage

Agricultural residues include field and process residues, straw, litter and fodder material.

2.2. Selected variables, unit conversions and other calculation

The chosen parameters were Dry Matter (DM), Volatile Solids (VS), Carbon/Nitrogen ratio
(C/N), Carbon/Organic Nitrogen ratio (C/Noy), Total Nitrogen (TN), Total Ammoniacal Nitrogen
(TAN), N-NH4/TN ratio,Total Phosphorus (TP) and Total Potassium (TK).

Table 2 summarizes the usefulness of each selected parameters. Variables were related to a
dry mass basis since it reduces the major effect of the absolute values that are mostly driven by
the applied moisture in the AD process. Table 3 summarizes the heavy metals used as
variables for the statistical analysis and their maximum limit according to quality criteria from
United Kingdom (for digestates), Sweden (for digesates) and France (for organic sail
improvers).

Only papers where the units and analytical methods were clear were included. In some
cases, presented information was confirmed directly with the authors by either e-mail or
research social networks. In order to establish a common dataset, units were uniformized. For
example, some papers presented data on a fresh weight basis and other on dry matter basis.
These values were converted if the dry matter content (total solids) was available. Many authors
presented nutrient content in mineral form equivalents (P.Os and Ky0), especially in the
agronomic research field. Those values were converted to total P, K and Mg by their conversion
factor based on their molecular composition (0.4364 and 0.8301, respectively), and reconverted
when compared to legislation values. The TAN/TN ratio was calculated and added to the
dataset when both values were available. Total Kjeldahl Nitrogen was considered as TN since
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nitrates and nitrites are negligible in digestates, ranging from 0 to 30 mg/L (De Moor et al., 2013;
Haraldsen et al., 2011; Seppéala et al., 2013; Walsh et al., 2012). When N, was not available, it
was calculated from the difference of TN (or TKN) and TAN. Since the definition of calculation
for C/N was observed to be variable among the literature, C/N and C/N.4 were calculated
indirectly through the VS content (TOC as 50% of VS, thus allowing a homogenous definition
across the database. This definition is the one proposed by some policies as French NFU 44-
051 (AFNOR, 2008).

Table 2: Parameters used for the fertilizing-value clustering analysis.

Parameter Unit Usefulness

Dry Matter (DM) % Storange, handling and
transportation issues

Volatile Solids (VS) %DM Estimation of the organic matter
content

C/N Indicator of organic stability

C/Norg Indicator of organic stability

Total Nitrogen (TN) g/kg DM | Fertilizer value

Total Phosphorus (TP) g/kg DM | Fertlizer value

Total Potassium (TK) g/kg DM | Fertilizer value

Total Ammoniacal Nitrogen g/kg DM | Fertilizer value, phytotoxicity,

(TAN) nutrient runoff.

TAN/TN % Indicator of nutrient uptake
efficiency

Table 3: Selected Heavy Metals and their maximum contents required by quality criteria from
UK (British Standards Institution, 2010), Sweden (Petersson, 2013) and France (AFNOR, 2006)

UK Sweden France*
PAS 110:2010 SPCR 120 NFU 44-051
Heavy metal mg’/kg DM mg’/kg DM mg/kg DM
Cd 1.5 1 3
Cr 100 100 120
Cu 200 600 300
Hg 1 1 2
Ni 50 50 60
Pb 200 100 180
Zn 400 800 600

*French legislation also includes limits for As and Se.

2.3 Statistical analysis

Statistics were carried out with the software R-studio and R language version 3.3.2. The
outcome typology was established by Hierarchical Clustering Analysis (HCA). HCA was applied
after a Euclidean distance matrix was calculated with center-scaled variables. The clustering
method was the one defined by Ward (1963), applied by the “hclust” algorithm (method
Ward.D2) of the “stats” R package version 3.3.2.
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Once the dendrogram was constructed, the definition of the number of groups (i.e. the cutting
height on the cluster tree) was performed by a heuristic approach. Qualitative information
associated with each individual (digestate) was used to justify the resulting clusters. This
information consisted on the origin AD feedstock and selected AD operational parameters. The
parameters were moisture (Wet/Dry-AD), temperature (mesophilic/thermophilic) and the organic
loading rate, but the last two were barely available.

To allow a better understanding of the variables influence in the formation of clusters, the
resulting HCA dendrograms were coupled with heatmaps. The resulting typology was then used
to group the individuals in Principal Component Analysis (PCA), whose resulting biplots
permitted a spatial visualization of the clusters with an evaluation of correlations between the
variables.

Finally, in some cases, variables of interest were selected to produce boxplots where
absolute values can be observed.

3. RESULTS AND DISCUSSION

3.1 Fertilizing value

3.1.1 Raw digestates, liquid and solid fractions

In many reports, digestate characterization and treatment options are classified separately
for raw digestate, liquid and solid fractions after separation process (hereafter mentioned as
digestate states). In order to test this a priori typology, statistical analyses were performed in the
sub-dataset 1.1 (cf. Table 1). A PCA plot of individuals for raw digestates, liquid and solid
fractions is presented in Figure 1. In this plot, the dimensions 1 and 2 describe more than 65%
of the variance. The individuals are grouped according to the digestate state as informed by the
data source. It can be observed that resulting groups are not completely different according to
this classification. 95% confidence intervals for RW and LF and for RD and SF are almost
completely overlapped. In the other hand, even if the presence of some outliers generated
confidence ellipses crossing the y-axis, digestates are almost perfectly separated into dry/solid
(on the left area) and wet/liquid (on the right area). This means that the variance among this
classification relies on dimension 1, which is positively correlated to TN, TAN, TAN/TN and TK
(0.90, 0.87, 0.71, 0.65, p-values < 0.01) and negatively correlated to C/N, DM, C/Norg, VS and
TK (-0.86, -0.83, -0.57, -0.41, respectively, p-values > 0.01). Besides the overlapping with raw
digestates, LF confidence interval is more skewed to the right compared to RW while SF is
more distributed to the left than RD.

For treatment processes, for example, many schemes on literature propose different
solutions for raw digestates, liquid and solid fraction, but this result suggests that these
definitions are insufficient for digestate classification. Treatment and destination options must be
regarded more case-by-case or by categories relying on other criteria. Since digestates,
including LF and SF in the definition, were observed to be not completely dissociable with the
available parameters, further statistical analysis were conducted separately (according to the
sub-datasets described in Table 1) with the focus of discussion being on raw digestates.
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Figure 1: PCA of digestates in raw dry (RD), raw wet (RW), Percolate Solid Fraction (P_SF)
liquid fraction (LF) and solid fraction (SF) of digestates based on fertilizing-value parameters.
Individuals are grouped by state according to the source. Ellipses indicate 95% confidence
interval.

3.1.2 Solid fraction

Clustering analysis of sub-dataset 1.2 (cf. Table 1) resulted in four groups. The first consist of
two silage+manure digestates from the study from Chiumenti et al. (2010), that are clustered
thanks to a particularly high TK content (>25 g/kg DM). The second one is SF of sewage sludge
(SS) and SS co-digestion, characterized by low C/N and C/N org (about 0.7, both), lower DM
(20 — 25%)", lower VS (60 — 73%)’, lower TAN/TN (15 — 25%)", higher TN (42 — 53 g/kg DM)",
higher TP (24 — 30 g/kg DM)" and lower TK (<5 g/kg DM). The third group is for SF clustered by
a specifically high TAN (>15 g/kg DM) and TAN/TN (>80%), which are not common for SF
(Géraldine Maynaud et al., 2017a; Vaneeckhaute et al., 2013a). The last group is for fibrous
feedstock material such cattle manure and silage, separated mostly by screw presses. This
groups is characterized by higher C/N and C/Norg values (15 — 23 and 20 — 30, respectively)’,
higher DM (24 — 30%)’, higher VS (75 — 86%)", higher TAN/TN (25 — 35%), considerably lower
TN and TP (20 — 24 and 6 — 10 g/kg DM, respectively)' and higher TK (8 — 13 g/kg FM). It is
important to notice that DM is higher in the cluster for “low performance” separation but it does
not imply a more efficient solids separation since the associated raw digestates normally
present a higher initial DM content.

The resulting PCA is presented in Figure 2Errore. L'origine riferimento non é stata
trovata. as a biplot of variables and individuals grouped by the result of HCA. Total variance
description with the two components is greater than 65%. In the PCA, it can be observed two
well-defined groups simultaneously linked to AD feedstock and separation technique:
techniques known for lower separation performance are on the right, along with more fibrous
feedstock and higher performance separation techniques on the left, with less fibrous input

' Rounded interquartile ranges (0.25 and 0.75).
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material.

Some centrifuge on the low-performance cluster can be observed. Those consist of two SF
from 100% silage digestion (Bachmann et al., 2016) and one from sewage sludge with food
processing waste (Teglia et al., 2011). It must be noticed that within the database, Bachmann et

I. (2016) centrifuges are the single ones presenting less than 10% of mass distribution into the
iquid fraction, which was found to be typical of screw presses. For centrifuges, this value was
observed to be normally greater than 20%. Moreover, the sewage sludge co-digestion digestate
from Teglia et al. (2011) has both relative low DM and VS for cluster 4.

The two individuals of group 1 consists of two solid fractions (SF) from the same plant where
the digestate was separated by screw press and then the liquid fraction from screw press was
centrifuged (Chiumenti et al. , 2010). Even if they were statistically clustered in the same group,
it can be observed that they are separated respecting the confidence intervals of groups 2 and
4: the first SF is similar to group 4 (lower performance separation) while the second SF is similar
to group 2 (higher performance separation).

The great difference of compositions within the two main groups are probably due to a
double effect of feedstock and separation technique (interdependent): in one hand, similar
groups were found for raw digestates (section 3.1.4), which are linked to the same types of
feedstock: lower DM, N and P-rich but K-poor (sewage sludge, biowaste) and higher DM and K-
rich (fibrous material). In the other hand, for a same kind of substrate, pressurized filtrations
techniques such as screw presses (used for fibrous material) produce solid fractions with higher
DM and less retention of N and P than centrifuges (Hjorth et al., 2010). Moreover, since K is
associated to the water fraction, less performing separation techniques will produce a solid cake
with greater K content (Hjorth et al., 2010).

SP

1
|
1
4- 1
1
1
TAN |
1
iy
2 SP+C |
1
) : C/Norg
‘5\7 !
Q | sp
‘g 1
8 0—----f---------F"------- S R Sy s e w R
RS(lab) ' SP 'SP+SV
1
c. ¢ C : CIN
C |
C i DM
- - 1
2 : Pressing
1
1
1
:
' | '
-4 -2 0 2 4
Dim1 (44.7%)
HCA Groups: main AD feedstock
1. (n=2) Fibrous material (Very high K-content) 3. (n=2) BW/FAI co—digestion
2. SS and SS co-dig, higher separation performance 4. Fibr. material, lower sep. perf.

Figure 2: PCA of solid fraction of digestates based on fertilizing-value parameters. Individuals
grouped by HCA. SP: Screw Press, SV: Sieve, C: Centrifugation, CD: CentriDry.

3.1.3 Liquid fraction

Resulting PCA biplot of the analysis performed with liquid fraction of digestates (sub-dataset


JT5363
Texte surligné 

JT5363
Note
ERRATUM:
Read solid fraction instead of liquid fraction
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1.3) is presented in Figure 3. In this plot, the associated separation techniques are presented
when the information was available. The confidence interval was excluded for group 1 since it
was greatly distorted by a single outlier (TAN > 250 g/kg DM).

The HCA resulted in three groups. The first one gathers liquid fractions from digestate of
feedstock material such as pig slurry, food waste, FAl and OFMSW, which are normally poorly
fibrous. This cluster is characterized by lower DM content (2.1 — 4.9 %)’, lower VS content
(<60%), higher TAN/TN (70 - 80%)", higher TAN and TN (both >100 g/kg FM). The second
group presented three liquid fractions (CS/FW, 95% CM and SepHHW/GW as inputs, the first
two from Dry-AD and the last from wet-AD but high solids), presenting particularly high DM
content (>10%), all of them separated by screw press. The last group was for fibrous feedstocks
(mainly cattle slurry, cattle manure and silage), presenting liquid fraction of digestate
characterized by a higher DM content (4.8 — 5.8%) ' greater VS content (65 - 70%)’ lower
TAN/TN ratio (41 - 60%)' lower TAN (<50 g/kg FM), lower TN (<100 g/kg FM).

Analogously to what was observed with solid fractions, the groups and their nutrient
composition are simultaneously depending on feedstock and separation performance. Groups 2
and 3, both containing LF from fibrous material and lower separation technique are in the
negative part of the x-axis (left area) of the biplot presented in Figure 3 (i.e., higher DM and
higher C/N). The only two liquid fractions from centrifuge in the whole left area (supposedly
lower performance) are from the study of Bachmann et al. (2016). This centrifuges are the same
that were already discussed in the section about solid fractions. However, it is difficult to state
that group 1 is for LF from higher separation performance equipment. This is due to the fact that
there is an important number of samples from drainage techniques such as belt filters, drum
filters and rotating screens. These techniques retain particles not only on the mesh/screen but
on the solid cake during the filtration process, which results in performances that are highly
depending on retention time (Hjorth et al.,, 2010). A liquid fraction from screw press is also
present in group 1, presenting a DM content (5.6%) that is in the range of group 3 (4.8 — 5.8%)’
rather than its own (2.2 — 4.9%)".

' Rounded interquartile ranges (0.25 and 0.75).
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Figure 3: PCA of liquid fraction of digestates based on fertilizing-value parameters. Individuals
grouped by HCA. SP: Screw Press, SV: Sieve, C: Centrifugation, BF: Belt filter, DF: Drum filter,
RS: Rotary screen. Lab.: from laboratory scale.

3.1.4 Raw digestate only

For raw digestates, HCA result is presented as a heatmap (Figure 4), where despite the fact
that variables are center-scaled, there is no loss of information. From the heatmap, it can be
observed that digestates from wet and dry-AD were almost perfectly separated into two first
clusters, the driving factors being C/N, C/Norg and DM. Raw dry digestates present DM values
ranging from 10 to 45%', while raw wet/liquid digestates presented DM content from about 2 to
10%. C/N and C/Norg in RD are greater than 10 and 20 respectively and the opposite for RW.

The 8 resulting clusters (cutting height based on a heuristic approach) consist of 4 RD and 4
RW digestate groups. Group 1 is for the experimental dry digestate from a percolate system
proposed by Massaccesi et al. (2013), which presents a particularly high DM content (35-50%).
Group 2 is for manure/silage and FAI co-digestion (three digestates from De Moor et al. (2013)
and one from (Maynaud et al., 2017) that resulted on very high C/Norg (about 60), high TAN/TN
(about 75%) and poor N and P but average/high TK of about 35 g/kg DM , probably due to an
dilution effect of TK from cattle manure. Group 3 is for dry-AD of OFMSW and/or source-
separated biowaste (SepBW), being characterized by a global poor nutrient content (TAN 5 —
11 g/kg DM, TN 16 - 24 g/kg DM, TK' 0.6 - 13 g/kg DM) and a VS content of about 40-50%
while most of the digestates present VS greater than 50%. Group 4 is for dry-AD of fibrous
material such as cattle manure, silage and green waste. This groups present the highest VS
content (72 to 82%°, reaching up to 90%) and a general poor nutrient content (TAN 1 — 18 g/kg
DM, TN 13 - 45 g/kgDM, TP 0.2 - 8 g/kg DM, TK' 3 to 17 g/kg DM). Entering in the RW branch,
group 5 gathers digestate from Wet-AD OFMSW and SepBW, but also with a few digestate from
animal slurry co-digestion. This group is characterized by high TN (115 — 145 g/kg DM), TAN

' Values greter than 35% were from an experimental percolate system ((Massaccesi et al., 2013)
% Rounded interquartile ranges (0.25 and 0.75).
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(87 — 196 g/kg DM) and TAN/TN values (63 — 85%) and also relatively K-rich (40 — 95 g/kg DM).
Group 6 is for wet-AD of fibrous material such as manure and silage, being characterized by a
high VS of 69 to 81% excluding two outliers of about 65% that are also digestates from cattle
manure/silage. This group presents a relative high TK content (50 — 70 g/kg DM) . Group 7 is
for SS and SS co-digestion, being characterized by low VS, low TAN/TN and low TK. This
cluster also includes the microalgae (MA) and 1ry-SS + MA digestates from Solé-Bundoé et al.
(2017), that are sub-clustered into a P-poor group (3 — 4 g/kg DM) while the other SS digestate
from the group are P-rich (27 - 40 g/kg DM). In this paper, MA has been sampled from a pilot
scale raceway pond treating municipal wastewater, which may explain the similarity to other
digestate from sewage sludge and SS co-digestion. Finally, group 8 is for a diversified range of
inputs. Among the feedstock composition, 22 out of 27 are from mixtures of SepBW, FAI and
animal slurry. The group also include a few SS and SS co-digestion individuals (5/27). Group 8
is characterized by relatively high TAN (31 — 66 g/kg DM) and TN contents (75-100 g/kg DM)'.
One can notice in the heatmap that digestates from group 5 and 8 are similar in terms of
composition, being separated mostly by the considerably higher TAN, TN and TAN/TN values of
group 5.

Global categories could be found and linked to feedstock composition and process moisture.
However this was not completely sufficient to understand the variability of digestates and the
formation of clusters, mainly due to the lack of precision in the data sources. For instance, some
generic inputs categories such as FAIl, animal waste, biowaste, among other, are composed of
diversified waste streams in terms of nutrients and organic matter composition. Moreover, there
were no sufficient elements in the database to further assess the impact of AD process
configuration such as temperature, retention time and loading rate since many of them were not
available in the sources of data.

Figure 5 shows a set of boxplots for nutrients composition expressed in fresh matter and
mineral equivalents. Other information not included in the statistical analysis, but available in the
database, are presented: MgO content, CaO content and residual biogas production. When
possible, the variables are compared to the limit values set by the French standard for organic
soil amendments (AFNOR, 2006) and to the recommended criteria from the End-of-Waste
report proposed by the European Commission Joint Research Centre's Institute for Prospective
Technological Studies (JRC-IPTS) (Saveyn and Eder, 2014).

Despite the fact that digestates have been extensively demonstrated as effective fertilizers
and soil improvers (Abubaker et al., 2012; Alburquerque et al., 2012; Haraldsen et al., 2011;
Riva et al., 2016; Tampio et al., 2015), it can be observed that no raw digestate fulfils the
French criteria for organic soil improvers (AFNOR, 2006). This result highlights the importance
of updating policies conceived for composts and animal manures with high dry matter content.

Regarding the End-of-Waste proposal criteria, some digestate would not be considered
stable in terms of residual biodegradability (0.25 NL biogas/kg VS ceiling). The highest residual
biogas production in the dataset (about 0.4 NL biogas/kg VS) are from digestates from
Tambone et al. (2010). It is interesting to highlight that in this study, the digestates (from
OFMSW + Pig slurry) presented residual biogas production values smaller than those of
composts from lignocellulosic material (some of them co-composted with OFMSW).
Furthermore, organic matter conversion thus organic stabilization of digestates can be driven by
AD retention time, loading rate and temperature (Cavinato et al., 2013; De Moor et al., 2013).
For instance, in the full-scale plant studied by Pognani et al. (2009), the residual digestate
biogas production was decreased from over 0.3 NL/kg VS on raw digestate (over the proposed
limit) to 0.1 NL/kg VS (below the limit) after a post-digestion step of 10 days.
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Figure 4: Heatmap with clustered individuals. All variables are center-scaled. P_SF: Solid
digestate from percolate system (Dry-AD). RD: Raw dry digestate (Dry-AD).
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Figure 5: Boxplot for absolute values and nutrient composition expressed in fresh matter and

mineral equivalents.

3.2 Heavy metals: Raw digestates, liquid and solid fractions

PCA result for dataset 2 (c.f. Table 1) is presented by individuals/variables biplots in Figure 6

and Figure 7. Digestates are grouped by state classification (accordi

ng to the source) in Figure

6 and by HCA groups in Figure 7. With two components, this PCA described more than 70% of

the variance. Component 1 is basically indicating a high content
except Cd, indicated by component 2. Component 2 also indicate
part of the y-axis.

of all Heavy Metals (HM)
Zn content in the negative

As observed in the fertilizing-value analysis, there was no inherent statistical difference within

a classification based on digestate state for the heavy metals content
With the clustering analysis, groups could be successfully as
(Figure 7). In the collected database, sewage sludge showed hi

(Figure 6).
sociated to AD feedstock
gher global heavy metals

concentration. High Cd content was observed in 4 digestates containing maize silage as the
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main input, all of them from Stefaniuk et al. (2015). Cd in crops is associated with soil
contamination due to the application of P fertilizers from phosphate rocks, sewage sludge
spreading and atmospheric transport of mining dust (Robson et al., 2014; Van Bruwaene et al.,
1984). High Zn and Cu contents were observed in two digestates from animal waste. One is a
solid fraction of digested pig slurry (Bustamante et al., 2013) and the other is a raw cattle slurry
digestate (Alburquerque et al., 2012). Cu and Zn are widely applied in animal feed due to
antimicrobial and growth-stimulating effects (Poulsen, 1998). In addition, copper sulfate is used
on dairy disease-preventing footbaths. In the study of Bustamante et al. (2013), the presence of
such heavy metals contents in digestate arising from the pig slurry led to a non-compliant final
compost regarding the Spanish legislation (BOE, 2005).

After the clusters were established with center-scaled variables, absolute values were
regathered and plotted in Figure 8. It can be observed that no digestate cluster fulfills all the
limits for the three reference legislations/quality criteria. However, it must be noticed that there
are 9 digestates from the 44 that are individually below all limits of the three standards.
Moreover, 15 digestates are below all limits for at least one of the three legislations and 11
digestates are below all limits but with absent values (not considering As and Se for NFU 44-
051).

Even if heavy metal content could be associated with certain types of feedstock, this
observation must not be taken as a rule. For example, 3 digestates from sewage sludge (2 co-
digestion with other material) are below all limits. Also, in the low heavy metal content cluster
(group 3), digestates containing pig manure (such as those from De Moor et al. (2013)) and
maize silage (including digestates from Stefaniuk et al. (2015)) can be found respecting all
legislation standards.

Broadly, even if statistical analysis from heavy metals suggests that HM presence is
associated to some specific feedstock, it must be regarded more specifically by cases since
many other digestates from the same or similar feedstock comply with one or more of the three
reference criteria. Unfortunately, it was not possible to clearly identify elements within the
sources to explain the causes of high presence of HM other than the AD inputs.
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Figure 6: PCA of digestates in raw dry (RD), raw wet (RW), liquid fraction (LF) and solid
fractions (SF) of digestates based on heavy metals content. Individuals grouped by state.
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Figure 7: PCA of Heavy metals in raw dry and wet (RD and RW) digestates, liquid and solid
fractions (LF and SF). Individuals grouped by HCA.
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Figure 8: Boxplots of HCA groups from Heavy Metals dataset. Values expressed in mg.kgDM™.
SS: Sewage sludge, OFMSW: Organic Fraction of Municipal Solid Waste. HHW: Source-
separated household waste.

4. CONCLUSIONS

In this work, a raw digestate typology was statistically established based on common
fertilizing-value parameters: groups could be qualitatively linked to the AD feedstock and to the
AD process in terms of moisture.

For liquid and solid fractions after mechanical separation, digestates were found to be
categorized into two groups depending simultaneously on the separation technique and on the
feedstock.

In terms of heavy metals content, a typology was found to be similarly grouped by AD
feedstock.

For both fertilizing values and heavy metals contents, no statistical difference was found if
digestates, including separation fractions, were arbitrarily classified according to their state: raw
and liquid or solid fraction after mechanical phase separation.

The objective determination of digestate typologies can be a tool for policy makers and
marketers to settle classifications matching the reality of digestate producers with the needs of
digestate consumers. Moreover, the established typology opens a possibility of orientating the
final destination of digestate and sub-products by considering the input feedstock and by
applying adequate processes to reach market and regulatory specifications. In any case, a
deeper characterization and a more detailed typology are necessary, including, for instance,
more detailed information on inputs quality and AD parameters and a deeper characterization of
the organic matter.
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ABBREVIATION

AD Anaerobic Digestion

BF Belt filter

(¢} Centrifugation

C/N Carbon/Nitrogen ratio

C/N org Carbon/Organic Nitrogen ratio

CD CentriDry

DF Drum filter

DM Dry matter (total solids)

FM Fresh matter

HCA Hierarchical Clustering Analysis

HM Heavy metals

LF liquid fraction of digestate after mechanical phase separation
P_SF RD, when specified as the solids of a percolation system.
PCA Principal Component Analysis

RD Raw digestate from dry AD (high solids)

RS Rotary screen

SF solid fraction of digestate after mechanical phase separation
SP Screw Press

SV Sieve

TAN Total Ammoniacal Nitrogen

TK Total Potassium

TN Total Nitrogen

TP Total Phosphorus

'S Volatile Solids

Feedstock

(VS/VS) Composition expressed in volatile solids

AW Animal Waste

AW-CM Animal Waste: Cattle Manure

AW-CS Animal Waste: Cattle Slurry

AW-M- Animas Waste: when only precised as manure (unknown) or
Unk/Oth other manure category

AW-PM Animal Waste: Pig Manure

AW-PS Animal Waste: Pig Slurry

AW-RM Animal Waste: Rabbit Manure

BW Unspecified biowaste

CrR Crop residues

EnC Energy Crops

FAIl Food/Agri Industrial Waste

Fat Fat and grease

Fdr Fodder material

FW Food Waste

GW Green Waste

IS Industrial sludge

w Other Industrial Waste

MA Microalgae

Mkt Organic residues from supermarkets

OFMSW Organic Fraction of Municipal Solid Waste
SepHHW Source-separated household waste

Sil Silage, including Energy Crops when specified

YEARS ANNIVERSARY
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SS-1ry Sewage Sludge: Primary sludge

SS-Unk Sewage Sludge, no further information
SS-WAS Sewage Sludge: Waste Activated Sludge
Unk/Oth Unknown (unspecified) or other waste category
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APPENDIX I: DATASET 1 (FERTILIZING VALUE)

YEARS ANNIVERSARY

Parameter State | Scale Sep. Meth | RT 'Ler’:é:ss pH | o/N® C/Norg® | DM Vs TAN/TKN | TAN ™ ‘ TP TK Ref

Feedstock composition - - (d) (°C) - - - (%) (%DM) (%) (g/kg DM) -

100%Sil RD full scale NA NA | NA NA | 9164811 | 14,04437 | 13,6 82,3 34,74388 | 15,6 44,9 0,770118 | 3,540132 | INRA (LBE)

49%GW, 28%FW, 19%AW-M-Unk/Oth RD pilot/lab scale | NA NA | 55 NA | 11,07143 | 24,47368 | 12,3 74,4 54,7619 | 18,4 33,6 0,745073 | 5,264049 | INRA (LBE)

49%GW, 28%FW, 19%AW-M-Unk/Oth RD pilot/lab scale | NA NA | 35 NA | 9665775 | 14,34524 | 13,5 72,3 32,62032 | 12,2 37,4 0,646519 | 3,627844 | INRA (LBE)

49%GW, 28%FW, 19%AW-M-Unk/Oth RD | pilot/lab scale | NA NA | 35 NA | 9266667 | 16,62679 | 12,1 69,5 44,26667 | 16,6 37,5 0,793455 | 4,596421 | INRA (LBE)

OFMSW, GW RD | full scale NA NA | 55 NA | 11,30631 | 18,05755 | 19,3 50,2 37,38739 | 8,3 222 0,248725 | 0,989238 | INRA (LBE)

OFMSW RD full scale NA NA | NA NA | 9645833 | 17,14815 | 19,7 46,3 43,75 10,5 24 0,221523 | 0,800604 | INRA (LBE)

OFMSW RD full scale NA NA | NA NA | 10,02551 | 14,77444 | 28,3 39,3 32,14286 | 6,3 19,6 0,169625 | 0,557311 | INRA (LBE)
100%SS-Unk RW | full scale NA NA | NA NA | 4684685 | 12,83951 | 1,8 62,4 63,51351 | 42,3 66,6 11,63733 | 2,305833 | INRA (LBE)
AW-M/GW RD pilot/lab scale | NA NA | NA NA | 1770089 | 22,02778 | 22,7 79,3 19,64286 | 4,4 22,4 0,192247 | 1,572436 | INRA (LBE)
95%AW-CM, 5%CrR RD | Full scale SP+SV 65 | 41 8,4 | 8142857 | 1583333 | 17,4 65,5 48,57143 | 19,7 40,2 3,303941 | 26,97245 | (Dabert, 2015)
95%AW-CM, 5%CrR LF Full scale SP+SV 65 | 41 82 | 4878049 | 11,76471 | 13,4 60,4 59,7561 | 36,4 61,8 3,284898 | 37,51245 | (Dabert, 2015)
95%AW-CM, 5%CrR SF Full scale SP+SV 65 | 41 9,3 | 16,63793 | 2539474 | 265 72,8 34,48276 | 7,7 22 2523183 | 20,33308 | (Dabert, 2015)
42%AW-CS, 23%FAl, 18%AW-CM RW | Full scale SP+SV 35 | 44 7.9 | 4642857 | 1392857 | 5,7 68,9 66,66667 | 49,1 733 2,189932 | 49,79529 | (Dabert, 2015)
42%AW-CS, 23%FAl, 18%AW-CM LF Full scale SP+SV 35 | 44 7,9 | 3,095238 | 10 4,3 61,2 69,04762 | 68,5 98,1 2,599354 | 64,4849 | (Dabert, 2015)
42%AW-CS, 23%FAl, 18%AW-CM SF Full scale SP+SV 35 | 44 9,3 | 21,14583 | 32,74194 | 23,1 87,9 35,41667 | 7,5 20,9 1,094966 | 13,61071 | (Dabert, 2015)
86%BW-Unk/Oth, 8%FAl, 5%Fat RD | Full scale SP+SV+C | 21 | 55 8 11,36364 | 18,51852 | 19,3 53,1 38,63636 | 8,7 22,8 1,094966 | 12,6978 | (Dabert, 2015)
86%BW-Unk/Oth, 8%FAl, 5%Fat LF Full scale SP+SV+C | 21 | 55 84 | 3,863636 | 8,095238 | 538 57,7 5227273 | 40,7 76,8 1,885246 | 33,94379 | (Dabert, 2015)
86%BW-Unk/Oth, 8%FAl, 5%Fat SF Full scale SP+SV+C | 21 | 55 8,7 | 21,53846 | 24,88889 | 42,1 53,2 13,46154 | 1,8 12,5 0,628415 | 7,054332 | (Dabert, 2015)
84%0OFMSW, 16%HHW RD | Full scale SP+SV+C | 21 | 55 82 | 12,38636 | 18,7931 | 25,1 43,7 34,09091 | 5,9 17,6 0,580808 | 6,639372 | (Dabert, 2015)
100%AW-CM RD Full scale NA 60 | 40 NA | 1390716 | 14,50767 | 17,1 71,9 4,139265 | 1,07 25,85 5,1277 40,6832 | (Maynaud etal., 2017)
50%A-Unk, 25%AW-PS, 25%Fat RW | Full scale NA 80 | 42 NA | 308311 | 6719907 | 4,2 69 54,11975 | 60,56 11,9 15,16926 | 53,36713 | (Maynaud et al., 2017)
93%AW-Unk, 7%FAl RD | Full scale NA 16 | 38,5 NA | 1585821 | 33,81963 | 10,2 51 53,10945 | 8,54 16,08 8,426884 | 27,66723 | (Maynaud et al., 2017)
38%AW-CS, 21%FW, 17%AW-CkM LF Full scale sP 90 | 40,8 NA | 6,855091 | 14,02556 | 11,4 43,9 51,1243 | 16,37 32,02 7,274788 | 4587133 | (Maynaud et al., 2017)
60%Fat, 30%AW-PS, 10%A-Unk LF Full scale DF 60 | 38 NA | 1,719477 | 4,362737 | 6,4 54,7 60,5872 | 96,37 159,06 | 39,75168 | 37,61183 | (Maynaud et al., 2017)
60%FAl, 30%AW-PS, 10%A-Unk LF Full scale DF 60 | 38 NA | 1583463 | 4,202965 | 6 55 62,3251 | 108,24 173,67 | 46,62061 | 42,89127 | (Maynaud et al., 2017)
53%FW, 20%FAl, 13%AW-CM RW | Full scale NA 30 |37 NA | 4011079 | 1651182 | 8,7 39,1 75,70784 | 36,9 48,74 12,52468 | 76,3277 | (Maynaud et al., 2017)
53%FW, 20%FAl, 13%AW-CM RW | Full scale NA 30 |37 NA | 4720114 | 2574386 | 8,8 39,8 81,66509 | 34,43 42,16 11,68679 | 75,46439 | (Maynaud et al., 2017)
71%AW-S-Unk/Oth, 17%FW, 8%0th/unsp | LF Full scale o] 36 | 40 NA | 2890145 | 14,47047 | 2,7 59,3 80,02729 | 82,1 102,59 13,73787 | 89,16104 | (Maynaud et al., 2017)
80%AW-CM, 10%Fat, 10%GW RD | Full scale NA 45 | 40 NA | 2040541 | 69,9794 | 20,4 74,01961 | 70,84084 | 12,84858 | 18,13725 | 42549 | 27,26309 | (Maynaud et al., 2017)
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NA

57%AW-CM, 24%CrR, 20%AW-M-Unk/Oth | LF Full scale SP 20 |55 4,007612 | 6,976511 | 8,2 69,5 4255565 | 36,9 86,71 14,74159 | 42,51772 | (Maynaud et al., 2017)
57%AW-CM, 24%CrR, 20%AW-M-Unk/Oth | SF Full scale SP 20 |55 NA | 1394635 | 20,45024 | 256 86,3 31,80349 | 9,84 30,94 12,88689 | 13,94568 | (Maynaud et al., 2017)
45%AW-PS, 40%IS, 10%AW-M-Unk/Oth | SF Full scale c 60 | 40 NA | 9750566 | 22,40024 | 23,9 74,1 56,46223 | 21,45 37,99 26,98698 | 6,947937 | (Maynaud et al., 2017)
60%Mkt, 28%Fat, 12%CrR LF Full scale SP 60 | 40 NA | 199123 | 8256334 | 5,6 55,4 75,8824 | 10556 | 139,11 15,4311 | 4595434 | (Maynaud et al., 2017)
60%Mkt, 28%Fat, 12%CrR SF Full scale SP 60 | 40 NA | 1340604 | 0 24,9 79,9 92,88591 | 27,68 29,8 11,70861 | 10,33475 | (Maynaud et al., 2017)
25%Fat, 20%GW, 20%0th/unsp LF Full scale SP 35 | 37 NA | 4182635 | 7,732714 | 6 63,3 4590987 | 34,74 75,67 21,45779 | 24,903 | (Maynaud et al., 2017)
25%Fat, 20%GW, 20%0th/unsp SF Full scale SP 35 | 37 NA | 1770253 | 25 26,4 82,6 29,18988 | 6,81 23,33 9,936828 | 7,230171 | (Maynaud et al., 2017)
41%AW-PS, 31%0th/unsp, 14%EnC RW | Full scale NA 60 | 41 NA | 3077259 | 13,20225 | 4,4 70,5 76,6914 | 87,85 114,55 | 13,5895 | 50,93494 | (Maynaud et al., 2017)
57%FAl, 30%SS-Unk, 5%CrR SF Full scale SP+C 50 | 37 NA | 5492527 | 8,18133 | 22,8 61 32,86512 | 18,25 55,53 39,42874 | 5827302 | (Maynaud et al., 2017)
67%O0FMSW, 19%BW-Unk/Oth, 14%GW | LF Full scale SP+BF 31 | 38 NA | 1471756 | 4,494745 | 2,7 55,6 67,25607 | 127,04 | 188,89 | 7,759192 | 58,41414 | (Maynaud et al., 2017)
100%SS-WAS SF Full scale cb 25 |35 NA | 6417245 | 8,76184 | 22,4 51,8 26,75917 | 10,8 40,36 25,36793 | 1,892628 | (Maynaud et al., 2017)
60%SS-WAS, 40%SS-1ry SF Full scale c 15 | 55 NA | 7748184 | 8,886645 | 22,3 70,4 12,81092 | 5,82 4543 24,24638 | 2,639718 | (Maynaud et al., 2017)
50%Sil, 40%AW-PM, 10%AW-CkM SF Full scale SP NA | 365 NA | 1336336 | 18,46473 | 19,8 89,9 27,62763 | 9,29 33,64 26,06 26,31 (Chiumenti et al., 2010)
50%Sil, 40%AW-PM, 10%AW-CkM SF Full scale SP+C NA | 365 NA | NA 7,051282 | 15,9 76,1 20,18605 | 13,65 67,61 46,73 29,56 (Chiumenti et al., 2010)
AW-M, EnC, BW-Unk/Oth RW | Full scale Unk. NA | NA 7,5 | 4,610294 | 24,11538 | 11 57 80,88235 | 50 61,81818 | 21,81818 | 34,54545 | (Vaneeckhaute et al., 2013a)
AW-M, EnC, BW-Unk/Oth LF Full scale Unk. NA | NA 7,7 | 1527778 | 6,875 25 44 77,77778 | 112 144 10,8 116 (Vaneeckhaute et al., 2013a)
AW-M, EnC, BW-Unk/Oth SF Full scale Unk. NA | NA 81 | 14,82222 | 74,11111 | 23 58 80 15,65217 | 19,56522 | 25,65217 | 9,130435 | (Vaneeckhaute et al., 2013a)
57%AW-CS, 43%Sil RW | Full scale SP NA | NA 7,9 | 645698 | 13,17751 | 6,97 73 51 28,82927 | 56,52798 | 10,7604 | 49,92826 | (Bachmann et al., 2016)
57%AW-CS, 43%Sil LF Full scale sP NA | NA 8 4,614507 | 9,8181 4,89 67 53 38,47648 | 72,59714 | 12,06544 | 75,66462 | (Bachmann et al., 2016)
57%AW-CS, 43%Sil SF Full scale sP NA | NA 9 14,95931 | 21,06945 | 34,6 85 29 8,239017 | 28,4104 | 9,306358 | 8,236994 | (Bachmann et al., 2016)
100%Sil RW | Full scale o] NA | NA 8 6,711097 | 11,0018 | 6,99 77 39 2237339 | 57,36767 | 11,58798 | 56,08011 | (Bachmann et al., 2016)
100%Sil LF Full scale o] NA | NA 81 | 5221488 | 8,849979 | 4,86 78 41 30,62346 | 74,69136 | 9,670782 | 77,98354 | (Bachmann et al., 2016)
100%Sil SF Full scale o] NA | NA 87 | 13,69231 | 18,75659 | 26,7 84 27 8,282022 | 30,67416 | 11,34831 | 12,3221 | (Bachmann et al., 2016)
57%AW-CS, 43%Sil RW | Full scale sP NA | NA 75 | 5821801 | 11,6436 | 6,64 74 50 31,77711 | 63,55422 | 11,29518 | 45,18072 | (Bachmann et al., 2016)
57%AW-CS, 43%Sil LF Full scale sP NA | NA 7,8 | 4,133676 | 8,795056 | 4,8 67 53 4295208 | 81,04167 | 11,45833 | 73,125 (Bachmann et al., 2016)
57%AW-CS, 43%Sil SF Full scale SP NA | NA 8,9 | 18,4317 | 31,24017 | 32,7 85 41 9,453823 | 23,0581 | 9,663609 | 8,868502 | (Bachmann et al., 2016)
100%Sil RW | Full scale o] NA | NA 81 | 5295217 | 7,90331 | 6,41 76 33 23,68175 | 71,76287 | 9,984399 | 50,54602 | (Bachmann et al., 2016)
100%Sil LF Full scale o] NA | NA 8 4,392857 | 7,085253 | 4,92 75 38 32,43902 | 85,36585 | 8,943089 | 8,130081 | (Bachmann et al., 2016)
100%Sil SF Full scale o] NA | NA 89 | 1246118 | 1519656 | 28,3 76 18 5,489046 | 30,4947 | 9,858657 | 12,08481 | (Bachmann et al., 2016)
50%AW-CS, 39%FAl, 6%AW-CM LF Full scale SP 60 | 385 7,7 | 3,173267 | 4,651669 | 5,67 64,1 31,78218 | 32,1 101 21,8 80,9 (Moletta Méthanisation, 2011)
50%AW-CS, 39%FAl, 6%AW-CM SF Full scale SP 60 | 385 8,7 | 1871795 | 2531792 | 26,33 | 87,6 26,06838 | 6,1 23,4 9,7 12,9 (Moletta Méthanisation, 2011)
50%AW-CS, 39%FAl, 6%AW-CM SF Full scale SP 60 | 385 8,6 | 21,10553 | 27,81457 | 22,81 84 24,1206 | 438 19,9 10,6 11,9 (Moletta Méthanisation, 2011)
65%SS-WAS, 33%SS-1ry, 2%IS SF Full scale c NA | NA NA | 7828947 | 10,1597 | 20,9 56,7 24 5978598 | 36,36364 | 28 7,54474 | (Teglia etal., 2011)
75%0th/unsp, 17%Fat, 8%Slaugh SF Full scale o] NA | NA NA | 13,90909 | 20,56734 | 20,3 75,4 36 6,677395 | 27,0936 | 14 2,489764 | (Teglia etal., 2011)
70%AW-CM, 17%Mkt, 7%AW-RM RD Full scale NA NA | NA NA | 1586538 | 22,29393 | 24 68,8 30 4,581003 | 21,66667 | 8 38,17639 | (Teglia etal., 2011)
60%BW-Unk/Oth, 20%0FMSW, 20%GW | SF Full scale Pressing | NA | NA NA | 2290541 | 33,5668 | 45,7 74,1 29 2,950477 | 16,19256 | 9 8,299214 | (Teglia et al., 2011)
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100%AW-CS RW | Pilot scale NA 275 | 37 7,77 | 7,470726 | 1586141 | 9,2 63,8 52,9 2228261 | 42,7 6,6 47,1 (Méller et al., 2008)
AW-CS, Fdr P_SF | Pilot scale NA 7 NA NA | 3393939 | 37,50209 | 18,3 89,6 9,5 1,256831 | 13,2 1,5 14,2 (Méller et al., 2008)
AW-CS, Fdr P_SF | Pilot scale NA 7 NA NA | 2392473 | 2534399 | 17,2 89 5,6 1,046512 | 18,6 2,4 12,2 (Méller et al., 2008)
AW-CS, CrR P_SF | Pilot scale NA 7 NA NA | 1127301 | 15,17228 | 17,6 73,5 25,7 8,636364 | 32,6 4 19,6 (Méller et al., 2008)
AW-CS, Sil, GW P_SF | Pilot scale NA 7 NA NA | 17,73504 | 21,54926 | 20,3 83 17,7 3,990148 | 23,4 3,9 16,8 (Méller et al., 2008)
100%AW-CM RW | Full scale SP 24 | NA 7.9 | 6,605165 | 14,88492 | 8,4739 | 79,6776 | 56,36862 | 33,99851 | 60,31461 | 9,889189 | NA (Martin, 2004)
100%AW-CM LF Full scale SP 24 | NA 7,9 | 3,786047 | 9,734077 | 5,1088 | 70,00274 | 62,75672 | 58,01754 | 92,44832 | 15,6984 | NA (Martin, 2004)
100%AW-CM SF Full scale SP 24 | NA 8,5 | 20,56029 | 42,09181 | 24,7444 | 89,30586 | 49,42315 | 10,73374 | 21,71805 | 4,469698 | NA (Martin, 2004)
100%AW-CS RW | Lab scale NA 23 |35 75 | 74 11,34969 | 4,8 77,08333 | 34,8 18,125 | 52,08333 | 10,625 | 70,41667 | (Seppald et al., 2013)
92%AW-CS, 8%EnC RW | Lab scale NA 27 | 35 75 | 78 11,53846 | 5 78 32,4 16,2 50 10,2 69,4 (Seppala et al., 2013)
89%AW-CS, 11%EnC RW | Lab scale NA 28 | 35 7.4 | 7,391304 | 11,64384 | 4,5 75,55556 | 36,52174 | 18,66667 | 51,1111 | 10,22222 | 71,55556 | (Seppal et al., 2013)
83%AW-CS, 17%EnC RW | Lab scale NA 30 |35 7.4 | 8157895 | 125 4 77,5 34,73684 | 16,5 475 9,25 76,25 (Seppala et al., 2013)
53%AW-CS, 18%EnC RW | Lab scale NA 25 |35 7,47 | 7,708333 | 11,49068 | 4,7 78,7234 | 3291667 | 16,80851 | 51,06383 | 9,361702 | 72,76596 | (Seppald et al., 2013)
59%AW-CS, 26%EnC RW | Lab scale NA 25 |35 7.4 | 84409091 | 11,93548 | 4,7 78,7234 | 2954545 | 13,82979 | 46,80851 | 8,085106 | 75,53191 | (Seppald et al., 2013)
59%AW-CS, 35%EnC RW | Lab scale NA 25 |35 6,9 | 10,52632 | 14,59854 | 4,9 81,63265 | 27,89474 | 10,81633 | 38,77551 | 7,142857 | 69,38776 | (Seppald et al., 2013)
80°%OFMSW, 20%AW-PS RW | Full scale NA 40 | 55 NA | 2618519 | 7,364583 | 4,5 70,7 63 87 135 7,4188 | 48,9759 | (Tambone et al., 2010)
80°%OFMSW, 20%AW-PS RW | Full scale NA 40 | 55 NA | 2362069 | 7,135417 | 3,8 68,5 68 97 145 9,1644 | 39,8448 | (Tambone et al., 2010)
80%OFMSW, 20%AW-PS RW | Full scale NA 40 | 55 NA | 2254967 | 6424528 | 3,1 68,1 65 98 151 15,274 48,1458 | (Tambone et al., 2010)
48%AW-PS, 24%FAl, 14%AW-CS RW | Full scale NA 40 | 55 NA | 3378641 | 8487805 | 3,2 69,6 61 63 103 22,6928 | 24,0729 | (Tambone et al., 2010)
48%AW-PS, 24%FAl, 14%AW-CS RW | Full scale NA 40 | 55 NA | 4228916 | 9,236842 | 4,4 70,2 54 45 83 23,1292 | 29,8836 | (Tambone et al., 2010)
65%AW-PS, 20%FAl, 15%Sil RW | Full scale NA 40 | 55 NA | 3,923529 | 9,808824 | 5,3 66,7 61 51 85 253112 | 68,0682 | (Tambone et al., 2010)
65%AW-PS, 20%FAl, 15%Sil RW | Full scale NA 40 | 55 NA | 4197674 | 11,28125 | 6,3 72,2 62 54 86 23,1292 | 55,6167 | (Tambone et al., 2010)
65%AW-PS, 20%FAl, 15%Sil RW | Full scale NA 40 | 55 NA | 3994565 | 11,85484 | 6 73,5 67 61 92 21,82 45,6555 | (Tambone et al., 2010)
100%SS-Unk SF Full scale NA NA | NA NA | 5239726 | 6,483051 | 17,6 76,5 19 14 73 22,6928 | 4,1505 (Tambone et al., 2010)
100%SS-Unk SF Full scale NA NA | NA NA | 6754545 | 8255556 | 14,5 74,3 19 10 55 21,82 5,8107 (Tambone et al., 2010)
100%SS-Unk SF Full scale NA NA | NA NA | 682 8,317073 | 18,5 68,2 18 9 50 17,456 3,3204 (Tambone et al., 2010)
100%SS-Unk SF Full scale NA NA | NA NA | 6,6 8,04878 | 13,1 66 19 9 50 18,3288 | 4,9806 | (Tambone et al., 2010)
70%0OFMSW, 30%GW P_SF | Lab scale NA NA | 35 6,36 | 21,28025 | 23,04138 | 44,93 | 66,82 7643312 | 1.2 15,7 12,7 15 (Massaccesi et al., 2013)
70%0OFMSW, 30%GW P_SF | Lab scale NA NA | 35 8,4 | 2389286 | 2573077 | 50,19 | 73,59 7,142857 | 1,1 15,4 31,4 2,9 (Massaccesi et al., 2013)
70%0OFMSW, 30%GW P_SF | Lab scale NA NA | 35 89 | 36,15534 | 40,92308 | 37,72 | 74,48 11,65049 | 1,2 10,3 54 13,4 (Massaccesi et al., 2013)
70%OFMSW, 30%GW P_SF | Lab scale NA NA | 35 8,71 | 21,79261 | 2523355 | 37,33 | 76,71 13,63636 | 2,4 17,6 452 9,2 (Massaccesi et al., 2013)
35%IW, 30%AW-PM, 30%Sil RD | Pilot scale NA NA | 37 8,3 | 1477577 | 64,47368 | 12,5 68,6 77,06897 | 17,88 2321368 | 9,42624 | 3586032 | (De Moor et al., 2013)
35%IW, 30%AW-PM, 30%Sil RD Pilot scale NA NA | 37 83 | 14,39973 | 54,08111 | 13,1 68,2 73,35484 | 17,35878 | 23,68099 | 9,660763 | 36,11885 | (De Moor et al., 2013)
35%IW, 30%AW-PM, 30%Sil RD | Pilotscale NA NA | 37 83 | 13,83121 | 56,75661 | 13,6 63,1 75,6129 | 17,23529 | 22,81074 | 9,626471 | 37,84279 | (De Moor et al., 2013)
100%FW RW | Full scale NA NA | 37 8 2,923077 | 6,112601 | 6,74 67,65579 | 52,2 60,38576 | 115,727 | 19,9 44,1 (Tampio et al., 2015)
100%FW RW | Full scale NA NA | 37 7,7 | 4,143836 | 5601852 | 7,85 77,07006 | 25,7 2420382 | 92,99363 | 16,2 30,7 (Tampio et al., 2015)
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NA

NA

100%FW RW | Lab scale 58 8 2,885057 | 597619 | 6,81 73,6 52 66,0793 | 127,7533 | 4,845815 | 46,98972 | (Tampio et al., 2016)
100%FW RW | Lab scale NA 47 | NA 7.6 | 4,083333 | 5221311 | 7,88 80,9 213 21,5736 | 98,98477 | 2,411168 | 31,72589 | (Tampio et al., 2016)
100%FW RW | Full scale NA 26 | NA 83 | 1,308511 | 7,6875 1,99 61,7 82,1 195,9799 | 236,1809 | 5,527638 | 95,47739 | (Tampio et al., 2016)
100%OFMSW RW | Full scale NA 24 | NA 83 | 21 7,269231 | 3,22 58,7 71,1 99,37888 | 139,7516 | 4,658385 | 59,00621 | (Tampio et al., 2016)

SSIFW RW | Pilot scale NA 16 | NA 7.6 | 5431818 | 23,9 3,42 69,9 78,6 49,7076 | 64,32749 | 10,23392 | 17,54386 | (Tampio et al., 2016)
100%OFMSW RW | Full scale NA NA | NA 7,35 | 2,407138 | 8,041363 | 3,7 66,1 70,1 96,2 137,3 11,4 43,2 (Schievano et al., 2011)
AW-PM, EnC, CrR, FAI RW | Full scale NA NA | NA 7,55 | 3,856354 | 10,48048 | 5,8 69,8 63,3 57,2 90,5 20,2 70,7 (Schievano et al., 2011)
58%AW-M-Unk/Oth, 24%GW, 10%Sil RW | Full scale NA NA | NA 7,3 | 543609 | 11,93069 | 5,3 723 54,5 36,2 66,5 18,8 48 (Schievano et al., 2011)
100%MA RW | Pilot scale NA 30 |36 3,333333 | 4,705882 | 3 54 30,9 23,33333 | 80 3,6 48 (Solé-Bunds et al., 2017)
100%MA RW | Pilot scale NA 30 |36 3,409091 | 5 2,9 53 33,8 27,58621 | 75,86207 | 3,9 5,2 (Solé-Bunds et al., 2017)
75%SS-1ry, 25%MA(VS/VS) RW | Pilot scale NA 30 |36 3,684211 | 5833333 | 3 47 325 16,66667 | 63,33333 | 3.2 2,2 (Solé-Bunds et al., 2017)
40%FAl, 30%EnC, 30%EnC LF Full scale NA 35 | 37 7.4 | 0,504683 | 2,215683 | 2,5 14,53488 | 77 112 144 10,8 116,214 | (Vaneeckhaute et al., 2013b)
100%AW-PS RW | Pilot scale RS(lab) 15 | 37 1,688571 | 9,456 16 59,1 82,14286 | 143,75 | 175 315 65,6 (Marcato et al., 2008)
100%AW-PS LF Pilot scale RS(lab) 15 | 37 1,779808 | 11,56875 | 1,5 61,7 84,61538 | 146,6667 | 173,3333 | 24,9 72,3 (Marcato et al., 2008)
100%AW-PS SF Pilot scale RS(lab) 15 | 87 6,437119 | 7,646779 | 32,6 69,9 15,81921 | 8588957 | 54,20448 | 4338 4,1 (Marcato et al., 2008)
50%AW-CS, 50%Sil RW | Full scale NA 80 | 40 8,1 | 8382353 | 20,35714 | 7,4 76,8 59 27,02703 | 4594595 | 11,08692 | 52,27386 | (Riva et al., 2016)
50%AW-CS, 50%Sil RW | Full scale NA 80 | 40 7.8 | 5731707 | 13,82353 | 6,3 76,2 59 38,09524 | 65,07937 | 10,94463 | 57,44819 | (Riva et al., 2016)
50%AW-CS, 50%Sil LF Full scale NA 80 | 40 8 2,962963 | 13,33333 | 2,2 72,4 78 95,45455 | 122,7273 | 10,71164 | 69,42655 | (Riva et al., 2016)
50%AW-CS, 50%Sil LF Full scale NA 80 | 40 7,9 | 3,833333 | 10,45455 | 3,5 71 63 54,28571 | 85,71429 | 8977371 | 83,24717 | (Riva et al., 2016)
50%AW-CS, 50%Sil LF Full scale NA 80 | 40 78 | 45 10,38462 | 3,9 69,9 59 4358974 | 76,92308 | 6,042462 | 146,0125 | (Riva et al., 2016)

a. Calculated from VS and TN (C/N=0,5 x VS / TN)
b. Calculated from VS and N (C/N=0,5 x VS / N¢yg)
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Stat

Sepeparatio

Temp.

Feedstock composition e AD scale n method RT process Cd Cr ‘ Cu ‘ Hg Ni ‘ Pb ‘ Zn Ref
- - - - () . mg/kg DM
100%AW-PS SF | Fullscale | NA NA | NA 0,25 17,5 | 186 0,1 949 |23 | 1698 (Z%L;?f‘mame etal,
AW-M-Unk/Oth, EnC, BW LF | Fullscale | NA NA NA 0,2a 348a | 14,4a | NA 252a | 1,12a | 44a ;\éigz‘)ac"ha“te etal,
AW-M-Unk/Oth, EnC, BW SF | Fullscale | NA NA NA 0,2a 00a | 957a | NA 83a | 61a | 04a (Z\Sigz‘)ac"ha“‘e etal,
93%AW-CS, 7%IW, 1%Slaugh RW | Fullscale | NA NA NA 0,5 53a | 210,5a | NA 10,5a | 2,1a | 1578,9a ;’g’:’g querque et al.,
55%Sil, 25%FAl, 15%Fdr LF | Fullscale | NA NA | NA 7,17 071 | 2504 | NA ND | 19,18 | 166,6 | (Stefaniuk etal., 2015)
55%Sil, 25%FAl, 15%Fdr SF | Fullscale | NA NA | NA 2,02 10,78 | 7,86 | NA ND | 274 | 629 (Stefaniuk et al., 2015)
60%Sil, 35%FAl, 5%AW-M-Unk/Oth LF | Fullscale | NA NA | NA 11,15 11,64 | 2497 | NA 21,02 | 58,22 | 164,89 | (Stefaniuk et al., 2015)
60%Sil, 35%FAl, 5%AW-M-Unk/Oth SF | Fullscale | NA NA | NA 7,94 7,84 | 5,1 NA 9,61 | 21,56 | 36,28 | (Stefaniuk et al., 2015)
55%FAl, 45%Sil LF | Fullscale | NA NA | NA 2,04 672 | 19,76 | NA ND | 1557 | 311,86 | (Stefaniuk et al., 2015)
55%FAl, 45%Sil SF | Fullscale | NA NA | NA 0,74 6,99 | 414 | NA ND | 11,04 | 60,03 | (Stefaniuk etal., 2015)
65%Sil, 30%FAl, 5%AW-M-Unk/Oth RW | Fullscale | NA NA | NA 1,13 814 | 2514 | NA ND | 10,3 | 126,52 | (Stefaniuk etal., 2015)
70%Sil RW | Fullscale | NA NA | NA 9,47 10,62 | 58,34 | NA 17,12 | 3,83 | 361,23 | (Stefaniuk et al., 2015)
70%Sil, 25%Slaugh, 5%AW-M-Unk/Oth | RW | Full scale | NA NA | NA 10,58 1,83 | 22567 | NA 13,75 | 5,77 | 233,17 | (Stefaniuk et al., 2015)
70%SS-1ry, 30%SS-WAS RW | Pilotscale | NA 10 NA 1 193 | 371 1,6 44 122 | 790 (Carballa et al., 2009)
70%SS-1ry, 30%SS-WAS RW | Pilotscale | NA 20 NA 1 180 | 299 1,3 70 113 | 790 (Carballa et al., 2009)
70%SS-1ry, 30%SS-WAS RW | Pilotscale | NA 6 NA 1 153 | 298 1,3 33 122 | 790 (Carballa et al., 2009)
70%SS-1ry, 30%SS-WAS RW | Pilotscale | NA 10 NA 1 163 | 201 1,6 152 | 76 540 (Carballa et al., 2009)
35%IW, 30%AW-PM, 30%Sil RD | Pilotscale | NA NA | Meso <0,5 13 110 96 | <10 | 310 (De Moor et al., 2013)
<0,04
35%IW, 30%AW-PM, 30%Sil RD | Pilotscale | NA NA | Meso 12 92 <0,042 85 | <10 | 260 (De Moor et al., 2013)
05
35%IW, 30%AW-PM, 30%Sil RD | Pilotscale | NA NA | Meso <05 16 93 <0,04 97 | <10 | 260 (De Moor et al., 2013)
100%FW RW | Labscale | NA 58 NA 0.2 98 | 256 |01 178 | 21 | 116 (Tampio et al., 2016)
100%FW RW | Labscale | NA 47 NA 0,1 11,9 | 224 |02 16,6 | 56 | 946 (Tampio et al., 2016)
100%FW RW | Fullscale | NA 26 NA 03 75 | 21,7 | o1 424 |56 | 175 (Tampio et al., 2016)
100%0FMSW RW | Fullscale | NA 24 NA 15 13 587 | 03 67 | 11,7 | 401 (Tampio et al., 2016)
SS-Unk, FW RW | Pilot NA 16 NA 1,1 32,9 | 6265 | 1,8 223 | 98 1006 (Tampio et al., 2016)
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YEARS ANNIVERSARY

(Abubaker et al.,

Slaugh, SepHHW RW | Fullscale | NA 45 NA 0,3 13 69,7 | NA 388 | 01 | 474 2012)

100%FAl RW | Fullscale | NA 45 NA 0,3 14,9 | 69,4 | NA 355 | 0,7 | 465 ;’gﬁ%’aker etal,
Slaugh, SepHHW RW | Fullscale | NA 45 NA 1.2 11,1 | 39,8 | NA 17 | 46 | 299 ;’gﬁ%’aker etal,

Sil, SepHHW RW | Fullscale | NA 20 NA 0,3 195 | 97,4 | NA 17 |34 | 39 ;’gﬁ%’aker etal,
100%SS-Unk SF Full scale | NA 20 Meso ND 29 124 NA 15 48 500 (Moreira et al., 2008)
100%SS-Unk RW | Fullscale | NA NA NA 0,69 21,23 | 166,87 | 0,12 19,5 | 20,04 | 748,02 | (Gulyas etal., 2012)
100%SS-Unk SF | Fullscale | C(lab) NA NA 3,6 50,6 | 7491 | 2,6 426 | 736 | 8852 | (Gulyasetal., 2012)

NA: Not available. ND: Not deteced.

a. Converted from Dry matter basis to Fresh matters basis with available DM content.
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APPENDIX lll - PCA LOADING SCORES

Table 4: Loading matrix for fertilizing-value PCA (sub-dataset 1.1)

Parameter | Dim.1 Dim.2
TN* 0,903224 | -0,08704
TAN* 0,86944 | 0,127082
TAN/TN 0,706113 | 0,515503
TK* 0,649472 | 0,42498
TP* 0,079019 | -0,64286
VS* -0,41097 | 0,251531
C/Norg -0,56861 | 0,644846
DM -0,83381 | -0,11872
C/Norg -0,86476 | 0,289142

* dry matter basis

Table 5: Loading matrix for LF fertilizing-value PCA (sub-dataset 1.3).

Parameter | Dim.1 Dim.2

C/N -0,94833 | 0,159153
DM -0,71153 | -0,41375
C/Norg -0,42789 | 0,709027
VS* -0,39017 | 0,226465
TK* 0,334253 | 0,636779
TP* 0,401911 | -0,58628
TAN/TN 0,771168 | 0,443718
TN* 0,92633 | -0,12573
TAN* 0,926406 | 0,048951

* dry matter basis

Table 6: Loading matrix for SF fertilizing-value PCA (sub-dataset 1.4).

Dim.1 Dim.2
C/N 0,94843 | -0,24511
C/Norg | 0,807857 | 0,406339
VS* 0,584275 | 0,141833
TAN/TN | 0,520457 | 0,784144
TK* 0,450951 | 0,242933
DM 0,450535 | -0,45867
TAN* -0,05193 | 0,943736
TP* -0,81312 | 0,268356
TN* -0,89033 | 0,249875

* dry matter basis
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Table 7: Loading matrix for Heavy metals content PCA.

Parameter* | Dim.1 Dim.2

Hg 0,89259 | 0,281909
Pb 0,851757 | 0,116847
Cr 0,835815 | -0,03914
Cu 0,827302 | -0,02838
Ni 0,697827 | 0,024751
Zn 0,650168 | -0,36012
Cd -0,08162 | 0,956733

YEARS ANNIVERSARY



