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Abstract Urban biomass from green areas is a potential re-
source for bioenergy recovery, which is widely unused.
Different types of organic material (e.g., grass, leaf litter) usu-
ally occur in mixtures due to common collecting practice.
Forty samples of grass, leaf litter (genera: Acer, Quercus,
Tilia), and mixtures of both, containing one third grass or leaf
litter, were investigated to evaluate the effect of the
BIntegrated Generation of Solid Fuel and Biogas from
Biomass^ (IFBB) on material and energy fluxes as well as
relevant characteristics of resulting energy carriers. IFBB di-
vides biomass into a fiber-rich press cake and a highly digest-
ible press fluid bymashing with subsequent pressing. Ensiling
of samples was successful with pH values ranging from 4.2 in
grass to 4.8 in pure Tilia samples. Concentration of most min-
erals with exception of Ca andMgwere higher in grass than in
leaf litter silage. The IFBB treatment reduced the element
concentration in the press cake independently from the sub-
strate. Linear regression models revealed high influence of the
initial concentration in silage on the concentration in the press
cake. The lower heating value of the press cake was nearly
constant (19 MJ kg−1 DMash free) independent from mixture.
Methane yields from press fluid digestion ranged from 172
(mean of leaf litter samples) to 325 lNkg

−1 VS (mixture of
33 % leaf litter—66 % grass). For an evaluation of the eco-
nomic and ecological potential, models of the spatial and tem-
poral occurrence of these biomasses need to be established.
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Abbreviations
DM Dry matter
FM Fresh matter
GC-FID Gas chromatography with flame ionization

detector
ICP-OES Inductively coupled plasma optical emission

spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
IFBB Integrated generation of solid fuel and biogas

from biomass
LHV Lower heating value
MF Mass flow
NDF Neutral detergent fiber
oDM Organic dry matter
PF Press fluid
PC Press cake
RSC Ratio of standard deviation and standard error of

cross-validation
sd Standard deviation

Introduction

Green areas in cities are a valuable contribution to human
health and well-being [1]. Additionally, various ecosystem
services are provided by parks, gardens, and roadside green-
ings (e.g., [2, 3]). However, the maintenance of green struc-
tures is an increasing challenge for municipalities, as it is a
significant cost factor in times of small public budgets.
Therefore, it seems attractive to utilize urban biomass for
bioenergy recovery and, thereby, to reduce management costs
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through the revenues from energy provision. Additionally,
energetic utilization of urban biomass could lead to reduced
GHG emissions, enhanced biodiversity, and an improved un-
derstanding of urban citizens for a resource-efficient lifestyle,
as they can contribute with their own garden wastes to the
energy provision of the city.

In municipalities, grass cuttings, leaf litter, and tree pruning
occur as possible biomass for energy recovery [4]. Springer
[4] assessed a potential of 164 million Mg of biomass (DM)
per year harvested from urban areas in the USA. In Germany,
an amount of 4.6 million Mg green waste is collected annually
[5]. Current management practices are either to leave the bio-
mass on the sites for decaying or to remove the biomass to
landfills or composting, as well as waste incinerating plants
[4]. Widely used energy recovery technologies as fermenta-
tion or direct combustion in heating plants are usually not
suitable for these biomasses, because grass cuttings tend to
cause problems with floating and abrasion during wet fermen-
tation [6], while its high mineral content (especially chlorine
and potassium) causes corrosion, slagging, and emissions dur-
ing combustion [7]. Leaf litter provides only small methane
yields during fermentation [8] and is contaminated with soil
particles (unpublished data) possibly inducing abrasion and
damage of combustion units and increases the risk of sedimen-
tation in biogas reactors [6]. However, solid fuel quality of
both, grass and leaf litter, may be improved by the
BIntegrated Generation of Solid Fuel and Biogas from
Biomass^ (IFBB) procedure. The procedure aims at dividing
ligno-cellulosic biomass into a fiber-rich press cake and a
press fluid, which contains major shares of minerals and easy
soluble carbohydrates. The biomass is mashed with warm
water and subsequently dewatered mechanically [9]. During
this pretreatment, the mineral concentration (especially K and
Cl) in the solid fraction is reduced significantly, enhancing the
overall fuel quality. Similar effects were observed in senesced
biomass of grassland swards, which were standing over winter
[10], as well as in cut material, which was treated with simu-
lated rain [11]. However, common park management usually
does not allow standing stocks over winter.

Further, biomass availability in urban environments is
highly depending on seasons as leaf litter occurs during au-
tumn, while major grass is cut fromApril to October but not in
winter. In agriculture, unsteady availability of feedstock is
usually tackled by ensiling. Ensiling of common agricultural
products as grasses, corn, or sorghum is well investigated
[12–14]; however, the perspectives of ensiling leaf litter are
widely unknown. There have been some efforts to research
possibilities of ensiling leaves as fodder mainly for goats or
sheep. Khan et al. [15] observed high silage quality in mix-
tures of 75 % maize and 25 % leaves from either Syzygium
cuminii or Mangifera indica without any butyric acid odor,
and Tjandraatmadja et al. [16] added 33 % of Leucaena
leucocephala or Gliricidia sepium to tropical grasses

receiving silages with pH values <4.4. However, these tree
species do not occur in common parks of Europe or North
America, and they are usually more or less evergreen.
Therefore, ensiling in these studies was conducted with phys-
iologically active leaves but not with leaf litter, whose chem-
ical composition changes during leaf senescence [17, 18].

The general technical feasibility to process urban biomass
with the IFBB technique was proven for specific input mate-
rials as grass cuttings from roadside verges [19] and leaf litter
from urban park trees (unpublished data), as well as for a
mixture of municipal and landscape conservation materials
[20]. Piepenschneider et al. [19] put concerns about heavy
metal contamination of grass from roadside green verges into
perspective by showing that the concentration of various ele-
ments is in the range of agricultural grass and does therefore
not hinder energetic utilization.

In practice, leaf litter and grass cuttings are often mixed
together, either by collecting leaf litter with the last grass cut
in autumn or by joint municipal disposal facilities. Therefore,
it is important to understand possible interferences between
these substrates during processing with the IFBB technique.
To investigate several associated questions, we chose a re-
placement experimental design, which cannot determine the
quantitative influence of each component on a certain out-
come, but allows some valid interpretation concerning inter-
ference [21].

In this study, we addressed the following questions: (i) is it
possible to conserve leaf litter and leaf litter-grass mixtures as
silage, (ii) what is the chemical composition of silage from
pure urban grass and leaf litter samples, as well as from mix-
tures of both, (iii) what are the chemical and energetic charac-
teristics of resulting press cakes and press fluids, (iv) does the
mixing of leaf litter and grass cuttings influence the reduction
of minerals during the IFBB process?

Materials and Methods

Biomass

Leaf litter was sampled in a park (BBergpark Wilhelmshöhe^)
within the city of Kassel in November 2013. Four batches of
three different tree genera each were taken (Acer, Quercus,
Tilia) from trees, whose distance was 100 m. Batches included
minor leaf proportions of other genera, but shares of intended
genera were as follows (in % DM ± sd): Acer 90±4, Quercus
78±15, and Tilia 74±13.

Grass cutting material for the study was collected from the
autumn cut of a common grassland sward and chopped to
5 cm on the day of ensiling. The biomass consisted to 69 %
of dry matter (DM) of Lolium perenne. About 22 % of DM
was Trifolium pratense, and 9 % of DM were herbs or other
grass species.
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The experiment was based on a standard replacement series
with constant total sample amount and varying proportions of
individual components [21]. Prior to ensiling grass and leaf
litter weremixed from 0% leaf litter and 100% grass to 100%
leaf litter and 0 % grass with mixtures of 33 % leaf litter and
66% grass, as well as 66% leaf litter and 33% grass, based on
fresh matter (FM). Thereby, a total of 40 silages were pro-
duced with four samples of pure grass and four samples of
each mixture and leaf litter genus (24 samples) and four sam-
ples of each pure leaf litter batch (12 samples). Samples were
ensiled in 60-l polyethylene barrels for 6 weeks minimum.

Pretreatment by the IFBB Procedure

The IFBB procedure was conducted as described in the refer-
ence [22]. Silage was mixed with water in a ratio 1:4 (FM
based). The mixture was mashed for 15 min at 40 °C under
constant stirring and subsequently dewatered by a screw press
(type AV, Anhydro Ltd.) with a pitch of 1:6 and a rotation
speed of 6 revolutions per minute. The press fluid was imme-
diately frozen at −20 °C for subsequent digestion experiments.

Chemical Analysis

Prior to ensiling, subsamples of single materials were taken
for DM analysis. After ensiling, subsamples were taken for
DM analysis, determination of organic acids and pH, as well
as for analysis of element concentration, ash content, and con-
centration of neutral detergent fibers (NDF). DM, element
concentration, ash content, and concentration of NDF were
also determined in subsamples of the press cake after the pre-
treatment with the IFBB procedure.

For DM analysis in all fractions, subsamples were dried at
105 °C for 48 h. For the determination of the ash content, a
subsample was dried at 105 °C and subsequently incinerated
in a muffle oven at 550 °C. Organic acids (acetic, propionic,
iso butyric, butyric, iso valeric, valeric, and caproic acid) were
analyzed with gas chromatography with flame ionization de-
tector (GC-FID), and the pH was tested in an aqueous solu-
tion. The amount of organic acids was used to correct the
previously determined DM and ash content figures.

Element concentration was measured in subsamples, which
were dried at 65 °C and grinded with a cutting mill (SM 1,
Retsch) with a 5-mm sieve followed by a sample mill (1093
Cyclotec, Foss) to pass a 1-mm sieve. Concentrations of C, H,
and N were determined by an elemental analyzer (Vario MAX
CHN Elementar Analysensysteme GmbH) using 150 mg of
dried material. Concentrations of Al, Ca, Cl, K, Mg, P, S, and
Si were determined with inductively coupled plasma optical
emission spectrometry (ICP-OES) and concentrations of
Na with inductively coupled plasma mass spectrometry
(ICP-MS).

For determination of NDF concentration, half of the sam-
ples (both silage and press cake) were analyzed with a fiber
analyzer (ANKOM A220). A subsample of about 0.5 g was
sealed in a filter bag and boiled with neutral detergent solution
and alpha-amylase without use of Na2SO3, as this regularly
leads to loss of lignin [23] and thereby to an underestimation
of NDF. Filter bags were subsequently rinsed three times with
alpha-amylase solution for 5 min and then with acetone for 3
to 5 min. After drying, NDF concentration was calculated as

NDF % DM½ � ¼ m3− m1*Cð Þð Þ*100
m2*DM

where m1 is the mass of empty filter bag, m2 is the mass of
sample, m3 is the mass of organic matter after boiling and
incineration, and C is the Bblank-bag correction^ factor. The
determined NDF concentration in 40 of a total of 80 samples
was used for near-infrared calibration of NDF concentrations.
A near-infrared spectroscope (XDS Rapid Content Analyser;
FOSS NIRSystems Inc.) was used, and NDF values for the 80
samples were predicted after cross-validation (R2=91.4,
RSC=3.3; RSC defined as the ratio of standard deviation
and standard error of cross-validation).

Heating Value

The higher heating value was calculated based on C, H, and N
concentrations using the formula of the following [24]:

HHV
M J

kg DM

� �
¼ 3:55 C2−232 C−2230 H þ 51:2 C*H

þ 131 N þ 20; 600

Lower heating value (LHV) was calculated from the higher
heating value (HHV) taking the enthalpy of water vaporiza-
tion into account:

LHV
M J

kg DM

� �
¼ HHV− 8:937*

H % DM

100

� �
*2:2

Digestion Experiments with Press Liquids

For measuring methane yields from the press fluid, we follow-
ed the methodology and experimental setup of Bühle et al.
[25] and Zerr [26] taking the German standard [27] into ac-
count. Three replicates of 4-kg press fluid mixed with 8 kg
inoculum were digested in gas-proof polyethylene containers
at mesophilic temperature (37±1 °C). Digestion of pure inoc-
ulum served as a control and allowed identifying the propor-
tion of methane originating from press fluid and inoculum.
Fermentation time was 14 days, as the daily biogas production
is below 1 % of total biogas production at this time. At days 1,
2, 3, 4, 7, 9, 11, and 14 of digestion, amount of biogas and

Bioenerg. Res. (2016) 9:57–66 59



methane concentration in the biogas was analyzed with a wet
drum gas meter (Ritter TG5) and a gas analyzer (GS
IRM100), respectively. Current air pressure and temperature
were recorded to calculate the methane yield under normal-
ized conditions (273.15 K, 1013.25 hPa). Methane yields
were referred to volatile solids in order to present the
feedstock-specific methane yield [6]. These were determined
by incineration of a subsample of press fluid at 550 °C in a
muffle furnace after drying at 105 °C in a drying oven. To
compensate partly for the loss of highly volatile organics dur-
ing drying, we added the amount of organic acids, for which
we assumed a mass flow into the press fluid similar to water,
as they are highly water soluble. The chemical oxygen de-
mand was measured with a cell test (LCK 514, Hach-Lange).

Statistical Analysis

Statistical analysis as well as generation of figures was conduct-
ed with the software R [28]. Samples were insofar independent
as they were stored and processed in single batches after
mixing. However, single replacement series were established
by mixing grass from one sward with a distinct leaf litter batch
(three genera in four independent repetitions each). Thus, the
requirements of multiplicity and independence [29] were ful-
filled by single batches taken in the field but no longer within
and among each repetition series. Thereby, the naturally occur-
ring variance was reduced. However, the aim of this study was
not to show the variance of parameters in biomass but to focus
on possible interactions of biomasses during processing, which
might influence the quality of the solid fuel. To avoid that
natural variance masks these interactions, it was necessary to
reduce it to a minimum level. For statistical analysis, we there-
fore renounced the comparison among levels of leaf litter share
(trends are visible from tables) and focused on linear regression
analysis to predict the element concentration in the press cake
from the element concentration in the silage. Models were vi-
sually checked for homoscedasticity and normal distribution of
residuals. Few occurring outliers were removed from the anal-
ysis if Cook’s distance was >0.5. For linear regression analysis,
the car package was used taking single samples (40 results for
each factor) into account [30].

Results and Discussion

DM of Untreated Material and Silage

DM content of grass was 14.9±0.9 %, while the DM content
(±sd, in %) of leaf litter was 26.8±2.6 for Acer, 28.8±1.6 for
Quercus, and 23.7±2.4 for Tilia. After ensiling, the mean DM
content of all samples (mixed and pure) was 21.9±4.1 % with
a minimum value of 14.1 % in grass silage and a maximum
value of 31.9 % in pure Quercus leaf litter silage.

pH and Organic Acids in Silages

Lowest pH values were measured for pure grass silages with a
mean of 4.2±0.0, and highest values were detected for pure Tilia
with a mean of 4.8±0.5 (Table 1). Cherney and Cherney [31]
suggested a pH value <4.2 for low DM silage and a pH value
<5.2 for high DM silage as guiding values for a proper fermen-
tation process. pH values detected in this study, rising with in-
creasing DM content, were in accordance with these guiding
values. Mixing leaves of Syzygium cuminii orMangifera indica
with maize or grass resulted in pH values of silage between 4.6
and 4.9 with 25, 50, and 75 % contributions of leaves [15] and
pH values <4.5 were detected in mixtures of grass and 33 %
leaves of Leucana laucocephala or Glidricidia sepium [16].

In 65 % of the samples, the concentration of butyric acid in
the DM was below 0.1 %, indicating a successful ensiling
process in low DM silage [31]. However, 13 % of samples,
which were mainly derived from pure Quercus and Tilia leaf
litter, had a butyric acid concentration between 0.5 and 2 % of
DM. For silage with rather high DM content, a guiding limiting
value of 0.5%DMwas suggested [31], whichwas exceeded by
those samples. However, for a poorly fermented silage signifi-
cant higher values of >2.5 %, DM are given in literature [13].
Increased concentrations of butyric acid may occur due to a
lack of or an inefficient utilization of fermentable carbohy-
drates, whereby acidification is slow and clostridia may ferment
the already formed lactic or acetic acids into butyric acid [32].
However, for Tilia samples, the concentration of acetic acids
remained stable independently from leaf proportion (Fig. 1),
while for Acer and Quercus mixtures, the acetic acid concen-
trations decreased significantly according to Pearson’s product
moment correlation (p=0.01 for both correlations) with de-
creasing grass share. Thus, highest acetic acid concentrations
in the DM were measured in pure grass samples with a mean
value of 1.5±0.2 %, which is rather low considering an acetic
acid concentration of 2 to 5 % in well-preserved silage [13].
The question, if this is due to a lactic acid-based fermentation or
if this is rather an indicator of an overall reduced production of
acids with increasing leaf litter share, has to remain open, as
lactic acid concentrations were not determined. In summary,
ensiling of pure tree leaf litter seems to be possible in terms

Table 1 Mean pH values with standard deviations for leaf litter grass
mixtures after ensiling for 6 weeks minimum

Genus Mean pH±sd at varying shares of leaf litter (FM based)

0 % 33 % 66 % 100 %

Acer 4.2±0.0 4.2±0.1 4.5±0.6 4.3±0.2

Quercus 4.2±0.0 4.2±0.1 4.4±0.3 4.7±0.3

Tilia 4.2±0.0 4.5±0.3 4.5±0.3 4.8±0.5

Mixtures were produced based on mass shares of FM (fresh matter)

0 % leaf litter is equivalent to 100 % grass
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of achieving anaerobic stability, as long as the existing guide-
lines given for fodder production are carefully obeyed.

Chemical Composition of Silage

NDF concentration in grass silage (35.2 % of DM) was rather
low but within the range of values detected in silage from
L. perenne (42.6 % of DM) and T. repens (30.0 % of DM) at
first cutting date [14]. Element concentrations in ensiled grass
were mostly in line with findings of previous studies. Ca, Mg,

and K concentrations (1.40, 0.25, 2.66 % of DM, respectively,
Table 2) were similar to levels detected by Hopkins et al. [33]
in fresh material from a sown sward of L. perenne and
T. repens at the fourth cut (mean values of years 2–4: 1.12,
0.25, 2.60 % of DM, respectively), also when taking a slight
DM loss (e.g., 4 % measured by the reference [34]) during
ensiling into account. N concentration in grass (2.36 % of
DM, on average) was close to concentrations of 2.5 % found
in silage from L. perenne cut inMay [35]. Concentrations of P
(0.3 % of DM) and S (0.18 % of DM) were close to or in the
range of literature values (0.37 % of DM [33], 0.32 % of DM
[19] and 0.37 % DM [33], 0.06 % DM [35], respectively). In
contrast, Na and Cl concentrations were rather high (0.33 % of
DM and 1.16 % of DM, respectively) compared to values
found in fresh ryegrass-clover mixture (Na, 0.17 % of DM,
[33]) and in silage from perennial ryegrass (Cl, 0.43% of DM,
[35]) or in silage from roadside verges with high L. perenne
share (Na, 0.01 % of DM; Cl, 0.51 % of DM [19]). Similarly,
concentrations of Al and Si were higher than expected with
0.97 and 5.98 % of DM, respectively, in comparison with
previously detected concentrations in the mentioned material
from roadside verges (Al, 0.03 % of DM; Si, 1.07 % of DM
[19]). However, this deviation is explainable by the high ash
content of 31.37 % of DM, which indicates a significant
amount of soil adherence to the leaf litter collected.
Silicon is the second frequent element in soil (after oxygen)
and aluminum the most frequent metal [36]. An ash content of
about 10 % of DM can be regularly assumed for such material
[35, 19]).
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Fig. 1 Concentration of acetic acid (% of DM) of silage from leaf litter
(Acer, Quercus, Tilia) in mixture with grass. Solid line indicates linear
regression based on all 40 underlying samples

Table 2 Chemical composition
of leaf litter grass mixtures after
ensiling for 6 weeks minimum

Parameter Mean value (% DM)±sd at varying shares of leaf litter (FM based)

0 % 33 % 66 % 100 %

C 33.41 37.33±0.98 40.21±1.41 42.49±1.73

H 4.69 4.93±0.06 5.17±0.11 5.37±0.12

N 2.36 1.60±0.12 1.21±0.18 0.89±0.13

NDF 35.18 39.18±3.63 44.32±4.49 51.85±5.90

Ash 31.37 25.95±1.69 19.88±2.18 15.95±3.32

Al 0.97 0.81±0.02 0.49±0.01 0.31±0.04

Ca 1.40 2.11±0.59 2.29±0.67 2.61±0.90

Cl 1.16 0.57±0.05 0.41±0.04 0.16±0.06

K 2.66 1.91±0.18 1.24±0.05 0.70±0.27

Mg 0.25 0.36±0.06 0.37±0.07 0.47±0.07

N 2.36 1.60±0.12 1.21±0.18 0.89±0.13

Na 0.33 0.18±0.01 0.12±0.01 0.07±0.01

P 0.30 0.23±0.02 0.18±0.01 0.15±0.05

S 0.18 0.14±0.02 0.11±0.03 0.10±0.02

Si 5.98 4.90±0.26 4.46±0.75 3.09±0.54

Standard deviations refer to the variability among tree genera and are therefore not applicable for pure grass
samples

NDF neutral detergent fiber, 0 % leaf litter is equivalent to 100 % grass
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Only concentrations of C, H, Ca, Mg, and NDF were
higher in the collected leaf litter (42.49, 5.37, 2.61, 0.47, and
51.85 % of DM, respectively) than in grass. However, C and
H concentrations were low in grass, as well as in leaf litter in
comparison to previous studies involving leaf litter (unpub-
lished data) and a variety of 18 European grassland sites [37].
For Ca and Mg, the values found for leaf litter exceeded liter-
ature values [18]. However, during leaf senescence, both ele-
ments tend to increase in concentration [38, 18] depending on
several abiotic factors as soil fertility, leaf nutrient status, or
summer temperature [39]. NDF concentrations of fresh leaves
were found to be extremely variable with 9.6 % of DM for
leaves of Sesbania sesban [40], 29.8 and 31.1 % of DM for
leaves of Prunus persica and Prunus domestica, respectively
[41], 40.6 % of DM for olive leaves [42], and 66.1 % of DM
for leaves ofQuercus incana [43]. A high NDF concentration
indicates a reduced degradability of biomass during fermen-
tation as degradation of hemi-cellulose and lignin are reported
to be challenging [6], whereas fibers are favorable in combus-
tion as lignin in particular increases the heating value [44].

Concentrations of Cl, K, N, Na, and P were lower in leaf
litter than in grass but in a range, which was also observed in
previous studies on leaf litter [45, 19]. Further, ash contents
were similar to values detected in the above-mentioned stud-
ies, and the authors assume that these high values were caused
by contamination through soil adherence. The actual ash con-
tent of leaf litter is assumed to be well below 10 % [19] with-
out any soil adherence. Si concentrations of 1.1 % of DM and
Al concentrations of 0.07 % of DM have been measured in
freshly fallen leaf litter of Fagus sylvatica [46], which are
lower than concentrations identified in this study (Si, 3.09±
0.54; Al, 0.31±0.04% of DM). Like for the grass samples, the
elevated concentrations are probably due to soil adherence, as
indicated by the high ash content. Mixtures of grass and leaf
litter showed intermediate concentrations for all elements, as
well as for ash and NDF. Values were continuously increasing
(Ca, Mg, NDF) or decreasing (Al, Cl, K, N, Na, P, S, Si, ash)
according to the share of both components in the mixtures.

Characteristics of IFBB Products Press Cake and Press
Fluid

In the press cake, concentrations of C were increasing with
increasing share of leaf litter (Table 3). Thus, highest C con-
centrations with a mean value of 50.5±1.8 % of DMash free

were detected in the samples from pure leaf litter. This is in
accordance with unpublished results, which revealed mean C
concentrations of 50.8 % of DMash free in the press cake of
urban leaf litter from five tree genera (Acer, Aesculus, Fagus,
Quercus, Tilia). H and N concentrations in the press cake from
pure leaf litter in this study (6.4 and 1.0 % of DMash free,
respectively) were also similar to the unpublished data (6.34
and 0.96 % of DMash free, respectively). In comparison to the

composition of the press cake from leaf litter, C concentrations
in press cake of pure grass samples were lower (48.6 % of
DMash free), while N concentrations were higher (2.6 % of
DMash free). However, the lower heating values of press cakes
(18.6 to 18.9 MJ kg−1 DMash free) were very similar for the
mixtures. Referring toDM including ash, the lower heating value
was higher in pure leaf litter because the ash content was lower.
However, the lower ash content was partly caused by lower soil
adherence and thus, cannot be further interpreted. Beside the
heating value, the K2O/CaO index is an important quality param-
eter for solid fuels, as it indicates the level of risk for ash slagging
[47]. For press cake from pure grass, the K2O/CaO index
accounted for 0.6, which was higher than in press cake produced
from seminatural grassland (0.5), however low in comparison to
untreated grass silage (1.5) [37]. The index values decreasedwith
increasing share of leaf litter, which indicates a lower risk of
slagging. Press cake from pure leaf litter had an K2O/CaO index
of 0.1 in accordance with previous research, which detected an
index of 0.15 in press cake from leaf litter of a variety of different
tree genera and a corresponding ash softening temperature of
well above 1200 °C (unpublished data).

Press fluids derived from grass samples had a DM concen-
tration of 1.3 % of FM with a tendency to decrease to 1 % of
FM with increasing leaf litter share (Table 3). The COD fol-
lows this pattern in general (14.5 in press fluid from pure grass
to 10.8 g l−1 in press fluid from pure leaf litter), though the
highest concentrations were detected in the press fluid of the
mixture with 33 % leaf litter (15.0 g l−1). This pattern is also

Table 3 Characteristics of press cake and press fluid

Parameter Mean value±sd at varying shares
of leaf litter (FM based))

0 % 33 % 66 % 100 %

Press cake

C (% of DMash free) 48.6 50.0±1.5 50.4±1.6 50.5±1.8

H (% of DMash free) 6.7 6.5±0.1 6.4±0.1 6.4±0.1

N (% of DMash free) 2.6 1.6±0.1 1.3±0.1 1.0±0.1

Ash (% of DM) 20 16±2.8 13±3.2 11±3.4

LHV (MJ kg−1 DM) 14.9 15.9±0.5 16.4±0.6 16.8±0.7

LHV (MJ kg−1 DMash free) 18.6 18.8±0.1 18.9±0.2 18.9±0.2

K2O/CaO Index 0.6 0.3±0.1 0.2±0.1 0.1±0.1

Press fluid

DM (% of FM) 1.3 1.2±0.1 1.1±0.1 1.0±0.1

COD (g l−1) 14.5 15.0±2.2 11.9±1.6 10.8±1.6

VS (% of DM) 66.8 64.5±2.9 65.8±5.6 71.5±1.4

Methane yield (lNkg
−1 VS) 271 325±30 259±50 172±57

Standard deviations refer to the variability among tree genera and are
therefore not applicable for pure grass samples

COD chemical oxygen demand, DM dry matter, FM fresh matter, LHV
lower heating value, VS volatile solids, 0 % leaf litter is equivalent to
100 % grass
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valid for methane yield derived from press fluids, which was
highest in press fluid of the 33 % leaf litter—66 % grass
mixture with a value of 325±24 lNkg

−1 VS. However, the
concentration of volatile solids was lowest in this mixture
(64.5 % of DM). Possibly, leaf litter provides a more struc-
tured matrix, which allows minerals to rinse out during
dewatering more easily than through a highly compacted mass
of grass biomass, and thereby may alter the relative share of
volatile solids. However, also, the quality of volatile
solids seems to be influenced by the mixing ratio, as
indicated by highest COD and methane yield at this
mixture level. The exact underlying mechanisms cannot
be clarified in this study. In particular, the applied meth-
od for determining volatile solids does not comprise all
compounds as some are already lost during drying.
Although we corrected the figures for organic acids,

we do not know the amount of lost alcohols.
However, methane yield data seem to be valid, as the
mean coefficient of variation of laboratory repetitions
was small with 0.1 for both the whole data set and
the given mixture. Additionally, repetitions were treated
independently, being digested in different subunits,
while the same standardized inoculum was used for all
repetitions.

Impact of IFBB Procedure on Element Concentrations

The concentration of investigated elements in the press cake
was generally highly depending on their concentration in the
silage (Fig. 2). However, the slope and intercept were variable
possibly due to different tendencies to dissolve in water from
plant material. For example, the concentrations of Cl and K
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Fig. 2 Concentrations of elements in the press cake (PC) depending on concentrations of elements in the silage (SI). Solid line indicates linear regression
model based on all 40 underlying samples. *** indicate significance of linear regression model with p<0.001, * significance of <0.05
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are known to leach into the press fluid very easily [20] leading
to a small increase in concentration in the press cake even
when the concentration in the silage increased substantially.
This resulted in a relative reduction of Cl and K concentration
in the press cake of 94% for Cl and of 69% for K compared to
the concentrations in the silage. In contrast, the regression
models predicting Ca andMg concentrations in the press cake
in dependency on their concentrations in the silage showed a
parallel shift from the intersecting line indicating a certain
amount of soluble ions. However, parts of the Ca andMg ions
seem to be fixed to fibrous molecules and are therefore not
available for dissolving. For Ca, it is known that it can be
found dissolved in the vacuole and as structural element in
cell membrane and cell wall. Magnesium also occurs in the
vacuole, as well as in chloroplasts and functions as stabilizer
of nucleic acid configuration [48]. Ions from the vacuole are
potentially higher leachable as they are already dissolved.
Remarkably, the amount of Ca and Mg ions removed stayed
constant, while total concentration increased. The slope of the
regression model predicting Al concentrations in the press
cake indicated also a certain amount of fixed ions; however,
the relative amount of soluble ions was highly proportional to
the total concentrations. Similarly, the relative reduction of Na
and P concentrations increased by up to 68 %, each, with
increasing initial concentration. However, the relative reduc-
tion did not reach levels of K and Cl, but was in accordance
with previous findings, which detected a relative reduction of
Na concentration of 66 % and of P concentrations of 74 %
[19] in grass from roadside verges applying the IFBB tech-
nique. Piepenschneider et al. [19] found a relative reduction of
29% for N, which is higher than in this study with a maximum
relative reduction of 15 %. Rather, small mass flows of N into
the press fluid have also been reported by Hensgen et al. [20],
who mentioned that in mature leaf tissue, most N is strongly
bound in structural or insoluble proteins [49].

Noteworthy, all samples, including pure grass and leaf lit-
ter, as well as mixtures, were the basis for the highly valid
linear regression models explaining the element concentration
in the press cake by the element concentration in the silage.
Thus, the material itself played a minor role in determining the
quality of the press cake. This supports the target of the IFBB
system to flexibly use different urban biomass types for ener-
gy recovery.

Energy Flux

The main share of energy contained in the silage (calculated
from the heating value based on C, H, and N concentrations)
was transferred into the press cake with a range from 67 to
89 % of energy contained in silage from pure grass and pure
leaf litter samples, respectively (Fig. 3). With increasing ener-
gy flux into the press cake, the energy originating from biogas
decreases continuously from pure grass to pure leaf litter

samples. This is probably due to the decreasing mass flow of
dry matter into the press fluid and the lower methane potential
of leaf litter-rich samples. High energy fluxes into the press
cake have been calculated by Bühle et al. [50], who detected a
net energy transfer into the press cake of about 80 %. Losses
of energy are most likely caused by undegraded substrate
leaving the process in digestates, leading to values of less than
100 % for the accumulated energy derived from press cake
and biogas. Standard deviations between tree genera were
very low, indicating that effects of genera are of minor
importance.

Conclusion

Grass and leaf litter biomass occurs in urban environments. A
main challenge for utilizing these biomasses is their temporal
irregular occurrence. However, ensiling for storage of pure
grass and leaf litter, as well as of mixtures, is possible with a
higher quality in grass samples or mixtures than in pure leaf
litter samples. For energy recovery by combustion, the con-
centration of minerals in the fuel is crucial. Mineral (for ex-
ample, K and Cl) concentration usually decreased with an
increasing share of leaf litter, though concentrations of Ca
and Mg, which have structure functions in plants, increased
with increasing share of leaf litter. The IFBB procedure re-
duced the concentration of elements (Al, Ca, Cl, K, Mg, N,
Na, P, S, Si) in the press cake, and concentrations in the press
cake were highly depending on their concentration in the si-
lage, except for S. Thus, no interactions between fractions
concerning the element concentration in the press cake were
detected, which underpins the high potential of the IFBB tech-
nique to treat different biomasses. However, highest methane
potential, as well as COD, was measured in mixtures of 66 %
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grass and 33 % leaf litter. Possibly, there are some interactions
between substrates, which concern the mass flow of carbohy-
drates and might issue from the combination of structure
(from leaf litter) and sugars (from grass). The press cake as
main product comprised major parts of the energy originally
contained in the silage, and the lower heating value of ash-free
biomass was not influenced by mixing of grass and leaf litter,
but was constantly close to the lower heating value of wood.
Therefore, bioenergy recovery from municipal biomasses
with the IFBB technique is not only possible for pure mate-
rials but also for mixtures, as frequently occurring in urban
maintenance practices. To evaluate the economic and ecolog-
ical potential of the technique in cities, quantitative models of
temporal and spatial biomass occurrence need to be
developed.
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