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1. Introduction

This document serves as a guidance on the use of 4 energy crop species tested under the
Phyto2Energy project to implement the novel approach consisting of phytoremediation driven
energy crops production on heavy metals contaminated soils. It is based on data from a four-year
field experiment carried out in the Phyto2Energy project under the leadership of research fellows
from the Institute for Ecology of Industrial Areas (IETU), Poland in cooperation with experts from
VITA34 GmbH, Germany. One of the aims of this experiment was to investigate some pre-selected
energy crop species from the viewpoint of producing satisfactory biomass yield both from a
phytostabilization and /or phytoextraction process under real conditions. The four tested energy
crop species include:

e  Miscanthus (Miscanthus x giganteus),
e Virginia mallow (Sida hermaphrodita),
e Switchgrass (Panicum virgatum),

e Cordgrass (Spartina pectinata).

This document provides a practical knowledge to engineering companies dealing with soil
remediation as well as engineering companies dealing with green energy production to support
heavy metal contaminated site owners and land use planners on the selection of the most
appropriate energy crops depending on the targeted heavy metal land management option, site
conditions, climatic conditions.

General scheme of biomass production on HM contaminated areas is presented below (Figl).
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Fig. 1. A general overview of the phytoremediation driven energy crops production on heavy metal
contaminated areas.
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Under the Phyto2Energy project two targeted heavy metal land management options were
considered:
a) Phytoextraction of heavy metals with energy crops to restore soil for agricultural food
production.
b) Phytostabilization with energy crops for economic restoration of an abandoned heavy metal
contaminated site by producing non-contaminated biomass for energy purposes.
These options are further discussed in the section 3 — Land management options.

2. Energy crop characteristics

Current, biomass production is focused on second generation, low input perennial bioenergy
crops (e.g. Panicum virgatum, Spartina pectinata, Miscanthus spp.) [4, 5, 6]. Such plants have much
lower input requirements, produce more energy and reduce greenhouse gas emission compared to
the first generation annual food crop species [7].There is a number of typical energy crop species
available on the market which have also been tested with success for phytoremediation effect on
HMC arable land. They, however, need further tests for different heavy metals to prove their
robustness for large scale applications. Until now species used so far in Poland as well as in other EU
countries as energy crops are miscanthus [9, 10], switchgrass [10, 11] and virginia mallow [12]. All
these species are normally grown on non-contaminated agricultural land. Among above listed plant
species only switchgrass [15] and miscanthus [16] were also used for phytoremediation of heavy
metal contaminated sites. Surprisingly, little has been investigated on the effects of combining the
production of energy crops with phytoremediation using safe biomass utilization derived from HMC
soils [17].

Characteristics of plants commonly used as a energy crops, including: physiological features, yield
and possible uptake of heavy metals in aboveground biomass are presented below.

2.1. Miscanthus x giganteus

Figure 2. Miscanthus x giganteus growth on the heavy metal contaminated arable land (second
growing season).
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General characteristics

Miscanthus x giganteus is a perennial rhizomatous C4 grass species, contains the genomes of
Miscanthus sinensis and Miscanthus sacchariflorus [19, 20]. It is the one of 23 species of Miscanthus
that is a great of significance for energy purposes [39]. Because of its C4 photosynthetic pathway and
perennial rhizome, Miscanthus displays quite good combination of radiation-, water- and nitrogen-
use efficiencies for biomass production [24].

Origin

The genus Miscanthus has its origins in the tropics and subtropics, but different species are found
throughout a wide climatic range in East Asia. M. x giganteus was first cultivated in Europe in the
1930s, when it was introduced from Japan.

Nutrient requirements

Miscanthus has a low nutrient requirements, but the addition of nitrogen, phosphorus and
potassium may at times be necessary, especially on sandy soils. The solid fertilizer applied before
planting should contain: nitrogen 70 kg ha™, phosphorus 30 kg ha™ as P,0Os and potassium 45 kg ha™
as K,0 [16, 21]. Plant development and biomass production per square meter depends also on soil
type. On agricultural soils, even contaminated, miscanthus grows well without any toxic symptoms.
On a former post-industrial site the plant growth could be affected by low water content and
nutrient deficiency due to the ground structure.

Harvesting

Miscanthus is harvested annually when stems have low water content, which is normally in late
winter or spring of the following year. At this time mineral nutrient content has been reduced by
remobilization to rhizomes and natural weathering. A low mineral content at harvest is desirable in
biomass intended for thermal conversion because it minimizes the impact on combustion efficiency
and lowers stack emissions [22]. Miscanthus sp. can give the highest crop yield, caloric value and
energy yield per hectare compared to other energy plant species, with crop yield between 12 and 30
tons of dry mass per hectare [23]. The lifetime of the crop is estimated between 20 and 25 years,
Miscanthus biomass is produced during two phases: a yield-building phase, which in M. x giganteus
lasts for two to five years, depending on climate and plant densities, and a plateau phase where the
yield is maintained [24].

Breeding/Propagation

Cultivation of M. x giganteus especially in Europe and North America in temperate climates has a
few disadvantages such as relatively high establishment costs, narrow genetic base and low
hardiness in the first winter following establishment [6]. As a consequence of its triploidy, M. x
giganteus is sterile and cannot form fertile seeds [19, 20]. The most popular methods propagation of
M. x giganteus are in vitro tissue culture and rhizome cutting.

Ecological requirements

M. x giganteus has no special ecological requirements and can be grown through the Europe.
Species is well adapted to different types of soil, prefers humid condition and higher temperatures.
The photosynthesis efficiency and crop yield are depend on temperatures. The growing season ends
with the first frost [39].
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Heavy metals accumulation

The uptake of metals strongly depend on the level of bioavailable forms both on clean and
polluted soils. M. x giganteus is capable of accumulating about 2 mg Pb kg™, 0.3 mg Cd kg™*and 25 mg
Zn kg™on clean soil while on loamy soil contaminated with heavy metals - up to 200 mg Pb kg™, 5 mg
Cd kg and 700 mg Zn kg™ [25]. Furthermore, on the clean haplic luvisols M. x giganteus may
accumulated from 2.2to 2.8mg kg™ Cu, 0.5to 0.5mg kg™ Ni and 12.6 31.7mg kg™ Zn while on the
contaminated haplic luvisols the plants may accumulated 3.7 to 11.4mg kg™* Cu, 12.5 to 54.1mg kg™*
Ni and 264.0to 1086.0mg kg™ Zn [26].

Measures to maximize phytostabilisation effect

M. x giganteus is a valuable plant that can be successfully grown on soils polluted with Zn, Cd
and Pb. Aided phytostabilisation using red mud lead to a significant decrease in the labile (mobile
fraction) concentration of heavy metals in soil and corresponding uptake by plant tissues, especially
in stems. Also, addition red mud to the soil causes an increase of biomass production. All these
findings show that M. x giganteus can be used for the production of renewable biomass on metal-
contaminated soils and the application of red mud can contribute to increase the biomass
production, to reduce metal concentrations in plant tissues and to a potentially reduced risk of metal
leaching to subsoil layers or groundwater [23]. Moreover, the application of solid NPK fertilizer (once
before planting) can diminish HM uptake. For biomass production it would be better to obtained low
HM content in biomass which reduces the problem of HMs in further biomass processing [16].

Applications
M. x giganteus biomass can be used as solid fuel, in construction materials such as pressed
particle-board, and as a source of cellulose [18].

2.2. Sida hermaphrodita (virginia mallow)
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Figure 3. Sida hermaphrodita growth on the heavy metal contaminated arable land (second growing
season).

General characteristics

Virginia mallow (Sida hermaphrodita) belongs to the Malvaceae family, thereby the reference to
mallow in one of its common names [27]. It is characterized by a deep root system, rapid growth and
high vyield from 12 to 20 t ha™ dry matter [28]. It has the ability to accumulate carbon in the root
system [29].

Origin

Sida hermaphrodita originates from the Southeastern parts of North America. In the 20th
century, the plant was brought to Europe, specifically to Ukraine, and then it was introduced in
Poland [27].

Nutrient requirements
Before planting, depending on soil fertility status addition of solid fertilizer is needed: nitrogen
100 kg ha™, phosphorus 80 kg ha™ as P,Os and potassium 120 kg ha™ as K,0 [27].

Harvesting

The most advantageous harvest time can take place from January through April; however before
new stems regrow. Thus, it makes possible, without expensive biomass drying and storage, to
proceed to granulation or combustion of biomass delivered directly from the field [43].

Breeding/Propagation

S. hermaphrodita produces seeds, but also it can reproduces vegetative via rhizomes spreading.
The shoots emerge in April from a well-developed rhizome, buds being situated at the base of the
stems of the previous year. Species is considered a susceptible for pests and diseases. It is estimated
that the plantation life time is 20 years. The flowers appear from July until the first frost. S.
hermaphrodita achieves more than 4 m height and more than 40 shoots per square meter during
single growing season [45]. Because of the slow rate of seeds germination and the low
competitiveness of cuttings, the virginia mallow is not considered to be an invasive species [30]. It
can be grown on the slopes of eroded areas, land which is excluded from agricultural use, on
chemically degraded areas, also on dumps and landfills [27].

Ecological requirements

Sida hermaphrodita is characterized by quick adaptation to different climatic and soil conditions
[28], however is sensitive to water shortages as well as diseases or pests [27]. It doesn't have any
special ecological requirements. It is well adapted to different types of soil, but in low-condition
soil the yield will decrease. Also, the temperature have an influence on the amount of yields in
growing season, the low temperature causes downturn of stems grown and seeds germination.
Virginia mallow is well adapted to water deficiency and low-temperatures (up to —35 °C) in winter
season. Its growth is more dependent to water deficiency than other nonwoody energy crops [43,
45]. Good plant growth without any toxic symptoms is expected on agricultural soils (even if the soil
is contaminated) while on post-industrial sites, plant growth could be affected by low water content
and nutrient deficiency.

Heavy metals accumulation

D 1.3 (v.Final) IETU_ Guidance on the optimal selection of species for phytoremediation driven energy crop
production on HMC sites
Page 7 of 24



S. hermaphrodita has abilities to accumulate contaminants such as cadmium, nickel, lead and
zinc. It has ability to accumulate more amount metals in the above-ground part of the plant than in
the soil, showing good phytoextraction coefficient [44].

Measures to maximize phytoextraction effect

S. hermaphrodita has a high potential of phytoextraction of HMs (Ni, Cu, Zn, and Cd) in
comparison to other species used as energy crops [12, 31]. Virginia mallow can be used in heavy
metal phytoextraction. The heavy metal phytoextraction by S. hermaphordita depends on the
bioavailable form of the metals in the soil, additionally fertilization can reduce HM accumulation in
plants. Bioaccumulation factors are higher for plants cultivated on heavy metal contaminated arable
land, 0.21-0.55 for cadmium and 0.23-0.86 for zinc, depending on treatment, while on sewage sludge
dewatering site those values does not exceed 0.1 [21].

Applications

S.hermaphrodita is a valuable raw material used in power generation, biogas production and also
used as a source of fibers and feed [27]. Also, virginia mallow can be used in textile, food, medicinal
and pulp and paper industries. The calorific value of S. hermaphrodita vary between 17,000 — 18,500
k) kg™ [28].

2.3.  Panicum virgatum (switchgrass)

Figure 4. Panicum virgatum growth on the heavy metal contaminated arable land (second growing
season)

General characteristics

Panicum virgatum (switchgrass) is a native, cross-pollinated, perennial warm-season grass with a
C4 photosynthetic pathway.[32]. P.virgatum reaches a height of 1-2, rarely 3 meters. Inflorescences
reaches from 15-50 cm in length. Full yield is reached 3 years after planting. The yield is estimated at
7-9 Mg d.m. ha™, while the energy value is 15-17 GJ kg™ [34].

Origin
It is originates from the North America (USA and Canada, primarily east of the Rocky Mountains
and south of Hudson Bay) [32].
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Nutrient requirements

Panicum virgatum (switchgrass) is a high-yielding and low-input bioenergy feedstocks which
need before planting fertilizer addition which consist of nitrogen 80 kg ha™, phosphorus 50 kg ha™ as
P,Os and potassium 75 kg ha™ as K,0. After 35 years, the yields are 10.4 + 1.0 Mg ha™" [33]. Adding
phosphorus and potassium to seedbeds can cause favorable growth seeds. In contrast to nitrogen,
which added to seedbeds over first phase of growth can causes undesirable weed growth [40].

Harvesting

It can be cut and harvested using traditional grass-harvesting machinery. The thin woody stems
allow good dry-down in the winter. No records of harvesting methods of storage in the European
context have been found [40].

Breeding/Propagation

Switchgrass is established from the seeds. To be able to breed switchgrass it requires seedbeds
using traditional ploughing and insurance that the surface is free from weed. Sowing is normally
carried out using small drills. The optimal temperature to sow is 10-15 °C and it should be carried out
to the depth of 1 cm and to 400 plants per m2 [40].

Ecological requirements

P. virgatum can withstand low-temperatures without any problems [40]. It can be grown on any
type of soil - light, moderately concise, saline or alkaline soil [34] and has resistance to acid soils but
it has been recorded that most beneficial growth is on neutral soil [40]. Good plant growth is
expected without any toxic symptoms on agricultural soils (even if the soil is contaminated) while on
former post-industrial sites the plant growth could be affected by low water content and nutrient
deficiency due to the ground structure.

Heavy metals accumulations

Switchgrass can be used to remove heavy metals as a cadmium, chromium, and zinc from soil
using its ability to uptake metals on contaminant lands. In a sand culture the Switchgrass can
accumulate Cd at a low soil pH. The maximum uptake of heavy metals as Cd, Cr, Zn using P .virgatum
amounts to 40 and 34 pg pot™, 56 pg pot ™", 358 and 254 ug pot’, respectively. One can adopt the
optimal timing of harvest as plant Cd, Cr, and Zn approach 450 and 526 mg kg™, 266 mg kg™, and
3022 and 5000 mg kg™, respectively [46]. Heavy metals in soil can affect mineral macronutrients
status in P. virgatum, especially Mg and K [34].

Measures to maximize phytoextraction effect

Switchgrass has a high biomass and can be successfully used in phytoremediation of
contaminated soils. Addition EDTA (ethylenediaminetetraacetic acid) or natural acids can cause
increase phytoextraction efficiency with the use of Switchgrass. It was considered that the optimal
phytoextraction of Pb occurs with applications of 1.0 mmol EDTA kg-1 soil. The second alternative to
maximize phytoextraction efficiency is application citric acid as an alternative to EDTA. The desired
soil pH to maximize Pb-phytoextraction is 4.0-4.5. Both methods maximized phytoextraction can
causes side effects. Also exogenous application of plant hormones as a gibberellic acid (GA3) or
indole-3-acetic acid (IAA) has been used to improve phytoextraction [49]. Uptake of heavy metals by
energy crop is determined by the metal bioavailability. Better remedial effect is reached during the
winter sampling [47]. Moreover, Switchgrass has been successful in absorbing Cd from contaminated
soil. The optimal phytoextraction conditions were found to be in a pH range from 4.1 to 5.9 and a Cd
concentration range from 100 to 175 uM [48].
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Applications

It is emphasized that the Switchgrass can be used as an alternative species in the reclamation
and stabilization of contaminated sites as well as to bioaccumulation of heavy metals and for
bioenergy production [34]. P. virgatum, like Miscanthus, has the ability to collect and store
underground coal and to produce large quantities of biomass with minimal agricultural inputs [4]. As
well as switchgrass can be used as cellulosic biomass feedstock for biorefineries and biofuel
production [35]. It is also used as an ornamental plant [40].

2.4. Spartina pectinata (cordgrass)

Poea LT P s

Figure 5. Spartina pectinata growth on the heavy metal contaminated arable land (second growing
season).

General characteristics

Spartina pectinata (cordgrass) is a C4, rhizomatous, perennial, and warm-season grass belongs to
Poaceae family [5]. Occurs in salt marsh ecosystem [41]. It has high biomass production (5.0-9.7 Mg
ha™) in eastern South Dakota, USA [5]. While, in eastern England achieves 12-14 Mg-ha™ and in
northern Germany 12.8 Mg-ha™ [38]. The biomass of S. pectinata primarily consisting of leaves and
stems reaches a height of about 1-3 m.

Origin
It is originates from the North America and is characterized by a very wide range of occurrence,

from New Foundland and Quebec (Canada) to Arkansas, Texas and New Mexico (USA) [5].

Nutrient requirements
Typical solid fertilization before planting should contains: nitrogen 80 kg ha™, phosphorus 50 kg
ha™ as P,0sand potassium 75 kg ha™ as K,O.

Harversting
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The location and season have influence a lot on amount of yield and moisture content, but long-
term production depends on time of harvesting. The most appropriate time for harvesting is the time
after stems have died in the winter. For harvesting dead stems standard machinery can be used [41].

Breeding/Propagation

Cordgrass reproduces both generative through seeds and vegetative by rhizomes [37]. Seeds
vitality and germinate depends on temperature and humidity. In controlled storage increase of
temperature and moisture causes decreased vitality. Although humid soil causes seeds to develop
rapidly [42].

Ecological requirements

Spartina pectinata is predominantly found in lower, poorly drained soils along roadsides, ditches,
streams, marshes, wet meadows, and potholes where soils are overly saturated [36, 37, 5]. It is well
adapted to various abiotic stresses including cold, water saturation, and saline soils. It can grows in
humid environment and tolerates acidified areas, and is resistant to changing environmental
conditions [36]. Sometimes especially when grown on arable land or postindustrial site can produce
higher biomass per square meter than Miscanthus. The cordgrass is able to growth on degraded
lands [37].
S. pectinata is resistant to cold winter (-15 to -20 °C), different types of soil and high groundwater
levels, but has not adapted to prolonged flooding. Soil moisture has an beneficial effect to accelerate
seeds germination. The optimal conditions is the temperature of 20 °C at night and up to 30 °C during
day time [42].

Heavy metals accumulations

On the Haplic Luvisols clean soil Spartina pectinata may accumulated from 3.5 to 4.3 mg kg™ Cu,
0.4 to 0.9 mg kg™ Ni and 20.0 to 35.6 mg kg™ Zn. While grown on the contaminated haplic luvisols
soil may accumulated 6.1 to 8.8 mg kg™ Cu, 13.7 tom 39.4 mg kg™* Ni and 911.0 to 1038.0 mg kg™’
Zn. Corgdrass is more tolerant to soil contamination with Cu, Ni, and Zn than M. x giganteus [26]

Measures to maximize phytoextraction effect
Phytoremediation potential of plants may change together with the growth of plants, and
therefore, the duration of the experiment [26].

Applications
S. pectinata could be treated as energy crops and as fuel material [38] and can be used for the
reclamation of soils contaminated with heavy metals [26].
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3. Land management options

Depending on future land use, energy crops grown on heavy metal contaminated land can be

applied for two purposes:
1. PHYTOEXTRACTION: uptake of contaminants to the aboveground biomass with a
simultaneous production of biomass for energetic use. This option is mainly feasible on
heavy metal contaminated agricultural land which due to that fact is excluded from food

crops production.

PHYTOEXTRACTION
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Taken up into
Plant Tissue

Translocation info
Shoots

Plant Uptake

Soil Being Contaminant
Remediated

Figure 6. Scheme of phytoextraction
(source: https://knowhowtogmo.wordpress.com/2011/01/31/phytoextraction/ )

2. PHYTOSTABILISATION: to stabilize contaminants into the root system and uptake heavy
metals but in limited quantities. This option finds application in particular for postindustrial
sites with elevated HM content in the ground which are idle and as such may pose some risk
to the environment. Phytoextraction allows to reduce this risk and return the land into
economic use by biomass production. Despite contamination, appropriate selection of
energy crops enables production on non-contaminated biomass that may have multiple

application including energy production.
PHYTOSTABILIZATION

T .
TS Absorption
A

. S
E

ks ~ c
e - EC
Reduced . &
Surface E N g
Adsorption

Erosion

onto Root

Mycorrhiza X \:'

;3‘1“ &Fi} I
G £ E
c c: IE‘xudotes
; ([Enzymes, Alcohols,
€ c Phenols, ‘Qarboha/drotes,
E

EC and Acids|

C

4N
Precipitation or
Immobilization in Soil

Contaminant Plume
("C" Represents Contaminant Compound)

Figure 7. Scheme of phytostabilisation (source: https://denisesteinert81.wordpress.com/)
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Comparison of phytoextraction and phytostabilisation approach are presented in Table 1.

Table 1. Comparison of phytoextraction and phytostabilisation approach

Phytoextraction
driven energy crops production

Phytostablisation
driven energy crops production

Purpose Remove contaminants from soil to restore | Produce biomass for energy
the land for agricultural production (food or | purposes while preventing the
feed) by production of biomass spread of contamination , reduce

environmental risk

Application Agricultural lands with HM contamination Industrial sites

Key Improvement of the soil quality , removal of | Land recovery for  biomass

advantages contaminants, future possibilities for food or | production with calculated income
feed production, temporal change in land use | for at least 15 years
with lack of income (energy crop instead of
food production)

Key Long term process depend on heavy metal

disadvantages | levels and planned land use in the future

Biomass Contaminated biomass  with limited | Production of non-contaminated

application options , optimal conversion to
energy by gasification

biomass, optimal option of the

conversion to energy by
combustion or anaerobic
digestion,

4. Criteria to use energy crops for phytoremediation approach

There are three main factors which determine the use of phytotechnology on heavy metals
contaminated areas:

1. Level of soil contamination

2. Appropriate soil conditions for plant growth

3. Appropriate climatic conditions for plant development

To investigate these factors it is necessary to obtain the following data on the site specific conditions:

v’ site characteristics form the contaminants point of view,

v’ existing vegetation influence on the energy crop plantation (weeds etc.),
v hydrological and climate conditions.

Soil, climate parameters and plant requirements needed for energy crop cultivation are listed below.

4.1. Soil parameters

Soil parameters which should be analyzed to assess the possibility of energy crop plantation on
heavy metal contaminates land are as follows:
v' type of soil,

PH,

A NERNERN

electrical conductivity,
organic matter,
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v total concentration of contaminants (for example Pb, Cd, Zn etc.),
v’ bioavailable concentration of contaminants (contaminants presence in soil solution),
v’ total and available macronutrients: N, P, K, Ca, Mg,

4.2. Plant growth requirements

Each plant need the optimal condition to growth.
What is important in plants growth:

1) Fertilization based on plant requirement, for proposed energy crops should be added before

planting:

i) NPK standard fertilization (ammonium sulphate and phosphorous - 4% N, 22% P,0s, 32%

K,0), applied directly to the soil before planting:

- Miscanthus x giganteus - nitrogen 70 kg ha™, phosphorus 30 kg ha™ as P,0s and
potassium 45 kg ha™ as K,0);

- Sida hermaphrodita - nitrogen 100 kg ha™, phosphorus 80 kg ha™ as P,Os and potassium
120 kg ha™ as K,0);

- Panicum virgatum - nitrogen 80 kg ha™, phosphorus 50 kg ha™ as P,Os and potassium 75
kg hatas K,0);

- Spartina pectinata - nitrogen 80 kg ha™, phosphorus 50 kg ha™ as P,0s and potassium 75
kg hatas K,0);

or during the plant growth:

ii) Commercial liquid fertilizers applied directly on plant or soil surface

2) Weed control is an important factor, especially during the establishment and first two years
of the crop. It is recommended that before planting the field should be completely cleared of
all perennial weeds. It is very important to do it before planting of energy crop grasses
because after we cannot use the herbicide against perennial weeds.

4.3. Site climatic requirements

All 4 energy crop species demonstrate high resistance against disadvantageous climate
conditions. The plant has evolved in regions of the world that have large temperature fluctuations
between summer and winter. Energy crops are able to growth in wide climates from drought to
moderate.

Climatic parameters which should be controlled during plant growth:

v' Temperature,
v' Precipitation.

5. Recommendations for energy crops use for phytoremediation approach

Summary of the P2E project results concerning possible use of energy crop in phytoremediation of
heavy metals contaminated sites is presented in the Table 2.
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Table 2. Matrix of possible energy crop use in phytoremediation of HM contaminated land

Phytoextraction | Phytostabilisation
Energy crop Heavy metal
Pb Cd Zn Pb Cd Zn
Miscanthus  x
giganteus . .
Sida
hermaphrodita . .

Panicum
virgatum .

Spartina
pectinata .

‘ Medium potential for phytoremediation
‘ High potential for phytoremediation

6. Implementation depending of future land use — case studies — Polish

(Bytom) and German (Leipzig)

For implementation of the idea to use energy crops in phytoremediation two case studies were

chosen:

1) For the first site - Polish case study (Bytom) which was an agricultural land affected by HMs
soil contamination (especially zinc, cadmium and lead) resulting from a decommissioned lead
and zinc smelter activity, phytoextraction approach was implemented. The contents of Pb,
Cd and Zn in soil exceed the limits set by Polish law for arable lands. They exclude this area
from food production. Soil texture at the site has been classified as silty loam.
Phytoextraction of HM by energy crops can help to diminish bioavailability of contaminants
in soil and give possibility to back to feed or food (mainly cereals) production in future.
Contaminated energy crop biomass can be used as energy source but technology to obtain
energy from biomass should be safe for environment (direct combustion is prohibited).

2) For the second site, located in Leipzig called German case study which was a former sewage
sludge dewatering site that was operational from 1952 to 1990, phytostabilisation approach
was implemented, which give the possibility to obtain less contaminated biomass. Following
its closure, approximately 650,000 tons of sewage sludge remained in several basins.
Because exceeded level of HMs was found, phytoremediation of the site using Phragmites
australis (Cav.)Trin. ex Steud was carried out. Nevertheless, the sewage sludge still remained
contaminated with lead, cadmium and zinc. Soil texture at the site has been classified as
sandy loam. Phytostabilisation (due to the low bioavailability of contaminants) give
possibility to demonstrate that such postindustrial site could be used for “safe” biomass
production and can give some profits to the owner (selling the biomass for energy purposes)
in future.

D 1.3 (v.Final) IETU_ Guidance on the optimal selection of species for phytoremediation driven energy crop
production on HMC sites
Page 15 of 24



6.1. Energy crop plantation establishment (soil and plant requirements)

Experimental trials in Poland — arable land (Fig. 8a) and Germany — postindustrial land (Fig. 8b)
were established in May/June 2014 and last for three growing seasons.

Before planting, composite soil samples were taken from each sites at 0-20 cm depths, to
determine the parameters characterizing soil/ground (see the chapter 3.1 Soil requirements)

Rhizomes (Miscanthus x giganteus), roots seedlings (Sida hermaphrodita, Spartina pectinata) and
seedlings (Panicum virgatum) were planted at 10 cm depths.

To see the difference how energy crops reacts on different type of fertilization (soild or liquid)
and how it can change the biomass production, different options of ferritization were used:
. C — Control, no treatment;
. NPK- NPK standard fertilization (as ammonium sulphate and phosphorous - 4% N, 22% P,0s,
32% K,0), applied directly to the soil before planting, calculate based on plant requirements (see
chapter: 3.2 Plant requirements)
o INC - Commercial microbial inoculum Emfarma Plus® ProBiotics Poland was applied as an
alternative for the standard chemical fertilization.

Figure 8. General view of energy crop trials established on: a) arable land contaminated with HM
(Polish case study); b) postindustrial site (German case study)

6.2. Soil characteristics on case studies

Physio-chemical soil initial parameters were generally homogenous within the experimental
sites. Differences were observed between the sites due to the historical uses and the source of the
contaminations, resulting from smelting activity and sewage sludge deposition for Polish and German
site, respectively (Table 3). Soil pH was neutral and did not differ significantly between the sites. The
soil EC and OM content was about 6-fold higher at the Leipzig site when compared to the Bytom site.
The Pb total soil content was slightly higher in the Bytom site (about 637 mg kg™) when compared to
the Leipzig site (about 615 mg kg™). The total content of Cd and Zn was 36% and 63% higher at the
Leipzig site, respectively. The bioavailability of Pb was below detection limits in both sites. Higher
bioavailability of Cd was found at the Bytom site, while for the Leipzig site, it was below the detection
limit (control plot). The bioavailability of Zn in the soil was almost 6.5-fold higher for the Bytom site.
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Table 3. Heavy metals content and physico-chemical parameters of initial soil on two experimental
test sites.

CASE STUDY

Property POLISH GERMAN

(Bytom) (Leipzig)
pH (1 : 2.5 soil /KCl ratio) 6.79 6.37
Electrical conductivity (uS/cm) 127 797
Organic matter content (%) 6.2 32.95
Sand (1-0.05mm ), % 28 58
Silt (0.05 — 0.002 mm), % 56 19
Clay (< 0.002 mm), % 16 23
Total heavy metal concentration (extraction with aqua regia)
Pb (mg kg ) 635 612
cd (mg kg‘l) 25.7 34.20
Zn (mg ke ) 2360 3880
CaCl2 extractable metal fraction ’
o5 b BDL BDL
cd(mgkg ) 1.87 (7.27)" 0.280 (0.81) "
Zn (mg ke ) 110 (4.66) " 12.63 (0.32)

Values represent mean of three replicate samples + SE
a
— extraction with 0.01 M CaCI2

b
— in parentheses percentages of total metal concentrations are presented

6.3. Biomass production on case studies

Based on the results of the obtained biomass per plot, biomass yield in t/ha was calculated for
each plant and respective treatment variant. Figure 9 presents the calculated biomass yield after the
third growing season. Significantly higher yield for M. x giganteus, S. hermaphrodita and S. pectinata
was calculated for the Bytom site, while for P. virgatum obtained biomass yield was comparable for
both of the sites. Among all of the tested species, the highest biomass yield was found for M. x
giganteus (over 20 t ha™ for inoculated plot) and S. pectinata (over 20 t ha™ under standard NPK
fertilization) cultivated at the Bytom site. The yield of M. x giganteus, S. pectinata cultivated at HM
contaminated arable land in Poland was over twice time higher when compared to the former
sewage sludge deposit site. In case of S. hermaphrodita, the obtained yield at Polish test site was 1.5-
fold higher for inoculum treatment and over 2-fold higher for NPK fertilization. At control plots, the
yield of these species was slightly higher at the German test site.
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Figure 9. Comparison of the biomass yield after the 3" growing season.

Summarizing — Inoculation enhanced biomass production for Miscanthus x giganteus from both
sites and Sida hermaphrodita (virginia mallow) grown on arable land contaminated with HM in
comparison to control and NPK fertilization (solid fertilization). But the cost of applying inoculum
to the ground (once before planting and on each month spraying on soil surface) are higher in
comparison to NPK fertilizer application (once before planting).
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6.4. Remediation potential of energy crops

Based on the results of the heavy metal uptake by plants and the biomass yield after the third
growing season, the extractions of heavy metals per hectare were calculated. Figure 10 illustrates the
extraction of Pb kg ha™. The highest lead extraction was found for Spartina pectinata. Even if this
species is not cumulating the highest amount of lead among all tested species, a high biomass yield
caused that using this species, it is possible to extract up to 1 kg of lead per hectare per year.
Miscanthus and Panicum are able to extract twice lower amount of lead, while S. hermaphrodita is
able to extract only a very limited amount of this element. Because of a lower lead uptake and
biomass yield, plants cultivated at the Leipzig site extracted a very limited amount of lead.
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Figure 10. Lead extraction by plants after third growing season.

The data shows that at the Pb extraction levels demonstrated by Spartina pectinata ,
cultivation of cordgrass on a heavy metal contaminated arable soil for the period of 15- 20 years
may allow to diminish the concentration of Pb in soil to the levels that enable restoring feed or
food crops production.

On the other hand a very low Pb extraction found in biomass of Miscanthus x giganteus and
Sida hermaphodita (virginia mallow) from the postindustrial site suggest, that these species could
be used for non-contaminated or slightly contaminated biomass yield production.

Figure 11 presents cadmium extraction per ha after 3 growing season. The highest efficiency in
cadmium extraction was found for Miscanthus cultivated at the Bytom site, especially under
microbial inoculation. Also for Sida hermaphrodita it was found that the microbial inoculation
stimulated the extraction of this element. The lowest cadmium extraction was found for Panicum
virgatum. The main reason was due to the lowest biomass production among all the tested plant
species. Plants cultivated at the Leipzig site were able to extract significantly lower amounts of Cd
when compared to the Bytom site. It was determined both by low metal bioavailability in the soil and
a low biomass yield.
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Figure 11. Cadmium extraction by plants after third growing season.

Summarizing - Cd extraction by Miscanthus x giganteus after 15 to 20 years of growth on
arable land contaminated with heavy metals can diminish concentration of Cd in soil to the levels
potentially enabling restoration of feed or food crops production.

On the other hand, low Cd extraction found in biomass of Panicum virgatum grown on arable
and postindustrial land suggest that it is possible to produce “safe” (low metals content) biomass
on such areas.

Figure 12 presents zinc extraction per ha after the 3rd growing season. The highest extraction of
this element was found for Miscanthus cultivated at the Bytom site under the microbial inoculum
fertilization. Taking into account the obtained biomass yield it is possible to extract over 3.5 kg of zinc
each year. Almost twice lower (about 2kg/ha/year) extraction was found for Miscanthus cultivated at
the Leipzig site, where the yield was the main determining factor. A similar trend was found for the
Bytom site, where the highest extraction was at the plots with the microbial inoculum addition. Due
to a high biomass yield Spartina pectinata was able to extract nearly 2kg of Zn/ha/year. The lowest
Zn extraction was found for Sida hermaphrodita cultivated at the Leipzig site.
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Figure 12. Zinc extraction by plants after the third growing season.
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Zinc was the most extracted metal among all the tested HMs, because of its high concentration in
soil and a relatively high bioavailability at both sites, what, multiplied by the yield, resulted in a high
extraction.

Summarizing — at the level of up to 3 kg of Zn extraction per growing season, Miscanthus x
giganteus provides as real opportunity to diminish the levels of contamination to the limits
allowing for feed or food crops production after 20 years of cultivation on arable land
contaminated with heavy metals.

On the other hand on postindustrial site, very low Zn extraction found in biomass of Sida
hermaphodita (virginia mallow) suggest that it is possible to produce “safe” (low metals content)
biomass.
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