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Abstract

The performance and biomass yield of the perennial energy plant Sida hermaphrodita (hereafter referred to as

Sida) as a feedstock for biogas and solid fuel was evaluated throughout one entire growing period at agricul-

tural field conditions. A Sida plant development code was established to allow comparison of the plant growth

stages and biomass composition. Four scenarios were evaluated to determine the use of Sida biomass with

regard to plant development and harvest time: (i) one harvest for solid fuel only; (ii) one harvest for biogas pro-

duction only; (iii) one harvest for biogas production, followed by a harvest of the regrown biomass for solid fuel;

and (iv) two consecutive harvests for biogas production. To determine Sida’s value as a feedstock for combus-

tion, we assessed the caloric value, the ash quality, and melting point with regard to DIN EN ISO norms. The
results showed highest total dry biomass yields of max. 25 t ha�1, whereas the highest dry matter of 70% to 80%

was obtained at the end of the growing period. Scenario (i) clearly indicated the highest energy recovery,

accounting for 439 288 MJ ha�1; the energy recovery of the four scenarios from highest to lowest followed this

order: (i) ≫ (iii) ≫ (iv) > (ii). Analysis of the Sida ashes showed a high melting point of >1500 °C, associated
with a net calorific value of 16.5–17.2 MJ kg�1. All prerequisites for DIN EN ISO norms were achieved, indicat-

ing Sida’s advantage as a solid energy carrier without any post-treatment after harvesting. Cell wall analysis of

the stems showed a constant lignin content after sampling week 16 (July), whereas cellulose had already reached

a plateau in sampling week 4 (April). The results highlight Sida as a promising woody, perennial plant, provid-
ing biomass for flexible and multipurpose energy applications.
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Introduction

In terms of a growing bio-based economy, a sustainable

plant biomass supply is becoming a major challenge to

meeting the demands. The increased share of bio-based

energy carriers is challenging both society and energy

supply systems. In Germany, only the share of renew-

able energy of total electricity production reached 25.8%

in 2014 and shall further increase in the future to

40–45% until 2025 (Bundesministerium f€ur Wirtschaft

und Energie, 2015). Because biomass can be stored and

is therefore ready for use on demand as a reliable sup-

ply source, energy production from biomass plays an

important role in the variety of renewable energy

sources, such as water, wind, and solar power (Carroll

& Somerville, 2009; Graham-Rowe, 2011).

To cover the demand of plant biomass, biomass pro-

duction should not compete with crop production tradi-

tionally used for food and feed (Graham-Rowe, 2011;

Voigt et al., 2012). The food vs. fuel controversy must be

avoided by directly searching for nonfood plant species

and by indirectly avoiding the use of highly valuable

crop land to obviate land-use conflicts (Schr€oder et al.,

2008). Therefore, plants characterized by high-yield,

low-nutrient demand, and a valuable biological

composition for a variety of bioeconomic applications

should be emphasized. The perennial nature of such

plants could decrease the energy input for its produc-
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tion because annual field preparation and plant

establishment becomes unnecessary. Additionally, such

a plant biomass production system may even exhibit

additional benefits for ecosystem services and soil pro-

tection, following the idea of a ‘low input–high output

system’ in terms of energy investments and additional

benefits (Blanco-Canqui, 2010). However, perennial

cropping systems reduce the ability of farmers to react

to sudden changes on the market. To tackle these rele-

vant aspects of biomass production for energy pur-

poses, we investigated the perennial plant Sida

hermaphrodita (L.) Rusby (hereafter referred to as Sida),

also known as Virginia mallow or Virginia fanpetals.

From 1930 until 2000, some research, mostly published

in Russian or Polish language, was conducted on this

plant with regard to its propagation and establishment

(Spooner et al., 1985). The native North American spe-

cies Sida was introduced to Poland during the 1950s as

a fodder and fiber source, but it developed further as a

promising energy crop (Spooner et al., 1985; Borkowska

et al., 2009). However, in the recent past, Sida attracted

attention again as a promising plant for bioenergy pro-

duction (Borkowska & Wardzinska, 2003; Borkowska &

Molas, 2012; Barbosa et al., 2014; Nabel et al., 2014).

Along with Miscanthus, another perennial, high-yield

energy plant, Sida recently attracted attention due to its

wood-like, high-yield biomass (Borkowska & Molas,

2012, 2013). Besides its high biomass yield, Sida is also

highly attractive for pollinators due to its long flowering

period and therefore has high ecosystem service values.

Due to the numerous shoots per plant, the biomass

yield of Sida is higher compared to that of currently

used energy plants like corn (Slepetys et al., 2012). In

addition to soil fertility, precipitation, and climate con-

ditions, the organic dry matter yield depends on the age

of the plant and the time of harvest and generally varies

from 9.6 to 19.7 t ha�1 (Slepetys et al., 2012; Borkowska

& Molas, 2013).

While Sida is commonly used as a solid fuel for com-

bustion, the first biogas batch tests with Sida showed a

potential of 435 Ndm3 kg�1 organic dry matter (oDM)

from silage made from a biomass harvest in July, sug-

gesting that Sida is also useful as a substrate for biogas

production (Oleszek et al., 2013). Methane obtained from

biogas production plays a major role as an energy carrier

from biogenic resources. To date, approximately 7800–
8000 operating biogas facilities in Germany are produc-

ing 27.6–29.0 billion MWh, while a total of 49.1 TWh

were produced from biomasses, of which biogas and

solid fuels contributed with 59.1% and 24.2%, respec-

tively (Deutscher Bauernverband, 2015; FNR, 2015).

Anaerobic batch tests on Sida biomass revealed methane

concentrations of 280 to 293 Ndm³ kg�1 oDM (Hartmann

& Haller, 2014). However, the determined biogas poten-

tial and methane yield of Sida biomass are lower com-

pared with major energy crops like corn (Schattenhauer

& Weiland, 2006), even though this varies with the time

of harvest. First attempts with chemical pretreatment

have been carried out to increase the biological availabil-

ity and to improve the resulting biogas yield of Sida as a

biogas feedstock (Michalska et al., 2012).

To date, Sida has not yet been evaluated as a feed-

stock for flexible, demand-driven energy applications

by analyzing its cell wall composition and energy yield

with regard to the plant development stage and time of

harvest. A flexible use of the Sida biomass would allow

operators to react to market changes using the biomass

either as feedstock for solid fuel and biogas production

or for industrial applications.

In this study, we evaluated the overall performance,

biomass, and energy yield of Sida hermaphrodita (L.)

Rusby at weekly harvest intervals throughout an entire

growing period at agricultural field conditions in the

second year after field establishment. The aim of this

study was to develop a plant growth and development

code allowing a general determination of the best Sida

harvesting time: (i) with regard to the maximum bio-

mass yield depending on the plant development stage;

(ii) to determine the energy value in terms of biogas

production and solid fuel energy content with regard to

its verification in accordance with the German industry

standard DIN EN ISO 17225-7:2014-09 for solid biogenic

fuels (DIN-EN-ISO-17225-7, 2014); and (iii) to obtain a

biomass comprising the most suitable cell wall composi-

tion enabling specific utilization and upscaling for tech-

nical applications. Additionally, we determined that the

ash content, composition, and melting point of Sida

were important parameters when it is used as a solid

fuel in accordance with the aforementioned DIN norm.

To determine the best energy use of Sida biomass and

identify the highest energy output, four application sce-

narios were evaluated in terms of solid fuel and biogas

applications. The four tested scenarios were as follows:

(i) one harvest for solid fuel only; (ii) one harvest for

biogas production only; (iii) one harvest for biogas pro-

duction, followed by a subsequent harvest of the

regrown biomass for solid fuel; and (iv) two consecutive

harvests for biogas production.

Material and methods

Experimental site and setup

The experimental site was located in Mersch, Germany (100 m

o. NN, 6°22034 east and 50°57050 north using ETRS89). The site

was exposed to an annual mean temperature in 2014 of

11.5 °C, with a minimum temperature of �5.1 °C, a maximum

temperature of 34.7 °C, and an annual precipitation of 801 mm
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during the time of the experiment. The soil was Orthic Luvisol

consisting of 5.6% sand, 79.0% silt, 15.4% clay, with pH 6.2

(CaCl2), containing 2.4% Corg, 32 mg kg�1 P2O5, 18 mg kg�1

K2O, and 9 mg kg�1 Mg. The experiment was established in

May 2013 using seedlings of the perennial mallow plant Sida

hermaphrodita (L.) Rusby in the BBCH-Sida plant development

stage 12–13 (Table S1). Seedlings were precultivated in the

greenhouse at controlled conditions from March until the

beginning of the field experiment in May in 2013, using com-

postable pots made of peat (pot type 30023092, 8 9 8 cm

square; Jiffy�, Moerdijk, The Netherlands). A total of 436 indi-

vidual seedlings were planted in the arable field soil in a plant

distance of 0.5 m and a row distance of 0.75 m, in a total area

of 165 m2, equaling 2.7 plants m�2. The herbicide glyphosate

(RoundUp, 4 L ha�1) was applied prior planting and in-

between the plants and rows during the plant establishment

phase to control weed growth. No fertilizers were applied prior

and throughout the entire experiment.

Determination of plant development stages: BBCH-
Sida code

Plant physiological traits of Sida were monitored throughout

the experiment. To allow a future estimation of desired harvest

times assuming different biomass application scenarios, we

analyzed and described the plant development stages for Sida

in a modified BBCH code. Our numeric BBCH-Sida code was

developed following previous BBCH codes for other plant spe-

cies created by Hack et al. (Hack et al., 1992). The BBCH-Sida

code is provided in full length in the Supporting Information

of this manuscript (Table S1). The first given number of the

numeric BBCH-Sida code 0 (i.e., seed germination) to 9 (aging

process, senescence) describes the macrostages of the plant.

The second number 0–9 describes the microstages within the

macrostages, for example, number of branches. For the assess-

ment of a Sida stand, it must be considered that at least 50% of

the plants display the respective development stage. Macro-

stages, such as leaf or side branch development, may emerge

simultaneously. In this case, only the higher development stage

is being considered. Our numeric BBCH-Sida code was devel-

oped with regard to its application on both the agricultural

(stand/plant population) and detailed laboratory level (single

plants). Emphasis is attributed to the timely application of

pesticides particularly during the establishment phase and to

potential harvest during the growing period.

Biomass harvest and preparation

The evaluation of biomass yield started in the second year

(2014) after establishment when the mean plant height reached

BBCH-Sida development stage BBCH 17 (approximately 38 cm

height). To determine the total yield development, biomass of

five individual plants was harvested weekly, following a totally

randomized design, by cutting the stems approximately 7 cm

above ground. All replicate plants were separated into stems

and leaves including side branches. All leaves and stems for

each individual plant were shredded (<2 cm, Viking AE 1180

E) and dried at 85 °C until weight constant. For further

handling, the dried Sida biomass was milled (<1 mm, Retsch

SM 200) and homogenized. Subsamples were additionally

milled to powder using a Retsch MM 400 for subsequent ele-

mental and calorific analysis. To determine the optimal bio-

mass use for energy purposes, the following harvest scenarios

were applied: (i) Plants were grown throughout the vegetation

period and were harvested at BBCH-Sida stage 98 to determine

its calorific value when used as a solid fuel only (sample F1,

Table 1). (ii) Plants were harvested only once at BBCH-Sida

stage 91 to determine its biogas potential only at a late plant

development stage (sample B2, Table 1). (iii) To determine the

biogas potential of green Sida biomass, randomly selected

plants were firstly harvested at BBCH-Sida development stage

BBCH 55 and a dry matter content of 16.5% (sample B1.1,

Table 1). The freshly shredded biomass was compressed in

60 L PE bins for subsequent ensilaging for 12 weeks. Subse-

quently, the regrown biomass was harvested as dried biomass

at the end of the entire vegetation period at BBCH-Sida 98 to

evaluate its calorific value as a solid fuel (sample F2, Table 1).

(iv) To determine the maximum biogas potential of green Sida

biomass, plants were firstly processed in accordance with sce-

nario (iii) (sample B1.2). The regrown biomass of the previously

harvested plants was harvested again in BBCH-Sida develop-

ment stage 71, exhibiting a dry matter content of 28.5%, to eval-

uate the biogas potential of the regrown fresh plant material

(sample B1.2, Table 1).

Biomass harvests for solid fuel application were aimed at

obtaining high dry matter content. Harvest times for scenario

(iii) and (iv) were chosen to allow a potential supply of alterna-

tive biogas feedstock before fresh biomass of other feedstock

sources (e.g., maize silage) would be available. Harvest in

October for scenario (ii) and (iv) was chosen to obtain a high

biomass yield and to avoid late shooting and frost damage of

the plants during winter. The two repeated harvests in scenario

(iii) and (iv) were meant to evaluate the added energy value of

Sida biomass as a feedstock for additional solid fuel and bio-

gas, respectively.

The described harvest scenarios are summarized in Table 1.

In every scenario, a total of 10 plants were randomly harvested

as biological replicates.

Evaluation of calorific values, ash content, composition,
and behavior

Subsamples of the pulverized biomass were compressed into

pellets and analyzed for their higher heating value in five bio-

logical replicates employing a Parr calorimeter Type 6200, in

accordance with DIN 51900-3:2005-01 (DIN-51900-3, 2003).

Simultaneously, the ash content, composition, and behavior

were analyzed using subsamples of the milled biomass in trip-

licates. For the investigation on ash melting behavior, the sam-

ples were oxidized at 550 °C in platinum crucibles under

constant air flow in a muffle furnace for 24 h at constant tem-

perature. The heating rate of the samples was 5 K min�1. The

samples were weighed after ashing and ground in a mortar to

ensure the homogeneity of the ash samples. X-ray powder

diffraction (XRD) was used to identify crystalline compounds

of the ashes using a Siemens D500 powder diffractometer. The

© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., 9, 202–214
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fusibility of the ashes was determined by hot-stage microscopy

according to DIN 51730:2007-09 (DIN-51730, 1998).

The higher heating value of the Sida biomass was determined

employing the above-mentioned calorimeter. Because the Sida

biomass exhibited a residual moisture content, the net calorific

value (i.e., lower heating value) was determined mathematically

using the preceding equation (Equation 1: Equation for the cal-

culation of the higher heating value of moist biomass).

qFM ¼ qTS � DM

100

� �
� 0:02443 � ð1�DMÞ

The higher heating value (qTS) is given in MJ kg�1, the dry

matter (DM) in %, and the value 0.02443 is the enthalpy of

water vaporization at constant pressure and a temperature of

25 °C, given in MJ kg�1. At harvest, the DM content of the Sida

biomass for the solid fuel scenario (samples F1 and F2)

accounted for 76%; however, from the literature, DM values of

85–89% were reported (Stolarski et al., 2013). Therefore, the cor-

rected heating value was calculated with a dry matter content

of 88% and a residual moisture of 12%. For the overall calcula-

tion of the energy yield per ha, the resulting heating value was

multiplied with a corrected fresh biomass yield, that is, the

obtained dry matter yield plus 12% residual moisture. The

determination of the dry and organic dry matter was per-

formed using a furnace (Heratherm, Thermo Scientific, USA)

and a muffle furnace (N100/14, Nabertherm, Germany),

according to DIN EN 12880:2001 (DIN-EN-12880, 2001).

Elemental analysis

Prior elemental analysis all Sida biomass samples were oven

dried at 85 °C and subsequently milled (<1 mm, Retsch SM

200) and homogenized. Subsamples were additionally

powdered employing a ball mill (Retsch MM400). Al, Ca, Cr,

Fe, K, Mg, P, S, and Si were measured and quantified using

ICP-OES. As, Cd, Cu, Hg, and Pb were determined using ICP-

MS due to a lower detection limit. To do so, subsamples of

100 mg were diluted and decomposed in a mixture of 3 mL

HNO3 and 2 mL H2O2 in a microwave. Subsequently, 1 mL of

HF was added. The samples were adjusted to a volume of

14 mL and were measured in a dilution of 1 : 10. For C, H, N,

and O determination, triplicate samples of approximately 2.5

and 2 mg, respectively, were oxidized employing an element

analyzer (Vario EL Cube, Elementar). The relative standard

deviations for the abovementioned methods were for elemental

contents of >1 � 3%, and for elemental contents of <0.1 � 20%.

The total Cl content in the Sida biomass was analyzed in accor-

dance with DIN EN 15408 (DIN-EN-15408, 2011).

Evaluation of biogas potential

The calculated biogas production of Sida was measured in

eudiometer batch test systems derived from the specification of

the German DIN 38 414-8:2006-03 (DIN-38414-8, 1985). Silage of

Sida biomass from scenario (ii), (iii), and (iv) (harvested in June

and October) was prepared from shredded and homogenously

mixed Sida biomass that was highly compressed into 60-L PE

bins. As inoculum, active digestate originating from a commer-

cially operating biogas plant fed with maize silage was used.

Prior analysis, the dry matter of the digestate and the Sida

silage was determined at 105 °C. The inoculum and the Sida

silage was homogeneously mixed in 1 L Shott Duran glass bot-

tles, and the tests were carried out at mesophilic conditions at

37 °C in the dark using a temperature-controlled water bath.

The gas volume was measured daily, and the ambient air tem-

perature and air pressure were monitored for calculation to

norm conditions. The test ended when the relative gas yield

after 24 h was below 1% of the total produced gas volume. Each

Sida biomass silage was tested in four replicates. The detailed

information about the different silages is shown in Table 2.

Analysis of Sida lignocellulosic residues

Extraction and analysis procedures were modified according to

Foster et al. (Foster et al., 2010a). We further ground 70–73 mg

dried homogenized Sida leaf, side branch, and stem material to

a fine powder using a M 400 mill (Retsch, Haan, Germany)

with a frequency of 30 s�1 for 2 min (leafy material) or 10 min

(stem material). Plant cell wall residues were isolated by wash-

ing once with 70% (v/v) ethanol solution and four times with

Table 1 Overview of the four different Sida harvest and biomass evaluation scenarios to determine the optimum energy usage of

Sida biomass

Scenario

1. Harvest:

purpose/sample #

BBCH-Sida development

stage/Date of sampling

Dry matter

content

2. Harvest:

purpose/sample #

BBCH-Sida development

stage/Date of sampling

Dry matter

content

(i) Solid fuel/F1 BBCH 98/15.01.2015 75.9% – – –

(ii) Biogas/B2 BBCH 91/15.10.2014 36.1% – – –

(iii) Biogas/B1.1 BBCH 55/12.06.2014 16.5% Solid fuel/F2 BBCH 98/15.01.2015 76.3%

(iv) Biogas/B1.1 BBCH 55/12.06.2014 16.5% Biogas/B1.2 BBCH 71/15.10.2014 28.5%

Table 2 Comparison of Sida biomasses silages prepared for

biogas tests

B1.1 B1.2 B2

Time of harvesting 12.06.2014 15.10.2014 15.10.2014

Type of ensilage In barrel In barrel In barrel

Time of ensilage 12 weeks 12 weeks 12 weeks

Dry matter after ensilage 20.2% 26.0% 30.8%

Organic dry matter after

ensilage

18.0% 23.6% 28.1%
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chloroform/methanol (1 : 1; v/v) solution and once with 1 mL

acetone solution collecting the pellet every time at 20 000 g

(Foster et al., 2010a). The pellet was dried under air flow at

room temperature. Starch was removed by enzymatic digestion

with a-amylase (3 U) and amyloglucosidase (1.5 U) (Mega-

zyme, Bray, Ireland). The remaining de-starched, alcohol-inso-

luble residues (d-AIR) were washed four times with water,

once with acetone, and then subsequently dried. All analyses

were performed with approximately 2 mg d-AIR. The matrix

polysaccharide composition was determined by extraction and

hydrolysis with 2 M trifluoroacetic acid (Foster et al., 2010a). We

collected 100 lL of TFA, which was evaporated under air flow

and the remaining pellet was dissolved in water. Single sugar

analysis was performed according to Voiniciuc et al.

(Voiniciuc et al., 2015) using high-performance anion exchange

chromatography with pulsed amperometric detection (HPAEC-

PAD). For the separation of monosaccharides, a CarboPac PA20

column was used with a flow rate of 0.5 mL min�1 and was

equilibrated with 2 mM NaOH for 10 min before sample injec-

tion. Neutral sugars were separated with 2 mM NaOH over a

time course of 18 min. Afterward, 550 mM NaOH was used for

10 min to separate uronic acids. The column was rinsed finally

with 800 mM NaOH for 10 min. Monosaccharide amounts were

normalized to an internal standard and quantified using stan-

dard calibration curves of the different monosaccharides.

The crystalline cellulose content was determined after

hydrolyzing and removing the noncrystalline cellulose with

acetic and nitric acid (Updegraff, 1969). The remaining crys-

talline cellulose residues were hydrolyzed with 72% (w/v) sul-

furic acid. Carbohydrate content was determined using

anthrone assay (Scott & Melvin, 1953).

Lignin content was determined according to Foster et al.

(Foster et al., 2010b) using the acetyl bromide spectrophotomet-

ric method. Different amounts (0.1–0.7 mg) of Kraft-Lignin

(Sigma-Aldrich, Seelze, Germany) were used as a standard.

Results

Biomass productivity

The evaluation of the plant performance and biomass

yield was conducted in the second year after the estab-

lishment of the field trail. Because the biomass yield of

a perennial energy plant such as Sida is generally rela-

tively low in the first year, the second year after plant

establishment was chosen to allow the development of

the BBCH-Sida code and to obtain reliable biomass

yield estimations.

The established BBCH-Sida code allowed a detailed

characterization of the respective plant development

stage at each weekly harvest and enables future com-

parison of Sida plants irrespective of the climate or the

geographic conditions of the experiment (Table S1). The

analysis of the Sida cell wall composition at each har-

vest allows a further, general estimation of the plant

BBCH-Sida development stages and the associated plant

biomass characteristics. This enables a detailed,

demand-driven application of the biomass at the ideal

plant development stage and application purpose.

Sida plants started to regrow in late March 2014 of the

second year and increased rapidly in biomass yield,

accounting for a maximum of 25 t ha�1 dry matter total

biomass equivalents for both stems and leaves in sam-

pling week 22 at a BBCH-Sida development stage 71

(Fig. 1). At peak biomass production, the share accounted

for approximately 15 t ha�1 of stem biomass only

(Fig. 1). The subsequent decrease of dry matter biomass

yield is attributed to the loss of the plant leaves, resulting

in a final dry biomass yield of 15 t ha�1 of dried woody

stems at the end of the experiment (Fig. 1). In return, the

dry matter content increased continuously throughout

the growing period (Fig. 2). The highest dry matter con-

tent was reached at the termination of the vegetation per-

iod and at the harvesting of the dead standing dried

biomass in January 2015, accounting for more than 70%

dry matter content. The increase of the dry matter content

is associated with a loss of leaves and a relative increase

of lignin and cellulose in the side branches (Fig. 4). Until

the termination of the experiment, the dry matter content

increased to 90% until March 2015 (data not shown).

Calorific evaluation and ash characterization

The higher heating value of the Sida biomass used as a

solid fuel was equally high for both samples, irrespec-

tive of a single or double biomass harvest (sample F1

vs. F2), accounting for approximately 19.5 MJ kg�1

(Table 3). However, due to the much higher biomass

yield after a single biomass harvest, sample F1 resulted

in a 3.6 higher total energy yield compared with the

sample F2 (Table 3).

To determine whether Sida biomass meets the prereq-

uisites of a solid fuel in accordance with DIN EN ISO

17225-7:2014-09, we analyzed the heating and calorific

value, water and ash content, and the content of N, S,

and Cl, among other elements (DIN-EN-ISO-17225-7,

2014). Table 4 shows the elemental analysis from Sida

biomass, both harvested in January 2015 at a BBCH-Sida

development stage 98.

The crystalline compounds in the two resulting ashes

of both samples (F1 and F2) identified by XRD are given

in Table 5. The variance of the measurement is 10% (rel-

ative). The ash composition of the two Sida samples is

very similar, and both are strongly enriched with alka-

line earth metal and alkali metal compounds. The main

phases are calcium carbonate, fairchildite, and calcium

hydroxyapatite, which together count for 87% to 88% of

the weight of the ash. Earth alkali silicates and oxides

were found only in minor amounts. Sulfur and chlorine

compounds have not been found because of the low sul-

fur and chlorine content of the raw material (Table 4).
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206 N. D. JABLONOWSKI et al.



Biogas production

The parameters of Sida after ensiling showed an increased

organic dry matter (oDM) and dry matter content over

time. Sample B2, the biomass resulting froma single harvest

in October at BBCH-Sida development stage 98, showed

the highest dry matter and organic dry matter content,

accounting for 30.8% and 28.1%, respectively (Table 2).

Fig. 1 Share of biomass development (dry mass basis) of stems and leaves over the entire growing period; values are presented in a

5th order moving average; bars indicate the standard error of n = 5 biological replicates.

Fig. 2 Development of the total dry matter content in the Sida biomass throughout the entire growing period; values are presented

in a 5th order moving average; bars indicate the standard error of n = 5 biological replicates.
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The batch test of the biomass resulting from the three

harvests of Sida showed different maximum biogas pro-

duction rates and the time needed (kinetics) to reach the

given maxima (Fig. 3). The first biomass harvested in

June at BBCH-Sida development stage 55 (sample B1.1)

reached an average specific biogas maximum of

420 L kg�1 oDM. The second harvested biomass (sam-

ple B1.2) and the biomass of the single harvest of B2,

both collected in October at BBCH-Sida stage 91,

yielded a similar specific maximum of 260 L bio-

gas kg�1 oDM. Changes in the kinetic of the biogas pro-

duction of the three tested samples can be observed

from the fourth day (Fig. 3).

The data in Table 6 show much higher organic dry

matter per hectare in sample B2 collected solely in Octo-

ber (BBCH-Sida 91), compared with samples B1.1 and

B1.2, which represents two harvests from the same

plants at different times and plant development stages

(June and October, BBCH-Sida 55 and BBCH-Sida 77).

The biggest specific biogas yield was found for sample

B1.1. The given methane concentration was calculated in

accordance with literature values based on other plant

biomasses using a mean value for calculation of 53.5%.

Energy yield evaluation

Allowing a comparison of the total obtained energy

values for the Sida biomasses for both biogas and solid

fuel feedstock scenarios, we calculated the energy yields

into fuel oil equivalents per ha, assuming 36 MJ per L

fuel oil (Table 7). Scenario (i), solid fuel obtained from a

single harvest of the dried biomass at termination of the

plant growing period (harvest in January), yielded by

far the highest energy, accounting for 440 GJ, equal-

ing 12 202 L of fuel oil. The energy yield of scenario (iii)

– the first biomass harvest used for biogas production,

and a subsequent second harvest of the biomass used

for solid fuel – accounted for approximately 212 GJ. Sce-

nario (iv) yielded 135 GJ when Sida biomass was har-

vested two consecutive times to be used as biogas

feedstock, whereas scenario (ii), the one late harvest for

Table 3 Calculated values for the energy yield of Sida biomass used as solid fuel

Parameter One harvest: sample F1 Second harvest: sample F2 Unit

Corrected fresh biomass (FMc) 26.43 7.11 t ha-1

Corrected dry matter content (DMc) 88 88 %

Higher heating value 19.21 � 0.18 19.61 � 0.27 MJ kg�1

5.34 � 0.05 5.45 � 0.08 kWh kg�1

Net calorific value (qFM) 16.62 � 0.16 16.96 � 0.24 MJ kg�1

4.70 � 0.04 4.79 � 0.07 kWh kg�1

Energy yield (EEha)

Total Higher heating value ha�1 (qTSha) 446 794 � 4186 122 696 � 1689 MJ ha�1

Total Net calorific value ha�1 (qFMha) 439 266 � 4229 120 586 � 1706 MJ ha�1

Table 4 Overview of the DIN EN ISO requirements of non-

wood biomasses used for energy purposes as solid fuels. Ele-

mental composition of Sida biomass harvested for solid fuel

purposes in January at BBCH-Sida development stage 98. The

relative standard deviations for all elements were for elemental

contents of >1% �3% and for elemental contents of <0.1%

�20%. The total Cl content in the Sida biomass was analyzed

in accordance with DIN EN 15408 (DIN-EN-15408, 2011)

Characteristics Unit

DIN EN

ISO 17225-7:

2014-09

Sida-biomass

samples

F1 F2

Water content m-% 12 ≤ 12 12

Ash content m-% 6.0 ≤ 6 2.99 2.69

Gross density g cm�³ 0.9 ≥ 0.9

Net Calorific

value

MJ kg�1 14.5 ≥ 14.5 16.62 16.96

kWh kg�1 4.0 ≥ 4.0 4.62 4.71

Nitrogen, N m-% 1.5 ≤ 1.5 <0.26 <0.26

Sulfur, S m-% 0.20 ≤ 0.20 0.028 0.024

Chlorine, Cl m-% 0.10 ≤ 0.10 0.030 0.053

Arsen, As mg kg�1 ≤1 <0.05 <0.05

Cadmium, Cd mg kg�1 ≤0.5 0.44 0.38

Chrome, Cr mg kg�1 ≤50 <50 <50

Copper, Cu mg kg�1 ≤20 2.25 2.09

Lead, Pb mg kg�1 ≤10 0.34 0.28

Mercury, Hg mg kg�1 ≤0.1 <0.1 <0.1

Nickel, Ni mg kg�1 ≤10 2.51 1.43

Zinc, Zn mg kg�1 ≤100 <50 <50

Table 5 Composition of the ash in weight-% obtained after an

oxidation of the Sida biomass at 550 °C

Compound Sample F1 Sample F2

CaCO3 49 55

K2Ca(CO3)2 21 17

Ca10(PO4)6(OH)2 17 16

MgO 4 7

CaMgSi2O6 4 2

SiO2 2 2

Ca(OH)2 2 2

CaO 1 1
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biogas only, yielded the comparably lowest energy yield

of 85 GJ.

Lignocellulose analysis

To characterize Sida lignocellulose, we monitored the

crystalline cellulose content, TFA-soluble matrix

polysaccharides (MPS), and AcBr soluble lignin (ABSL)

during the entire growing period (Foster et al., 2010b).

Two different tissues of the plants, that is, main stem

and leaves including side branches, were analyzed.

ABSL in stem tissue rose from 8% to an almost constant

level of 17% from week 20 at BBCH-Sida development

stage 67 onwards. The crystalline cellulose content rose

Fig. 3 Specific norm biogas yields from batch tests using biomass silage originating from different harvest dates and Sida plant

development stages. B1.1 is biomass from a first harvest at BBCH-Sida development stage 55 (June); B1.2 is biomass from a second

harvest of B1.1 plants at BBCH-Sida development stage 77 (October); B2 is biomass from a single harvest at BBCH-Sida development

stage 91 (October).

Table 6 Characteristics of the three Sida biomasses harvested at different growth stages and times tested as a feedstock for biogas

production used as a silage; EE is energy yield per hectare; oDM is organic dry matter

Parameter B1.1 B1.2 B2

Organic dry matter (t ha�1) 12.5 � 0.2 9.4 � 0.2 19.0 � 0.4

Ensilage loss (t ha�1) 1.1 � 0.4 0.9 � 0.3 1.7 � 0.6

Methane content (%) 53.5 � 1.5 53.5 � 1.5 53.5 � 1.5

Biogas yield (m³N t�1 oDM) 419.5 � 26.6 269.3 � 14.3 256.3 � 1.3

CH4 (m³N t�1 oDM) 204.2 � 16.3 131.1 � 9.5 124.8 � 6.2

CH4 (m³N ha�1) 2542.7 � 202.7 1235.0 � 89.4 2367.1 � 117.5

EE (MJ ha�1) 91537.2 � 7292.2 44460.0 � 3218.4 85215.6 � 4230.0

Table 7 Total energy yield from the four studied Sida biomass energy use scenarios; n = 5 biological replicates, calculated per ha

Scenario (i) (ii) (iii) (iv)

1. Harvest solid fuel F1 1. Harvest biogas B2 1. Harvest biogas B1.1 1. Harvest biogas B1.1

EEha (MJ) – – 91 022 � 7292 91 022 � 7292

– – 2. Harvest solid fuel F2 2. Harvest biogas B1.2

EEha (MJ) 439 288 � 4229 85 215 � 4230 120 760 � 1706 44 460 � 3218

Total (MJ ha�1) 439 288 � 4229 85 215 � 4230 211 782 � 8998 135 482 � 10510

Total (loil ha
�1) 12202.4 � 117.5 2367.1 � 117.5 5882.8 � 249.9 3763.4 � 291.9
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from 32% to 50% of d-AIR from the second to the eighth

week, that is, BBCH-Sida development stage 17–33,
respectively, and remained constant. The amount of

TFA-soluble MPS varied between 12% and 20% of d-

AIR within the analyzed time period. In the leaf frac-

tion, ABSL was constant at approximately 5% until

week 16, that is, BBCH-Sida 63, and was elevated subse-

quently up to 15% in week 32, equaling BBCH-Sida 93.

Crystalline cellulose varied between 17% and 25%

within the first 16 weeks and rose afterward up to 42%

in week 32, describing the BBCH-Sida development

stages 20–63, and 93, respectively. TFA-soluble MPS

was low in weeks 2 and 4 (8% to 10%, BBCH-Sida 17

and 23) and remained constant between 17% and 20%

until week 32 (BBCH-Sida 93).

Discussion

Biomass production

In our study, we evaluated the biomass growth and

development of Sida throughout an entire growing

period at real agricultural field conditions. Even

though Borkowska & Molas (2013) reported that Sida

biomass yield significantly increases in the first

4 years after plantation establishment, our values

accounted for approximately 20 t ha�1 biomass dry

weight when harvested in November at a BBCH-Sida

development stage 93. Already 1 year after the plants’

establishment, this value even exceeded the reported

values from earlier studies by a factor of 1.5–1.6 when

the plants were harvested in November as given in

the referenced studies (Borkowska & Molas, 2012, Bor-

kowska & Molas, 2013). This could be explained by

the favorable field environment and conditions, but it

clearly shows the high possible biomass yields of Sida

even in the second year after plant establishment

when grown at beneficial conditions. However, when

used as a solid fuel, a high dry matter content is pre-

ferred to increase the energy yield of the biomass and

to avoid costly drying processes prior to storage (Bor-

kowska & Molas, 2013). Therefore, we recommend a

biomass harvest of the dried Sida stems only in early

spring, prior to the regrowth of the plants, because

the dried stem material is free of leaves (Borkowska

& Molas, 2013) and possesses the highest content of

lignin and cellulose, as described below.

The high standard error in the biomass yield through-

out the experimental growing period is attributed to the

high variation in the phenotype of the Sida plants

because this plant is a wild type and varies strongly in

its individual biomass yield. An attempt to breed the

plants may result in a more homogeneous plant growth

and overall appearance with similar biomass yields.

Furthermore, considering Sida as a promising lignocel-

lulosic biomass plant for energy applications and molec-

ular breeding activities may improve future

applications as a second generation bioenergy crop (All-

wright & Taylor, 2015).

Published data on Sida have not sufficiently consid-

ered the time of harvest and the respective plant devel-

opment stage, which makes detailed comparison

between the data rather vague. The established BBCH-

Sida development code, given in detail in the Support-

ing Information (Table S1), allows an estimation of the

biomass composition irrespective of the location and

environmental influences. This will allow future com-

parisons between the harvested Sida biomasses and

their target-oriented application as a feedstock for

energy or other industrial applications, for example,

fibers for the paper industry or raw material for chemi-

cal applications (Bogusz et al., 2015; Grande et al.,

2015).

Cell wall composition

Sida lignocellulose was monitored over the whole

growth period by determining a set of standard

parameters, which enabled a clear discrimination of

primary growing tissue (primary cell walls) and adult

tissue (secondary cell walls) characterized by higher

ABSL and crystalline cellulose values. Also, the

change in the composition of the TFA-soluble MPS in,

for example, the leaf fraction, indicates the formation

of more adult tissue between the weeks 16 and 32,

that is, BBCH-Sida development stage 63 and 93,

respectively (Table S1, Supporting information). The

overall development of secondary cell walls and

therefore the increasing amounts of cellulose and lig-

nin are in line with previous observations (Borkowska

et al., 2009; Borkowska & Molas, 2012). However, a

direct comparison of distinct lignin values is often dif-

ficult due to differences in the determination method

and unknown cultivation conditions. Within this

study, ABSL determination was used to enable a high

throughput measurement. Nevertheless, the observed

lignin content in fully developed plants is comparable

to previous studies using other methods like Klason

determination (Michalska et al., 2012). Determined cel-

lulose and MPS levels are in line with previous obser-

vations (Michalska et al., 2012) although measured

cellulose in our study reflects only the crystalline part

and not holocellulose, suggesting an overall high crys-

tallinity in Sida cellulose fibers. The correlation of the

established BBCH-Sida code with the biochemical

properties of the plant material enables a targeted

harvest strategy for a tailored utilization of Sida bio-

mass.
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Energy yield

Solid fuel. The analysis of the Sida biomass revealed its

high potential as a solid fuel meeting all guidelines in

accordance with DIN EN ISO 17225-7:2014-09 (Table 4)

(DIN-EN-ISO-17225-7, 2014). As shown in our analysis,

the energy content of the Sida biomass accounted for

approximately 19 MJ kg�1 dry mass. This measured

value is in accordance with the value used in a previous

study for the calculation of combustion heat (Borkowska

et al., 2009) and is further in line compared with values

obtained from Miscanthus as another important peren-

nial energy crop (Baxter et al., 2014). The overall energy

yield for Sida as a solid fuel accounts for a calorific

value of 446 GJ ha�1 (net calorific value: 440 GJ ha�1) in

its second year after the establishment of the field

experiment. As previously reported, the Sida yield

increased even during the fourth year after establish-

ment (Borkowska & Molas, 2013). The energy value

obtained in our study is even 22% higher than the val-

ues of an earlier study from the fourth to the sixth year

after plant establishment (Borkowska & Molas, 2012),

and even 168% higher when compared with a 4-year

average energy yield of Sida cultivated in a light soil

(Borkowska et al., 2009). Because no fertilizers were

applied in our study, these higher values might be

attributed to the higher silt and Corg content as well as a

higher soil pH value among other environmental factors

that were beneficial for the overall plant performance at

our field trials.

Even though samples of F1 showed slightly higher

values of heavy metals such as Cd, Cu, Pb, and Ni com-

pared with F2 samples, the determined values were still

meeting the DIN guidelines. Even though Sida plants

express the ability to accumulate heavy metals, the

detected values are low and must be attributed to the

longer growing period of F1 biomass (Borkowska &

Wardzinska, 2003). However, our data were signifi-

cantly lower compared with data from Sida grown on

municipal sewage sludge compost and high-calcium

brown coal ash (Krzywy-Gawronska, 2012), and were in

accordance with the requirements of DIN EN ISO

17225-7:2014-09 to be classified as a biogenic solid fuel

(DIN-EN-ISO-17225-7, 2014).

The presence of Cl and S in solid biomass used for

combustion is crucial due to their high corrosion

potential in the furnaces. The values of Cl and S in the

analyzed Sida biomass were below the maximum val-

ues as specified in the norm DIN EN ISO 17225-7:2014-

09 for solid biomass fuels, making Sida biomass a

promising candidate as a sustainable energy carrier for

combustion (DIN-EN-ISO-17225-7, 2014).

Ash analysis

The aim of the investigation was the characterization of

the ash composition and the determination of the ash

melting temperature of the promising solid fuel Sida.

The amount of ash after biomass combustion accounted

for 2.7% to 3.0%, which is lower than the 3.6% value

reported in another study on Sida (Michalska et al.,

2012), which might be due to a different development

stage of the used plant biomass. However, the obtained

ash values are in the same range as described for numer-

ous wood and woody biomasses (Vassilev & Baxter,

2010) and for Miscanthus, which is also considered to be

a valuable energy crop used for combustion (Baxter

et al., 2012). The analysis of the Sida ashes revealed that

both samples did not melt at 1500 °C, which is the maxi-

mum temperature achievable in the hot-stage micro-

scope that we used. The explanation for the high

melting temperature for Sida ash is in principle based on

the amount of compounds with a high melting tempera-

ture (Misra et al., 1993; Wang & Dibdiakova, 2014). This

is due to the high content of CaCO3, which will decom-

pose to CaO with a melting temperature of 2580 °C. The
decomposition of the carbonate starts between 650 and

900 °C. Additionally, K2Ca(CO3)2 will decompose,

increasing the amount of the high melting compounds.

Furthermore, low-melting potassium silicate compounds

were not formed due to the insignificant amount of silica

in the ash. As shown, the chemical composition of Sida

is favorable for combustion in comparison to herbaceous

biomass because the mineral content with a high melting

point is much higher, leading to a comparably higher

melting point of the ash. Therefore, problems related to

ash melting, for example, slagging or bed agglomeration,

should be less significant for Sida, as shown in this

study. In general, the ash behavior of Sida is related

more to the woody biomass used for combustion,

assuming that a substitution of wood burning systems

with Sida biomass seems to be worthwhile.

Fig. 4 Lignocellulose analysis of harvested Sida plants. AcBr soluble lignin (ABSL), TFA-soluble matrix polysaccharides (MPS), and

crystalline cellulose content are depicted. The values represent the mean of 5 biological replicates. After week 32, Sida plants were

defoliated; therefore, no leaves were harvested from that point. Stem tissue lignification is completed in week 20 (approximately 17%

of d-AIR), whereas lignin level rose until defoliation (approximately 14% of d-AIR) in the leaf fraction. Bars indicate the standard

deviation of 5 biological replicates.
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Biogas production

To determine whether the energy yield of Sida biomass

could be improved by numerous harvests for both solid

fuels and biogas feedstock, we investigated the Sida bio-

masses from two different development stages of the

plants in batch tests. The first cut of Sida in June at a

development stage of BBCH-Sida 55 (sample B1.1) dis-

played a dry matter content of 20% consisting of

approximately 90% organic dry matter, which is compa-

rable with grass silage (Michalska et al., 2012). The sec-

ond cut of the biomass at development stage 77 (sample

B1.2) showed a higher organic content due to an

increased lignification of the biomass. The sample B2

obtained from a single harvest for biogas production at

development stage 91 showed the highest organic con-

tent. In the initial stages of the Sida plant’s develop-

ment, a high amount of short-molecule biomass like

cellulose is developed, leading to more complex organic

compounds like hemicellulose and lignin to achieve sta-

bility (Hendriks & Zeeman, 2009). Therefore, the differ-

ent organic plant tissue composition can be associated

with the higher biogas yield of B1.1 sampled at a much

earlier plant development stage compared to the biogas

yield from samples B1.2 and B2 harvested in October at

a development stage of 77 and 91, respectively (Fig. 4).

Lignin as a complex polymer consists of three different

phenolic monomers that are difficult to hydrolyze for

microorganisms and appear to be an inhibitor for the

biogas production process, limiting the digestibility

(Hendriks & Zeeman, 2009).

As indicated, sample B1.1 contains the least amount

of lignin, cellulose, and hemicellulose and shows the

highest biogas production rate after 25 days. In compar-

ison, sample B2 showed the highest lignin, cellulose,

and hemicellulose content, which resulted in an inhib-

ited biogas production rate. As shown by Brown et al.

(Brown et al., 2012) using different lignocellulosic bio-

masses at liquid anaerobic digestion, methane produc-

tion has an inverse linear relationship with the lignin

content (Pok�oj et al., 2015). As further shown by Pok�oj

et al., Sida silage tested as a biogas feedstock produced

from biomass harvested at the same development stage

as used in our study (BBCH-Sida development stage 55,

i.e., flowering phase) showed a lignin removal efficiency

of approximately 45% and an overall organics removal

rate of approximately 65% (Pok�oj et al., 2015). However,

as concluded in the study by Pok�oj et al., lignin content

is an inadequate criterion for estimating the methane

production.

As further demonstrated in a study by Michalska et al.,

(2015), chemical and enzymatic pretreatment of Sida bio-

mass resulted in an increased biogas production of

316 L kg�1 total solids, equaling a methane content of

200 L. Interestingly, our results revealed a biogas pro-

duction from Sida silage of approximately 420 L kg�1

organic dry matter for sample B1.1 and approximately

269 and 256 L kg�1 organic dry matter for samples B1.2

and B2, respectively. These values correspond to a

methane content of 204, 131, and 124 L kg�1 organic dry

matter, respectively, within the same time of incubation.

These values also correspond to a previous study using

fresh Sida biomass for biogas production at mesophilic

conditions (Dêbowski et al., 2012). Our results give evi-

dence that a Sida biomass harvest at plant BBCH-Sida

development stage 55 following a thorough homogeniza-

tion and ensilaging of the biomass makes Sida biomass a

promising candidate for biogas feedstock.

Combining our results of the overall measured energy

yields from Sida biomass used as a solid fuel and biogas

feedstock from the various developments stages, we

saw that the four energy-use scenarios clearly indicated

the highest energy recovery for scenario (i) (solid fuel)

of 439 288 MJ ha�1. The energy recovery of the four sce-

narios from most to least is as follows: scenario (i) >>
(iii) (first biomass used for biogas, subsequent harvest

used as solid fuel: 211 782 MJ ha�1) >> (iv) (two times

biomass harvest at development stage 55 and 77, respec-

tively, used for biogas: 135 482 MJ ha�1) > (ii) (one har-

vest for biogas only at plant development stage 91:

85 215 MJ ha�1). Although scenario (iii) resulted in

approximately half the energy yield of scenario (i), the

flexible application of the Sida biomass as biogas feed-

stock when harvested at the BBCH-Sida stage 55 is an

added value. How much the energy yields could be

increased with regard to earlier or later harvests at dif-

ferent plant development stages needs further investiga-

tion. At this point, it remains unknown to what extent

intermediate harvests of Sida biomass may result in sus-

tainable production and continuous yield in subsequent

years due to the interruption of the natural plant devel-

opment. However, harvest of the dried Sida biomass at

BBCH-Sida 98–99 allows both a maximum energy yield

and reduced impact on the living plants, which results

in a sustainable supply of Sida biomass over years (Bor-

kowska et al., 2009; Borkowska & Molas, 2012). The cal-

culated energy yields for the Sida biomass do not

consider necessary energy investments for plant estab-

lishment, maintenance, and harvest of the biomass;

therefore, given energy values represent the possible

energy yield depending on the utilization scenario

obtained from our measurements.
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