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ASSESSMENT OF THE CHEMICAL COMPOSITION

OF JERUSALEM ARTICHOKE (Helianthus tuberosus L.)

AS ENERGY FEEDSTOCK

OCENA SK£ADU CHEMICZNEGO S£ONECZNIKA BULWIASTEGO

(Helianthus tuberosus L.) JAKO SUROWCA ENERGETYCZNEGO

Abstract: This work concerns the analysis of variation of chemical composition of ash of aboveground part of

Jerusalem artichoke as a renewable energy source. Factors of the experiment were a cultivars of Helianthus
tuberosus: Albik and Rubik, grown on sandy soil, good rye complex under constant fertilization and full dose

of manure. In the ash were determined: the content of macro- and microelements and some heavy metals.

Phenotypic variation of Jerusalem artichoke, in terms of each trait was the combined effect of genetic

variation and environmental. Decisive share of cultivars, the total variance, had the contents of potassium,

magnesium, nitrogen, phosphorus and manganese. Dominant role in the overall volatility of chlorine, zinc,

cadmium, cobalt and copper play environmental variability, in the case of sodium, sulphur, molybdenum,

iron, aluminium, chromium and lead interaction of varieties and years. Biomass of aboveground parts of

Jerusalem artichoke contain smaller amounts of cadmium, lead and zinc than the limit values set out in the

German DIN 51731st.
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Introduction

Jerusalem artichoke (Helianthus tuberosus L.) stands out as a species with a high

capability of solar energy fixation and conversion to organic matter. This allows to

achieve high and stable tuber and overground mass yield on light soils, which can be

used in energy generation. Kays and Nottingham [1] report that the yield of dry matter

of overground parts of Jerusalem artichoke, cultivated in conditions close to optimal,

ranges from 10 to 15 Mg � ha–1. Stems of Jerusalem artichoke contain large amounts of
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dry matter, which can be used directly in burning, even immediately after harvesting.

This applies mainly to biomass (stem and leaves), which are usually harvested in late

autumn and winter [2–6]. Combustion is the simplest method of production of thermal

and electrical energy. However, burning produces a lot of ash and these substances

determine the potential for use of plant biomass for combustion. According to Izsaki

and Kadi [2], Jungers et al [7], Kalembasa [8], Tersic and Atlagic [9], Denoroy [10],

Dorel and Chubey [11], Augustynowicz et al [12] and Sawicka [13], ash composition

depends on habitat-related and agricultural factors, such as the date of the plantation

set-up, plant density, cultivation and plant protection procedures, level of mineral

fertilisation and harvest date. Irrespective of their effect, genetic factors (ie species and

cultivar) have a great effect on phenotypic variation [1, 7, 8, 14–17]. Their effect on ash

composition has not been properly explored. The aim of this study was to determine the

amount of raw ash, produced by burning biomass of two cultivars of Jerusalem

artichoke and assessment of the chemical composition of ash proper (separated from

raw ash) in regard to its potential use in agriculture.

Materials and methods

A field experiment was conducted at the Field Experimental Station in Parczew in

2003–2005, on light soil with a granulometric composition of clayey sand and good rye

complex. Albik and Rubik cultivars were used as experimental factors. They were

cultivated on a full dose of manure (30 Mg � ha–l) with constant mineral fertilisation at

the doses: 100 kg N � ha–1, 44 kg P � ha–1 and 125 kg K � ha–1. The experiment was set

up in mid-April, with a density of 40 000 � ha–1, using the method of randomised

sub-blocks, in triplicate. The plot for harvesting had an area of 25 m2. All the cultivation

procedures were performed in accordance with good agricultural practice. The biomass

was harvested at the end of October. Samples of overground parts of 10 plants from

each plot were taken for chemical analyses. The feedstock moisture content was

determined by drying and weighing (the ground biomass was dried at 105 oC until

a constant weight was achieved). Samples of Jerusalem artichoke tubers were

dry-oxidised at a temperature of about 500 oC and the amount of raw ash was

subsequently determined gravimetrically. Ash proper (pure) was obtained from raw ash

by separating the silica and decomposition of carbonates. To this end, an excess of

6 mol HCl � dm–3 was added until the carbonates decomposed completely. Cations

formed during the mineralisation process of the plant organic matter were transformed

into chlorides. Subsequently, the excess of hydrochloric acid was evaporated on a sand

bath and the silica was simultaneously deposited. The deposit remaining in the

evaporator was dissolved in 10 cm3 of 5 % hydrochloric acid and transferred to

a measuring flask, with silica being separated on hard filter paper. The deposit on

a filter was washed three times with 5 cm3 of hydrochloric acid, and subsequently three

times with 10 cm3 of deionised water. The solution in the measuring flask was made up

to the specific volume, yielding the basic stock solution in which the contents of

selected macro- and micro-elements and trace elements, including heavy metals, were
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determined with an Optima 3200 RL atomic absorption spectrometer with inductively

coupled plasma (ICP-AES), manufactured by Perkin Elmer.

Soil analyses were performed on 20 primary samples, comprising one bulk sample

with a mass of about 0.5 kg. Dried soil was sifted through a 1 mm mesh sieve. The

following were determined in the soil: granulometric composition by the areometric

method, pH in 1 mole dm–3 KCl solution, organic carbon content (Corg) – by the Tiurin

method, chromium, cadmium, lead, copper and nickel – in accordance with the

methodology adopted at chemical-agricultural stations. The results of the analyses were

evaluated in accordance with the limiting values, developed by IUNG [18].

The results were worked out statistically by means of analysis of variance and

polynomial regression. The significance of sources of variation was tested by the

Fischer-Snedecor “F” test, while the LSD of 0.05 was evaluated by Tukey’s test. In

order to determine the contribution of each source of variation and their interactions in

the total variation of the attributes under study, the variation components were

evaluated, using the following notation: �

2
e – evaluation of environmental variation,

associated with repeating observation or measurement over many years; �

2
G –

evaluation of genotypic (cultivar-related) variation; �

2
p – evaluation of phenotypic

(total) variation. Variation coefficients were also calculated for each feature of chemical

composition of overground parts of the plant from the formula:

V =
s

x
� 100 %,

where: s – standard deviation, x – arithmetic average.

The weather in the years of study varied (Table 1). In 2003, the first half of the

vegetation period was humid and warm, June, August and September were droughty,

while October (which was decisive for the autumn growth of the overground parts) was

wet. In 2004, the beginning of the vegetation period (April–May) was humid and cold,

June and July were – dry, the weather in August and October was average and there was

extreme drought in September. In 2005, the May–June period was wet and cold, while

the other months – except August – were dry or droughty and warm [19].

Table 1

Sielianinov’s coefficient values (k) according to meteorological station in Uhnin

Years
Months

Mean
IV V VI VII VIII IX X

2003 2.2 1.4 0.9 1.3 0.6 0.5 2.4 1.3

2004 4.1 1.3 0.9 0.5 1.1 0.2 1.3 1.4

2005 0.7 1.9 1.9 0.7 1.2 0.3 0.2 1.0

k � 0.50 – strong drought; 0.50 � k � 0.69 – drought; 0.70 � k � 0.99 – slight drought; k � 1 – no drought,

according to Luterbacher et al [19].
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Experiment results

The experiment was carried out on soils whose surface humic layers consisted of

light sandy formations – clayey sands with acidic or slightly acidic pH (5.1–5.9) and

medium level organic carbon content (Table 2). The content of available phosphorus

and potassium in the soil was high to very high, whereas that of available magnesium

was low to high [18]. The average content of heavy metals in the soil was equal to: Cd –

0.71; Co – 0.82; Cr – 1.21; Ni – 2.71; Pb – 30 mg � kg–1 of dry soil.

Table 2

Characterization of soils according to agronomic categories

Agronomic

category

of soil

Year

Percentage content of fraction

in diameter [mm] Soil texture

(acc. PTG)
pHKCl

Corg

[g � kg–1]
1–0.1 0.1–0.02 < 0.02

Light

2003 57 24 19 pg 5.5 8.07

2004 62 25 13 pg 5.9 9.22

2005 66 21 13 pg 5.1 7.19

The main biomass safety indexes of Jerusalem artichoke biomass in renewable

energy production or in agricultural use (of the ash produced from it) were the content

of ash and selected elements, because it should emit as few gaseous substances (NOx,

SOx, Cl) as possible.

The Albik cultivar of Jerusalem artichoke contained significantly more macro-

-elements (N, K, P, Ca, Cl) in its overground parts than the Rubik cultivar. The Albik

cultivar was found to contain higher concentrations of magnesium and sodium and the

content of sulphur was not significantly cultivar-dependent. The value of the variation

index (V), which is a measure of how dispersed the results are, was low, which is a sign

of stability of the analysed features of the chemical composition of ash produced from

the overground parts of the plant under study. The potassium, phosphorus, calcium and

chlorine content in the Rubik cultivar was more stable than in the Albik cultivar, in

which, in turn, the nitrogen and magnesium content was more stable. The potassium

content proved to be the most stable feature, whereas calcium was the element with the

least stable content (Table 3). The structure of the variance components indicates

different contribution of the cultivars in the total variation of individual macro-elements

content. Cultivars had the decisive contribution in the overall variation of the content of

potassium, magnesium, nitrogen and phosphorus. The dominant role in the overall

variation of chlorine content was played by environmental variation, whereas for

sodium and sulphur – cultivars and years interaction (Table 4).

In regard to micro-elements, the Albik cultivar contained larger amounts of

manganese, while the Rubik cultivar – larger amounts of aluminium. The content of

molybdenum and iron was not determined by the genetic properties of Jerusalem

artichoke cultivars. Concentrations of molybdenum and iron in the Albik cultivar were

more stable, while those of manganese and aluminium were more stable in the Rubik
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Table 3

Effect of cultivars and years on the content of selected elements in dry mass of aboveground parts

of Jerusalem artichoke [g � kg–1 d.m.] (mean for 2003–2005)

Elements

Cultivars

LSD0.05Albik Rubik

mean Va mean V

[g � kg–1]

Ash 44.34 12.70 38.99 10.77 1.40

Nitrogen 27.56 3.66 26.15 9.97 1.00

Potassium 33.14 10.84 31.66 10.96 9.63

Phosphorus 2.42 18.45 2.38 22.27 0.08

Calcium 12.90 43.85 12.12 36.72 0.43

Magnesium 4.50 12.12 4.61 8.23 0.16

Sodium 1.73 9.60 1.95 14.78 0.07

Sulphur 1.10 12.41 1.05 16.32 bnb

Chlorine 0.29 41.50 0.27 45.18 0.01

[mg � kg–1]

Manganese 140.45 22.42 135.22 21.64 5.71

Molybdenum 0.16 37.77 0.18 42.11 n

Iron 229.27 23.76 227.57 26.42 n

Aluminium 628.05 28.72 850.19 20.94 25.80

[mg � kg–1]

Zinc 46.53 14.01 42.76 11.49 1.56

Chrome 3.12 19.04 3.15 20.16 n

Cadmium 0.29 19.43 0.31 27.32 0.01

Cobalt 0.22 8.59 0.23 13.03 n

Cuprum 7.88 11.24 8.33 11.33 0.30

Nickel 3.52 15.79 3.66 25.84 0.11

Lead 5.44 10.54 5.21 11.91 0.18

a Coefficient of variability; b non significance at the level � � 0.05.

cultivar (Table 3). Cultivar-related properties proved to be the dominant source of

variation in manganese content, while the interaction of years and cultivars was

dominant in molybdenum, iron and aluminium content (Table 4).

In regard to heavy metals, overground parts of the Albik cultivar of Helianthus
tuberosus contained more zinc and lead, while those of the Rubik cultivar contained

more cadmium, copper and nickel. The content of chromium and cobalt was not

significantly cultivar-dependent. The most variable features included the content of

zinc, while that of nickel was the most stable. The content of chromium, cadmium,
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Table 4

Effect of cultivars and years on the content of selected elements in dry matter of aboveground parts

of Jerusalem artichoke and their percentage of the total variance

Elements

Impact significance
The percentage of variance

in total variance

cultivars years
cultivars

× years
cultivars years

cultivars

× years

[g � kg–1]

Ash * ** ** 47.3 24.9 25.3

Nitrogen ** ** ** 51.6 27.1 5.6

Potassium ** ** ** 56.9 34.5 7.9

Phosphorus ** ** ** 50.8 4.9 36.2

Calcium * ** ** 9.8 41.0 47.7

Magnesium ** ** n 55.5 37.8 3.4

Sodium * ** ** 36.9 4.9 50.8

Sulphur n ** ** 4.7 22.3 69.7

Chlorine * ** n 6.3 82.2 4.5

[mg � kg–1]

Manganese ** ** ** 55.1 21.2 21.7

Molybdenum n ** ** 2.1 37.9 60.8

Iron n ** ** 4.5 18.6 72.3

Aluminium * ** ** 26.5 8.5 62.4

[mg � kg–1]

Zinc * ** ** 5.7 62.7 30.1

Chrome n ** ** 1.9 34.8 57.6

Cadmium * ** n 26.5 62.3 1.6

Cobalt n ** ** 0.8 68.5 30.1

Cuprum ** ** * 20.9 50.8 23.6

Nickel ** ** ** 9.4 41.9 47.7

Lead ** ** ** 10.2 38.4 50.2

* Significance at the level a � 0.05; ** significance at the level a � 0.01; n – non significance at the level

a � 0.05.

cobalt, copper and nickel was more stable in Albik than in Rubik cultivar; the Rubik

cultivar was found to contain zinc at more stabilised concentrations (Table 3). The

structure of the variance components of the content of heavy metals was complex.

Years of study played the dominant role in the variation of the content of zinc,

cadmium, cobalt and copper. Different weather conditions in the years of study should

be regarded as the main cause of the differences in the contents of elements. The ears

2003 and 2004 were humid, whereas 2005 was droughty. The interaction of cultivars
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and years proved to be the predominant source of variation in chromium and lead

content, which shows that the cultivars reacted differently to different weather

conditions (Table 4).

Discussion

Being a solid fuel, and apart from reducing carbon dioxide emission to the

atmosphere (closed cycle), biomass should emit minimum amounts of nitrogen and

sulphur oxides, chlorine and particulate matter to the atmosphere during the process of

conversion into energy. Ash from certain types of biomass melts at a burning

temperature and clogs grates, which seriously hampers the entire process. The content

of raw ash in the dry matter of Jerusalem artichoke, determined in the study, was equal

to 41.7 g � kg–1 on average. Similar values (33–40 g � kg–1 for air-dry mass of stems of

Jerusalem artichoke) have been reported by Kalembasa [8], Nemeth and Izsaki [20].

The content is much higher than that given by the popular quality standard of feedstock

for renewable energy production – DIN 51731 [21]. According to Harmankaya et al

[16], the content of ash in the air-dry matter of the overground parts of Jerusalem

artichoke is about 56 g � kg–1 and the melting point of the ash is low (960 oC). This may

make ash components deposit more intensely on the heating surface of boilers, thereby

disturbing heat exchange. There is a weak, negative correlation between ash content and

the calorific value of the feedstock, because an increase in ash content in biomass is

accompanied by decrease in its calorific value. The problem can be solved by applying

hybrid combustion or co-combustion systems and subsequently using the resultant ash

as fertiliser.

The usability of the overground parts of Helianthus tuberosus as feedstock for

renewable energy production is determined by various factors, including eg mineral

composition of ash. The average content of macro-elements in ash was (g � kg–1 of dry

matter): nitrogen 26.8, potassium – 32.4, phosphorus – 2.40, calcium – 13.7,

magnesium – 4.56, sodium – 1.84, sulphur – 1.07, chlorine – 0.28. The chlorine content

lay within the limits specified by the DIN 53731 standard [20], while that of nitrogen

and sulphur slightly exceeded them. Sunab et al [22] have shown that nitrogen

fertilisation at the dose of up to 150 kg N � ha–1 results in an increase in mineral nitrogen

content by 1 to 3 g � kg–1, and – consequently – in nitrogen oxides emission during the

plant combustion process. Chlorine content in combustion feedstock is a negative factor

due to the formation of hydrochloric acid or alkaline metal chlorides, which reduces the

ash melting point. Chlorine in biomass is found mainly in inorganic compounds, usually

in salts: NaCl and KCl [11]. A high chlorine content in biomass being burned, in

combination with water and high temperature during combustion or co-combustion with

coal, forms a vapour mixture of hydrochloric acid, which corrodes low-temperature

boilers. According to Batorek-Giesa and Jagustyn [23], the high concentration of the

element is responsible for the formation of highly toxic dioxines. Nemeth and Izsaki

[20] found Jerusalem artichoke to contain 47 g Cl � kg–1, whereas the value found in

a study by those authors was below the limits specified in the DIN 53731 standard [21].

The content of emission-significant substances in the energy plants studied by Scholz
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and Ellerbrock [5] lay within a wide range (g � kg–1 of dry matter), eg nitrogen – 32,

potassium – 2–19, sulphur – 0.4–3.3 and chlorine – 0.1–1.6. A similar content of those

substances in non-tree energy plants was found by Batorek-Giesa and Jagustyn [23] –

the content of ash and sulphur lay within a wider range, while the nitrogen content was

23–53 g � kg–1 of dry matter.

The average content of heavy metals in dry matter of the overground parts of

Jerusalem artichoke was equal to (mg � kg–1): cadmium – 0.30, cobalt – 0.225,

chromium – 3.17, copper – 8.11, nickel – 3.59, lead – 5.33. The toxic effect of heavy

metals becomes manifest when their concentrations in a plant environment becomes too

high [8]. Lead, chromium, cadmium and nickel are included in the list of ten main

environmental pollutants in Poland [24].

According to Barta and Patkai [25], Jasiewicz and Antonkiewicz [26] heavy metals,

contained in biomass, play an important role during combustion because their

condensation leads to the formation of submicron particles of fly ashes (aerosols). Such

particles are difficult to remove in dust filters and they pose an environmental and

health hazard. The following are the contents of those elements in biofuels which ensure

their problem-free use, according to the DIN 51731 standard (mg � kg–1 of dry matter):

cadmium – < 0.5 of cadmium, chromium – < 8, copper – < 5, lead – < 10, zinc – < 100

[21]. According to Jasiewicz and Antonkiewicz [26], the average content of heavy

metals in the overground parts of Helianthus tuberosus increased with increasing

pollution of soil with heavy metals. The content of those metals lay within the ranges

(mg � kg–1 of dry matter): Cd 0.19–29.84; Pb 2.17–19.12; Ni 1.58–40.59; Cu

4.11–25.90; Zn 15.9–222.1. This study found that the overground parts of Jerusalem

artichoke contained smaller amounts of cadmium, lead and zinc than the highest

acceptable concentrations (as per the DIN 51731 standard). Sat [27] evaluated the effect

of some metals, such as: iron (Fe2 + and Fe3+), cobalt (Co2 +), strontium (Sr2+), zinc

(Zn2+), mercury (Hg2+), nickel (Ni2+), aluminium (Al3+) and lead (Pb2+) on peroxidases

in Helianthus tuberosus. Those are a group of oxidoreductase enzymes which catalyse

oxidation of different organic and inorganic substrates with hydrogen peroxide. He

found Hg, Pb, Ni, Sr, Al and Zn to significantly inhibit the production of peroxidase

by Jerusalem artichoke plants. The relationship between heavy metals concentration

and genetic features of plants has been confirmed by Seiler and Campbell [28] as well

as Sat [27].

According to Sawicka [13], genotypic variation contributes to 46.7–98.3 % of the

overall variation of chemical composition. In terms of each feature, phenotypic

variation of the cultivars and wild forms of Jerusalem artichoke is the combined effect

of genetic and environmental variation. Seiler and Campbell [14], Wangsomunk et al

[15], MacLaurin [29] have proven that the size of the genotypic variance components of

Jerusalem artichoke is very high for nitrogen, calcium and potassium and that there is

considerable potential for their improvement by selection. On the other hand, the

contribution of genotypic variation was very low for heavy metals, which may suggest

that improvement of those features by selection will be difficult. Long et al [30], Zhang

et al [31], Khan et al [32] have shown that the differences between cultivars in taking up

heavy metals by Jerusalem artichoke plants stem from the diverse physiological

696 Barbara Sawicka and Dorota Kalembasa



reactions of the plants of different sensitivity to drought caused by polyethylene glycol

(PEG). The activity of antioxidative enzymes, characterised by cell membrane lipid

peroxidation, has proven to be the key. The cultivars with relatively higher water status

than drought-sensitive ones contained lower levels of malondialdehyde (MDA) and

higher levels of free proline. Moreover, the activities of catalse (CAT) and superoxide

dismutase (SOD) were higher after a period of drought. Seiler and Campbell [14] have

shown the genetic variation of the main components of chemical composition of the

overground parts of Jerusalem artichoke. In their opinion, high variation within the

population will allow for selection of individual elements in the chemical composition,

except for phosphorus.

Conclusions

1. Considering the use of biomass of Jerusalem artichoke for energy purposes and for

direct combustion, one has to take into account the need to conduct regular analyses

which also include determination of heavy metals.

2. The biomass of the overground parts of Jerusalem artichoke examined in this study

contained lower levels of cadmium, lead and zinc and higher levels of copper than the

highest acceptable concentrations specified in the German standard DIN 51731.

3. Cultivars contributed to most part of the variation of the levels of potassium,

magnesium, nitrogen, phosphorus and manganese. The dominant role in the overall

variation of chlorine content was played by environmental variation, whereas for

sodium, sulphur molybdenum, iron, aluminium, chromium and lead it was cultivar and

year interaction.

4. In terms of each feature, the phenotypic variation of the cultivars of Jerusalem

artichoke (Helianthus tuberosus L.) is the combined effect of genetic and environmental

variation.

5. Genetic variation of the cultivars will provide the possibility of development of

a strategy for improvement of the yield of Jerusalem artichoke which can be used for

energy purposes.
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OCENA SK£ADU CHEMICZNEGO S£ONECZNIKA BULWIASTEGO

(Helianthus tuberosus L.) JAKO SUROWCA ENERGETYCZNEGO

1 Katedra Technologii Produkcji Roœlinnej i Towaroznawstwa

Uniwersytet Przyrodniczy w Lublinie
2 Katedra Gleboznawstwa i Chemii Rolniczej

Uniwersytet Przyrodniczo-Humanistyczny w Siedlcach

Abstrakt: Praca dotyczy analizy zmiennoœci sk³adu chemicznego popio³u czêœci nadziemnych s³onecznika

bulwiastego, jako odnawialnego Ÿród³a energii. Czynnikami eksperymentu by³y odmiany Helianthus
tuberosus: Albik i Rubik, uprawiane na glebie lekkiej, kompleksu ¿ytniego dobrego, w warunkach sta³ego

nawo¿enia mineralnego i pe³nej dawki obornika. W popiele tych roœlin oznaczano: zawartoœæ makro-

i mikroelementów oraz wybranych metali ciê¿kich. Zmiennoœæ fenotypowa odmian s³onecznika bulwiastego,

pod wzglêdem ka¿dej cechy, by³a ³¹cznym efektem zmiennoœci genetycznej i œrodowiskowej. Decyduj¹cy

udzia³ odmian, w wariancji ca³kowitej, mia³a zawartoœæ: potasu, magnezu, azotu, fosforu i manganu.

Dominuj¹c¹ rolê w zmiennoœci ogólnej chloru, cynku, kadmu, kobaltu i miedzi odgrywa³a zmiennoœæ

œrodowiskowa, zaœ w przypadku sodu, siarki, molibdenu, ¿elaza, glinu, chromu i o³owiu – wspó³dzia³anie

odmian i lat. Biomasa czêœci nadziemnych s³onecznika bulwiastego zawiera³a mniejsze iloœci kadmu, o³owiu

i cynku ni¿ wartoœci dopuszczalne, okreœlone w niemieckiej normie DIN 51731.

S³owa kluczowe: s³onecznik bulwiasty, odmiany, bezpieczeñstwo biomasy, makroelementy, mikroelementy,

metale ciê¿kie
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