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Energy efficiency of the phytoremediation process 
supported with the use of energy crops – 

P. arundinacea L. and Brassica napus L.

Abstract: The objective of the experiment was to evaluate the energy efficiency of the phytoremediation 
process, supported using energy crops. The scope of conducted work includes the preparation of 
a field experiment. During the evaluation, 2 factors were into consideration – total energy demand 
and total energy benefit. The case study, used as an origin of data, consists a 3-years field study, 
conducted with the use of 2 energy crops – Phalaris arundinacea L. and Brassica napus L. The 
area subjected to the experiment was polluted with polycyclic aromatic hydrocarbons (PAHs) and 
herbicides, classified as phenoxy acids  (2, 4 D). The experimental design consisted of 4 groups 
of fields, divided according to the used plant species and type of treatment. For each energy crop, 
2 types of fertilization strategies were used. Therefore the 1st and 3rd sets of fields were not treated 
with any soil amendment while the 2nd and 4th sets were fertilized with compost.
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The obtained data allowed  to observe  that  the cultivation of P. arundinacea L. and B. napus L. 
allowed a positive energy balance of the process to be achieved. However, it should be noted, that 
the B. napus L. growth in the first vegetation season was not sufficient to fully compensate a total 
energy demand. Such a goal, in the mentioned case, was possible after the 2nd vegetation season. 
The collected results show also that the best energetic potential combined with the most effective 
soil remediation were obtained on the fields with the cultivation of P. arundinacea L. fertilized with 
compost. The number of biofuels, collected from the 1 ha of such fields, can reach a value equal 
even to12.76 Mg of coal equivalent.

keywords:  energy  crops,  phytoremediation,  energy  efficiency,  organic  pollutants,  polycyclic  aromatic 
hydrocarbons (PAHs)

Introduction

The European Union (EU) energetic policy, consisting in the “Framework Strategy for a Re-
silient Energy Union with a Forward-Looking Climate Change Policy” (COM/2015/080 final), 
puts an emphasis on the 3 key objectives, that can be described as actions aimed at energy effi-
ciency, leadership within the field of renewable energies and the distribution of a fair deal for all 
consumers. The mentioned goals, in general, should provide both the sustainability in the energy 
sector and the prevention of the negative effects, that may inflict climate changes. Actions that 
are consisted in the estimated framework include: the decarbonization of energy production, an 
increase of green-job share within the energy sector, the decrease of the CO2 emission and the 
increase of the overall share of removable energy production (Scarlat et al. 2015; Szulecki et al. 
2016).

To reach the listed above objectives, dedicated changes both on the legislation and techno-
logical level should be undertaken. According to the statistics (EuroStat 2019), some European 
countries, including: the Netherlands (6.4% in 2017), Belgium (9.0% in 2017) or Poland (10.9% 
in 2017), still have a relatively small share of energy, that is produced from renewable sources. 
These values, due to the European Union recommendations, need to be increased to at least 15% 
in 2020. Therefore, it is important to evaluate new opportunities, conduct studies and commer-
cialized new technologies that can contribute to the increase of the renewable energy resources 
production (GUS 2018; Chen 2017).

A potential generation of bio-based alternative fuels, such as biomass, can be given to the ac-
tions that can be classified as relevant for the noted aspect. According to the definition, included 
in the Polish Act on Renewable Energy Sources (Journal of laws 2015, item 478), biomass is 
a material, product, waste fraction or agriculture origin biological residues, that is biodegrada-
ble. Materials with such characteristics, due to the energy stored within the chemical bonds of 
organic matter, have a large utilitarian potential (Kozłowski 2018). Depending on the specific 
physical and chemical properties, biomass can be subjected to direct thermal conversion or in-
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direct fermentation or gasification processes. The parameter that is critical for the biomass fate 
classification is its humidity. Dry materials can be burned easily, which makes them potentially 
useful  for heat  and electric power generation. Humid materials  are,  however, more unstable. 
Therefore biological processes are more relevant for the treatment of such materials. More com-
plex descriptions of the individual conversion methods can be found in works published by Chen 
(2017).

One of the most efficient ways to produce a large amount of biomass is the cultivation of 
energy crops. Species, that make up this group of plants are characterized as fast-growing, and 
highly efficient in terms of cost and maintenance.  Many organisms that have such properties 
are present in the region of Central Europe. The following species can be listed as an example: 
Phalaris arundinacea L., Brassica napus L., Salix L. or Populus L. (Lewandowski and Ryms 
2013; Anawar and Strezov 2018). 

One of the most interesting aspects, associated with the growth of the energy crops is the fact 
that according to legislation, this type of procedure has lower environmental and methodological 
restrictions than the cultivation of plants for food or animal feeding purposes. In practice, this 
feature can inflict the possible increase of the applicability range of this type of technology. For 
example, the energy crops can be used as tools, during soil phytoremediation. Such an approach 
was well described by scientists such as Pandey et al. (2016) and Trinh et al. (2019).

In general, the implementation of energy crops in soil remediation technology may be consi-
dered as a way to increase a share of biobased fuels production. This type of method, at the same 
time, can contribute to the improvement of environmental remediation efficiency and provide an 
additional stream of renewable energy resource in form of biomass, seeds, wood or even fruits 
and vegetables (resources for fermentation and bioethanol production) (Lewandowski and Ryms 
2013). However, it should be also noted, that despite the listed benefits, the proposed procedure 
can be associated with the negative postprocedural effects. Increased soil carbon mineralization, 
point exhaustion of internal nutrients content or even increased CO2 emission from soil can be 
given as  the most  important  issues of such a case. Those problems are mainly applicable  for 
the  cases when  the overall  phytoremediation procedure  is  designed  in  an unsustainable way. 
To compensate those issues, a dedicated fertilization procedure, followed by the agrotechnical 
works, should be implemented. The proper development of this type of actions requires specific 
data, that can support the potential environmental risk assessment (Rosikon et al. 2015; Włóka 
et al. 2019). 

The objective of the current study was to evaluate the energy efficiency of the phytoreme-
diation method, supported using energy crops. The general approach during the implementation 
of a research task will be focused on the identification of trends within process energy input and 
output pathways. Such a procedure will allow a set of potentially useful information, that can, in 
the future, be used within legislation or technological sectors, to be collected. 
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1. Materials and methods

The scope of the work conducted under the experiment includes a preparation of 3-years case 
study and the calculation of the energy efficiency coefficients, on different stages of the phyto-
remediation process. This method allows a possible change of the energy balance of studied soil 
remediation technology, supported with the use of 2 selected energy crops to be illustrated. Main 
parameters used  for  the  energy  efficiency  evaluation were  total  energy  input  (work, material 
energy use – energy stored in seeds and fertilizers) and total energy output (the energy, that can 
be generated during the direct conversion of collected biomass and seeds). Based on the obta-
ined data, a future prediction of possible changes in the energy balance was assessed within the 
studied systems.  

1.1. Description of case study

The case study was conducted in in situ conditions. The area selected for the experiment was 
located in Silesia region of Poland, on the post agriculture terrain. This area was heavily polluted 
during the road renovation works. Some of residuals, that were generated during construction 
works, were stored on the near fields, which affects the soil condition. After the preliminary stu-
dies, this soil was classified as heavily polluted with polycyclic aromatic hydrocarbons (PAHs). 
The additional analysis also indicates that soil material from the selected area contains a load of 
herbicides from the phenoxyacids group – 2.4 D. This solution was used during the weed-control 
on fields subjected for study. The specific physical and chemical properties of soils  that were 
collected from the area of the case study are presented in Table 1. 

The designed experiment consists of 12 experimental fields, 9 m2 each (3 × 3 m), divided into 
4 groups according to the used energy crop and type of treatment. The Phalaris arundinacea L. 
was planted on first 2 sets of plots. Brassica napus L. was grown on 3rd and 4th sets of fields. The 
1st and 3rd fields were not treated with any soil additive while the 2nd and 4th fields were fertilized 
with use of compost. The used compost was produced in the experimental composting site, lo-
cated on the area of the Czestochowa University of Technology. Substrates used for composting 
procedure includes: sewage sludge collected from the food industry (65%), green wastes (30%) 
and households organic wastes (5%). Composting was carried out on out-door prisms. The phy-
sical and chemical parameters of this material are presented in Table 1. The doses of compost 
for the m2 was equal to 0.45 kg of dry matter. The scheme of the experiment with additional 
indications of agrotechnical works and energy in-put/out-put routs are presented on Figure 1.
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1.2. Soil and compost sampling procedure

All the sampling procedures conducted during the study were conducted according to PN-I-
SO 10381-1 standard and with regard to the statistical data standardization. In the case of soil 
and compost, the collection was conducted from 10 randomly chosen points located on the sur-
face of each experimental fields (soil) and prism (compost). Next, the acquired materials were 
mixed and  subjected  to  the drying  in  room conditions. The air dry material was additionally 
homogenized with use of ceramic mortar. Samples after the described above pre-treatments were 
subjected to individual analytical procedures.

1.3. Physical and chemical analyses

All the physical and chemical analyses were conducted according to the International Stan-
dardization System recommendations (ISO) and based on methodologies published in indexed 
scientific articles. The list of used analytical techniques includes: soil and compost pH analysis; 
soil,  compost  and biomass dry matter  analysis;  soil  and compost  lost  on  ignition  (LOI);  soil 

table 1. The physical and chemical parameters of soil samples and compost samples

tabela 1. Fizyczne i chemiczne właściwości gleby i kompostu

Parameter P CS P F Compost
for P B CS B F Compost 

for B

Dry matter [%] 91.24 ± 1.12 90.28 ± 0.50 45.22 ± 1.05 92.14 ± 1.20 91.89 ± 0.10 48.10 ± 1.10
LOI [%] 5.14 ± 0.52 3.98 ± 0.20 84.22 ± 0.82 5.20 ± 0.46 4.46 ± 0.22 82.43 ± 0.42
pH (H2O) 6.89 ± 0.10 6.88 ± 0.05 6.92 ± 0.05 6.79 ± 0.15 6.82 ± 0.02 6.92 ± 0.10
pH (KCl) 6.34 ± 0.05 6.30 ± 0.05 6.58 ± 0.10 6.40 ± 0.10 6.42 ± 0.08 6.48 ± 0.10
CEC [cmol(+) kg–1] 45.22 ± 1.10 39.54 ± 1.10 – 46.10 ± 1.12 42.09 ± 0.92 –

C [g kg–1 d.m.] 115.28 ± 5.37 99.51 ± 2.65 276.20 ± 8.21 120.08 ± 4.22 100.22 ± 1.10 240.10 ± 7.10
N [g kg–1 d.m.] 4.18 ± 0.22 3.82 ± 0.12 39.11 ± 2.82 3.98 ± 0.12 4.24 ± 0.14 42.81 ± 3.20
P [g kg–1 d.m.] 0.62 ± 0.18 0.70 ± 0.10 3.28 ± 0.10 0.78 ± 0.20 0.64 ± 0.02 4.86 ± 0.10
Cd [mg kg–1 d.m.] 1.04 ± 0.12 0.98 ± 0.12 0.24 ± 0.10 1.10 ± 0.02 0.92 ± 0.31 0.64 ± 0.18
Cr [mg kg–1 d.m.] 12.57 ± 0.08 9.59 ± 0.14 11.24 ± 0.41 12.05 ± 0.18 9.24 ± 0.08 12.14 ± 0.21
Ni [mg kg–1 d.m.] 0.82 ± 0.06 0.48 ± 0.15 0.08 ± 0.05 0.28 ± 0.16 0.08 ± 0.05 0.28 ± 0.07
Pb [mg kg–1 d.m.] 12.14 ± 0.20 9.20 ± 0.08 4.05 ± 0.18 10.42 ± 0.22 10.72 ± 0.05 2.27 ± 0.28

P – P. arundinacea L.; B – B. napus L.; CS – control samples (area not treated with fertilizers; F – area fertilized with 
compost, LOI – lost on ignition, CEC – cation exchange capacity. Results presented as means with standard deviations, 
n = 3.
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cation exchange capacity (CEC); soil, compost and biomass total carbon (C), nitrogen (N) and 
phosphorous  (P)  contents  analysis  (Karczewska  and Kabała  2008; Tyszkiewicz  et  al.  2019); 
soil, compost and biomass heavy metals content (Cr, Cd, Ni and Pb) determination (Karczewska 
and Kabała 2008; Placek et al. 2018); biomass energy value – calorimetric analysis on LECO
-system; PAHs and 2, 4 D analysis in soil, compost and biomass – HPLC technique according to 
Włóka et al (2015) and Smol et al. (2014). Each analysis was conducted in 3 replicants.

The evaluations of pollutants content in the soil and compost samples were conducted using 
Thermo Scientyfic SpectraSystem on columns: Restek Pinnacle II PAH (analysis of PAHs), Re-
stek Ultra Aqueous C18 (analysis of phenoxyacids herbicides). External standards used during 
the analyses were: Restek 16 PAHs MIX A (16 PAHs according to US EPA: naphthalene (nap); 
3-ring PAHs – acenaphtylene,  acenaphthene, fluorene, phenanthrene, anthracene; 4-ring PAHs 
– fluoranthene, pyrene, benzo(a)anthracene, chrysene; 5-ring PAHs – benzo(b)fluoranthene, ben-
zo(k)fluoranthene, benzo(a)pyrene, dibenzo(a.h)anthracene; 6-ring PAHs – indeno(1.2.3-c.d)py-
rene, benzo(g.h.i)perylene) and Restek 2,4-D (2,4-Dichlorophenoxyacetic acid) solution.

Fig. 1. The scheme of the experiment with additional indications of agrotechnical works scheduled across the studied 
period of time and energy in-put/out-put pathways. 

P – P. arundinacea L.; B – B. napus L.; CS – control samples (area not treated with fertilizers; 
F – area fertilized with compost

Rys. 1. Schemat eksperymentu wraz z wykazem prac agrotechnicznych, zaplanowanych do przeprowadzenia 
w badanym okresie czasu oraz zaznaczeniem dróg kosztu i zysku energii
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1.4. Description of factors used for the estimation 
of process energy efficiency

The evaluation of the energy efficiency of the phytoremediation method was based on two 
main  factors  –  total  energy  input  and  total  energy  output. The  total  energy  input  consists  of 
2 general types of energy demands: energy value associated with the conducted work (fuel con-
sumption during agrotechnical works and transport) and energy stored within used materials (se-
eds, compost). In order to ensure a universal nature of the performed calculations, the parameters 
utilized within energy input, associated with work were based on the literature data (Grisso et al. 
2004; Omidi-Arjenaki et al. 2016). Those parameters include a total energy consumption in MJ 
(values calculated on the base of total diesel fuel consumption), needed to conduct the following 
tasks: primary tillage (agrotechnical works), seeds sowing, fertilization, harvesting of yield and 
the transportation of crops from remediated area to the unit responsible for the conversion of 
fuel into energy. The general units used during the evaluation, with the estimated energy demand 
values, for each mentioned task are presented in Table 2. It should be additionally indicated, that 

table 2. The list of all parameters used for the evaluation of the energy efficiency 
of the phytoremediation method

tabela 2. Lista parametrów wykorzystanych podczas oceny efektywności energetycznej procesu 
fitoremediacji

Energy input – energy costs associated with work

Parameter Diesel fuel consumption
[l ha–1]

Energy value
[MJ ha–1]

Primary tillage 20.30 783.58

Fertilization 3.40 131.24

Sowing 3.10 119.66

Harvesting 13.80 532.68

Transport (10 km) 0.31 119.66

Energy input – materials energetic values

Parameter Main unit
[kg ha–1]

Energy value
[MJ ha–1]

P. arundinacea L. seeds 0.75 9.07

B. napus L. seeds 3.75 144.86

Compost 5700 15619.25

Energy output (predicted benefit)

Main unit
[kg]

Energy value
 [MJ kg]

P. arundinacea L. bimass 1 14.68 ± 0.22

B. napus L. biomass 1 18.69 ± 0.05

B. napus L. seeds 1 38.63 ± 0.96
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due to the different types of treatments and different growth characteristic of the selected crops 
species, the quantity of the implemented tasks, were different for each tested samples group. The 
detailed  information about each samples group, with  regard  to  the quantity and utilization of 
tasks id presented in Figure 1.

The total energy output was estimated on the base of the data collected during the realization 
of case study. Main parameters used for this purpose were the quantity of annual yield and the 
energy values of collected materials. For P. arundinacea L. only the generation of biomass has 
been taken into consideration, however the growth of B. napus L. allowed biomass and seeds to 
be obtained. Therefore, in case of B. napus L. cultivation the 2 types of potential energy resour-
ces were taken into consideration.

1.5. Post experimental data treatment

Data  collected  during  the  case  study was  subjected  to  the  further  evaluation with  use  of 
StratSoft Statistica and Microsoft Excel software. This procedure includes a calculation of the 
one-way ANOVA test and post-hoc Tukey test. Those analyses were aimed to evaluate the stati-
stically valid differences and similarities within tested groups of samples. Additionally, in order 
to present a energy input changes across the tested period of time, the logarithmic trend lines for 
this parameter were plotted. The estimation of the final energy efficiency of studied method was 
presented as a energetic balance coefficient, which was calculated according to  the following 
equation: Eprocess = (∑ Eoutput) – (∑ Einput), where the “E” is the energy value in J.

2. Results and discussion

2.1. Pollutants removal efficiency

The first set of data – figure 2, illustrates the pollution level on the studied area – parameter 
analyzed before the implementation of the phytoremediation technology. The second graph – Fi-
gure 3, presents the final effect of the tested process. This data contains a percentage of pollutants 
removal efficiency, noted after 3 vegetation seasons.

Based on  the  data  consisted  in Table  1,  it  can be  noted,  that  the  levels  of  pollutants  in 
soils collected from the studied area are very high. According to other authors,  the average 
16 PAHs content, in European agricultural soils, stays in range from 63 μg kg–1 (Norway) to 
700 63 μg kg–1 (United Kingdom) (Nam et al. 2008). In current study, the lowest observed 
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Fig. 2. The initial concentration of selected pollutants in soil and compost. Parameter analyzed before the 
implementation of phytoremediation method 

P – P. arundinacea L.; B – B. napus L.; C – compost; nap – naphthalene. Results presented as means with standard 
deviations, n = 3

Rys. 2. Stężenie wybranych zanieczyszczeń w glebie i kompoście. Parametr analizowany 
przed wdrożeniem metody fitoremediacji

Fig. 3. The percentage pollutants removal efficiency, analyzed after 3 vegetation seasons 
P – P. arundinacea L.; B – B. napus L.; CS – control samples (area not treated with fertilizers; F – area fertilized with 

compost; nap - naphthalene. Results presented as means with standard deviations, n = 3

Rys. 3. Procentowa skuteczność usuwania zanieczyszczeń, analizowana po 3 sezonach wegetacyjnych
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values for this parameter were around 2.5 higher than those presented in mentioned work. The 
similar pollution level can be found in the industrial soils. Materials collected from the areas 
that are associated with the energy, transport or heavy industry sectors may contain a increased 
pollutants load, including PAHs (Bispo et al. 1999; Wang et al. 2017). The observed situation 
allows to confirm that the implementation of the soil remediation procedure on selected area 
was environmentally justified.

The evaluation of the second part of the data is presented in Figure 3. It shows that samples 
collected from fields treated with compost have a higher pollutants removal efficiency than con-
trol samples (fields not treated with any soil additive). The additional comparison of the studied 
parameter, regarding the used plant species indicates that cultivation of P. arundinacea L. has 
higher impact on the process efficiency than B. napus L. Similar trends were observed during 
earlier studies (Włóka et al. 2018, 2019), which may inform, that grass type of plants, such as 
P. arundinacea L. could have a higher tolerance to the negative influence of pollutants such as 
PAHs or herbicides from the phenoxyacids group. In  the case of phenoxyacid herbicides,  the 
mentioned effect is natural due to the action of 2, 4 D compound which is aimed at the inhibition 
of dicotyledonous plant growth (Robertson and Kirkwood 1970). The increased process efficien-
cy, induced by the use of organic soil amendment, can be associated with the direct delivery of 
nutrients and various group of microorganisms into soil. Waste origin materials, such as com-
post, may contain a number of bacterial or fungi strains that are adapted to the raw conditions 
of the contaminated environment. Such a property may promote a positive interaction between 
pollutants and microflora, which in effect can lead to the better biodegradation efficiency (Kup-
pusamy et al. 2017; Sigmund et al. 2018).

The  additional  statistical  data  treatment  showed  that most  of  analyzed  group  of  samples 
within the tested sets of data are statistically different to each other. Only the 2, 4 D removal 
efficiency for all types of treatments was statistically similar. This effect was associated with the 
fact that analyzed herbicides have a relatively short live time period in environmental conditions. 
Therefore  the 3-years period combined with no additional weed-control,  resulted  in  the high 
percentage  removal  in  all  tested  cases. The  statistically valid  similarity between  the  samples 
treated with compost for both plant species was also noted in the set of samples associated to the 
percentage removal of 5-ringed PAHs. Such an effect may inform that the composting procedure 
independently of the used plant species, can increase the process efficiency.

In conclusion, it can be noted, that the proper selection of the plant species, combined with 
the  dedicated  soil  fertilization,  can  lead  to  the  highly  effective  pollutants  removal  from  soil. 
During  3-years  case  study,  the  average  decrease  of  pollutants  level,  in  samples  treated with 
compost, on fields where P. arundinacea L. was cultivated, reach a level higher than 89%. Such 
efficiency can be considered as a complete implementation of the general aim of polluted soil 
remediation procedure. A similar effect can be also found in results published by other authors, 
such as Huang et al. (2004) or Oleszczuk (2006). 
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2.2. The efficiency of biofuels (biomass, seeds) production

Biofuels production efficiency was assesed on the basis of the quantitative analysis of the 
annual yield generation, obtained from each group of samples during the completion of the case 
study. All the data collected for this purpose was converted into the equivalents for 1 ha. The 
demonstration of this set of results is presented in Table 3.

table 3. The quantitative data of the yield collected during the implementation of phytoremediation

tabela 3. Wielkość plonów uzyskiwanych podczas fitoremediacji

Parameter
Biomass [Mg ha–1] Seeds [Mg ha–1]

P – CS P – F B – CS B – F B – CS B – F

1st vegetation season 0.995± 0.005 2.626± 0.012 0.012± 0.001 0.625± 0.001 0.001± 0.001 0.010± 0.002

2nd vegetation season 2.188± 0.011 6.173± 0.008 0.174± 0.001 0.866± 0.005 0.015± 0.001 0.064± 0.001
3rd vegetation season 4.512± 0.005 7.922± 0.011 0.500± 0.002 1.123± 0.004 0.054± 0.002 0.205± 0.003

P – P. arundinacea L.; B – B. napus L.; CS – control samples (area not treated with fertilizers; F – area fertilized with 
compost. Results presented as means with standard deviations, n = 3.

The data contained in Table 3 informs, that similarly as in case of pollutants removal efficien-
cy, the highest amounts of yield were produced on fields treated with compost. P. arundinacea 
L. biomass generation. In this case it also was more efficient than the growth of B. napus L. This 
effect can be directly related to the pollutants removal trends described above. Both aspects of 
possible tolerance to the negative conditions and the delivery of nutrients may be considered as 
positive from the plant’s growth and development perspective (Vendrame et al. 2005; Hussein 
et al. 2006). The comparison of the individual values, observed during the different vegetation 
seasons also indicates that both plants increased the yield production across the studied period of 
time. Thus, this can be associated with the decreasing content of pollutants. It is widely confir-
med that compounds such as PAHs can have a toxic effect on the plants. Such an effect is highly 
correlated with the pollutant’s concentration, which may be considered as an explanation of the 
observed phenomenon. The increased growth efficiency, during the further (2nd, 3rd) vegetation 
seasons can also be associated with the induced tolerance level of crops to the local environmen-
tal conditions (including the level of pollutants). Such an effect can especially be applied to the 
P. arundinacea L. specie. In contrast to B. napus L., the grass type of plants were sown once 
during the experiment. Therefore, growth in the 2nd and 3rd vegetation seasons has a seconda-
ry-characteristic, which may impact the increased adaptation mechanisms (Antosiewicz 1992; 
Calfapietra et al. 2015).
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2.3. The energy efficiency of the phytoremediation process

The final  assessment  of  the  energy  efficiency of  the process  conducted under  the  current 
study was based on data presented in graphs 4 (energy input), 5 (energy output) and Table 4 (the 
energy balance of the studied phytoremediation process).

Values illustrated on Figure 4 showed that the samples treated with compost have the highest 
energy demand. This fact can be directly associated with the amount of material that should be 
introduced to soil in order to acquire an environmentally valid effect. It should be noted however 
that  the  proposed  phytoremediation method  includes  only  one  fertilization  procedure  (in  the 
beginning of the process). Such an approach originates from the fact that the general aim of the 
soil remediation is  the removal of pollutants. Therefore, based on the results described in the 
previous sections, such an objective was achieved after the 3rd vegetation season. Due to this 
fact, further soil treatment should be considered as not technologically justified. The additional 
analysis of the logarithmic trend lines, plotted on the graphs associated with the energy input 
allow to demonstrate that most of the energy consumption is associated with the initial prepa-
ration of the phytoremediation process. After agrotechnical works, the sowing of crops and soil 
fertilization, the curve stabilizes and rises only during yield harvesting and the transportation of 
obtained biofuels to the terminal unit. This means that the eventual prolongation of the proposed 
method should not significantly affect its energy requirements.

Another set of data presents the total energy output which can be achieved during the im-
plementation of the phytoremediation technology, supported with the use of energy crops. Data 
demonstrated on graphs 4(A) and 4(B) are a direct conversion of the values included in Table 3. 
Therefore, it consists of a similar set of information. Based on this information it can be conc-

Fig. 4. The changes of the total energy input, during the implementation of the phytoremediation method 
Graph (A) shows the data for plots not treated with any soil additives (control samples). Graph (B) consist data for 
samples fertilized with compost. P – P. arundinacea L.; B – B. napus L.; CS – control samples (area not treated 

with fertilizers; F – area fertilized with compost

Rys. 4. Zmiany zapotrzebowania energetycznego, zachodzące podczas realizacji fitoremediacji. Wykres (A) pokazuje 
dane dla prób nietraktowanych kompostem (próby kontrolne). Wykres (B) – dane dla prób nawożonych kompostem
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luded that from the energy generation perspective, the highest possible output can be generated 
through the cultivation of P. arundinacea, fertilized with compost. B. napus L. despite a possi-
bility to collect 2 types of yield (biomass and seeds), in the evaluated case, showed lower values 
of the total energy output. Such a phenomenon may result from the fact, that some plant species 
that are cultivated in stress conditions may react in specific way. Based on the work published by 
Alkio et al. (2005), it can be noted that plants stress reaction induced by the exposure to PAHs, 
is mainly  focused on  the generative parts of  the organisms.  In  such places  the  increased cell 
division reactions can be observed, which makes them vulnerable to toxic interaction between 
compounds from the PAHs group and the DNA molecules. Those interactions may lead to the 
appearances of errors within genes and further cell damage. From the macroscopic perspective, 
the mentioned reaction can be considered as an origin of the inhibition of the growth develop-
ment of newly formed plant  tissues, such as blooms and seeds (Maliszewska-Kordybach and 
Smreczak 2000). 

After compressional analysis of the both sets of data, included in Figures 4 and 5, the esti-
mation of the final phytoremediation process energy efficiency can be possible. The effects of 
such procedure are presented in Table 4. This set of data illustrates an energy balance between 
total energy consumption (energy input), on different stages of the performed phytoremediation 
technique and the total energy benefit (energy output) assumed on the base of the quantitative 
analysis of the obtained crops yield.

Values  included  in Table  4  informs,  that  almost  all  analyzed  groups  of  samples,  showed 
a positive energy balance. Only 2 groups of samples (B CS and B F) in 1st vegetation season 
showed a negative result. In the first case, (1st vegetation season of B. napus L. growth without 
fertilization), the quantity of both obtained biofuels types (biomass and seed) were at a very low 
level. Therefore, they cannot fully compensate the total work and material energy costs, asso-
ciated with the initiation of phytoremediation method. The second negative result was directly 
associated with the high energy value, stored within the compost material. In this case both the 
seeds and biomass production were higher than in the case of the control sample. However, the 
obtained benefit still was not sufficient for the full coverage of the total energy demand. The rest 
of the analyzed samples groups were on levels which from the 1st vegetation season can provide 

Fig. 5. The changes of the total energy output, during the implementation of the phytoremediation method

Rys. 5. Zmiany w korzyści energetycznej, zachodzące podczas realizacji procesu fitoremediacji
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energy values higher than the total process energy demand. The best obtained energy efficiency 
was noted for fields where P. arundinacea L., fertilized with compost was cultivated. 

Based on all data  collected during  the  study,  it  can be  indicated  that  the usage of  energy 
crops as a remediation agent can provide a high environmental benefit and is justified from the 
energy usage perspective. Such an approach, despite direct soil remediation activity, allow for 
the additional generation of a new stream of removable energy resources in the form of biomass 
or other yield. In the current study, energy that can be generated from the collected materials can 
reach values that can be considered as an equivalent of even 12.76 Mg of black coal (P. arun-
dinacea L. in the 3rd vegetation season with additional composting) or 2.13 Mg of black coal 
(B. napus L. the in 3rd vegetation season with additional composting) (Fisher 2003). 

From the European Union’s energy policy perspective, the results obtained during the study 
can be considered as a pilot case which through the presented data can attract increased attention 
to the described aspect of environmental management. The data collected under the execution of 
the proposed phytoremediation method informs that a possible increase of the commercialization 
of similar techniques can contribute to the increase of energy produced from renewable sources. 
These types of activities are very relevant, especially from the necessity to implement European 
Union strategy goals (Vassilev et al. 2015; Kulczycka et al. 2016).

The use of energy crops as remediation agents also has an additional important feature. The 
overall implementations of bio-based remediation technologies are associated with the induction 

table 4. The energy efficiency of the phytoremediation technology supported with the use 
of energy crops.

tabela 4. Efektywność energetyczna procesu fitoremediacji, wspomaganego użyciem roślin 
energetycznych

Sample
Total energy

in-put
[GJ ha–1]

Total energy
out-put
[GJ ha–1]

Energy balance
[GJ ha–1]

Black coal equivalent
[Mg]

P CS – 1st vegetation season 1.68 14.61 12.92 0.73

P CS – 2nd vegetation season 2.34 46.74 44.40 2.50

P CS – 3rd vegetation season 2.99 112.98 109.99 6.19

P F – 1st vegetation season 17.32 38.55 21.23 1.19

P F – 2nd vegetation season 17.97 129.18 111.21 6.25

P F – 3rd vegetation season 18.62 245.48 226.86 12.76

B CS – 1st vegetation season 1.58 0.26 –1.33 0

B CS – 2nd vegetation season 3.28 4.08 0.80 0.04

B CS – 3rd vegetation season 5.88 15.29 9.41 0.53

B F – 1st vegetation season 17.33 12.06 –5.27 0

B F – 2nd vegetation season 19.03 30.57 11.53 0.65

B F – 3rd vegetation season 21.64 59.51 37.87 2.13
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of biodegradation and organic matter mineralization. One of the products of such processes is 
the CO2 – gas responsible for the generation of the greenhouse effect and future climate change. 
The implementation of plants into the system provides a possibility to preserve some amount 
of  the emitted carbon within  the growing biomass. Such an action  is generally called carbon 
phytosequestration and should be more evaluated in more detail during the completion of future 
studies (Placek et al. 2017). 

Conclusion

The wide implementation of the phytoremediation techniques which are supported with the 
use of energy crops can lead to an increase in the production of removable energy resources such 
as biomass or oil seeds. The highest energetic and environmental benefit were achieved using the 
P. arundinacea L. plant on fields additionally treated with compost.

This type of approach due to the join effects of soil remediation and the introduction of green
-fuels to the energy sector, can be considered as sustainable. This statement originates from the 
fact that the increased share of removable resources usage may affect the decreased secondary 
pollutants stream emission. Such an activity is very positive both from the environmental and 
social perspective, therefore it should be taken into consideration during future legislation and 
technology design. 

The research has been funded with the funds of the NCN (National Science Centre Poland) acquired on the basis of 

decision No. DEC – 2013/09/N/ST10/02175. 

References

alkio et al. 2005 – alkio, M., tabuchi, t.M., wang, X. and colon-carMona, A. 2005. Stress respon-
ses to polycyclic aromatic hydrocarbons in Arabidopsis include growth inhibition and hypersensitive 
response-like symptoms. Journal of Experimental Botany 56 (421), pp. 2983–2994.

anawar, H. M. and strezov, V. 2018. Renewable Energy Production from Energy Crops: Effect of Agro-
nomic Practices. Policy, and Environmental and Economic Sustainability. In Renewable Energy Sys-
tems from Biomass. CRC Press pp. 89–101.

antosiewicz, D.M. 1992. Adaptation of plants to an environment polluted with heavy metals. Acta Socie-
tatis Botanicorum Poloniae 61 (2), pp. 281.

bispo et al. 1999 – bispo, a., Jourdain, M.J. and Jauzein, M. 1999. Toxicity and genotoxicity of industrial 
soils polluted by polycyclic aromatic hydrocarbons (PAHs). Organic Geochemistry 30 (8), pp. 947–952.

calfapietra et al. 2015 – calfapietra, c., peñuelas, J. and niineMets, Ü. 2015. Urban plant physio- 
logy: adaptation-mitigation strategies under permanent stress. Trends in plant science 20 (2), pp. 72–75.

cheng, J. (ed.). 2017. Biomass to renewable energy processes. CRC press.



134

Energy from renewable sources in 2017 (Energia ze źródeł odnawialnych w 2017 roku). The General Sta-
tistical Office (GUS). 2018 (in Polish).

EuroStat  data  set,  2019.  [Online]  https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_ind_
ren&lang=en [Accessed: 2019-07-18].

fisher, J. 2003. Energy Density of Coal. The Physics Factbook.
Grisso et al. 2004 – grisso, r.d., kocher, M.F. and vaughan, D.H. 2004. Predicting tractor fuel con-

sumption. Applied Engineering in Agriculture 20 (5), pp. 553.
huang et al. 2004 – huang, X.d., el-alawi, y., penrose, d.M., glick, b.R. and greenberg, B.M. 

2004. A multi-process phytoremediation system for removal of polycyclic aromatic hydrocarbons from 
contaminated soils. Environmental pollution 130 (3), pp. 465–476.

hussein et al. 2006 – hussein, M.s., el-sherbeny, s.e., khalil, M.y., naguib, N.Y. and aly, S.M. 
2006. Growth characters and chemical constituents of Dracocephalum moldavica L. plants in relation 
to compost fertilizer and planting distance. Scientia Horticulturae 108 (3), pp. 322–331.

karczewska, A. and kabała, C. 2008. Metodyka analiz laboratoryjnych gleb i roślin. Wyd. Akademii 
Rolniczej we Wrocławiu, Wrocław.

kozłowski, W. 2018. Evaluation of financial investment profitability in biomass production in using of 
energetic necessities (Ocena opłacalności finansowej inwestycji w produkcję biomasy na potrzeby ener-
getyki). Ekonomika i Organizacja Przedsiębiorstwa (1), pp. 67–78 (in Polish).

kulczycka, J. and sMol, M. 2016. Environmentally friendly pathways for the evaluation of investment 
projects using life cycle assessment (LCA) and life cycle cost analysis (LCCA). Clean Technologies 
and Environmental Policy 18 (3), pp. 829–842.

kuppusaMy et al. 2017 – kuppusaMy, s., thavaMani, p., venkateswarlu, k., lee, y.b., naidu, R. 
and MegharaJ, M. 2017. Remediation approaches for polycyclic aromatic hydrocarbons (PAHs) con-
taminated soils: Technological constraints, emerging trends and future directions. Chemosphere 168, 
pp. 944–968.

lewandowski, W.  and ryMs,  M.  2013.  Biopaliwa.  Proekologiczne  odnawialne  źródła  energii. WNT 
press, pp. 1–528.

Maliszewska-kordybach, B. and sMreczak, B. 2000. Ecotoxicological activity of soils polluted with 
polycyclic  aromatic  hydrocarbons  (PAHs)-effect  on  plants. Environmental Technology  21  (10),  pp. 
1099–1110.

naM et al. 2008 – naM, J.J., thoMas, g.o., Jaward, f.M., steinnes, e., gustafsson, O. and Jones, K. 
C. 2008. PAHs in background soils from Western Europe: influence of atmospheric deposition and soil 
organic matter. Chemosphere 70 (9), pp. 1596–1602.

oleszczuk, P. 2006. Persistence of polycyclic aromatic hydrocarbons (PAHs) in sewage sludge-amended 
soil. Chemosphere 65 (9), pp. 1616–1626.

oMidi-arJenaki et al. 2016 – oMidi-arJenaki, o., ebrahiMi, R. and ghanbarian, D. 2016. Analysis of 
energy input and output for honey production in Iran (2012–2013). Renewable and Sustainable Energy 
Reviews 59, pp. 952–957.

pandey et al. 2016 – pandey, v.c., baJpai, O. and singh, N. 2016. Energy crops in sustainable phytore-
mediation. Renewable and Sustainable Energy Reviews 54, pp. 58–73.

placek  et al. 2017 – placek, a., grobelak, a., hiller, J., stępień, w., Jelonek, p., Jaskulak, M. 
and kacprzak, M. 2017. The role of organic and inorganic amendments in carbon sequestration and 
immobilization of heavy metals in degraded soils. Journal of Sustainable Development of Energy, Wa-
ter and Environment Systems 5(4), pp. 509–517.

placek et al. 2018 – placek, a., grobelak, a., włóka, d., kowalska, a., singh, b.l., alMas, A.R., 
and Kacprzak, M. 2018. Methods for calculating carbon sequestration in degraded soil of zinc smelter 
and post-mining areas. Desalination and Water Treatment 134, pp. 233–243.

https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_ind_ren&lang=en
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_ind_ren&lang=en


135

robertson, M.M. and kirkwood, R.C. 1970. The mode of action of foliage-applied translocated herbi-
cides with particular reference to the phenoxy-acid compounds. 2. The mechanism and factors influenc-
ing translocation, metabolism and biochemical inhibition. Weed Research 10(2), pp. 94–120.

rosikon et al. 2015 – rosikon, k., fiJalkowski, K. and kacprzak, M. 2015. Phytoremediation Poten-
tial of selected energetic plants (Miscanthus giganteus L and Phalaris arundinacea L) in dependence on 
fertilization. J Environ Sci Eng A 10, pp. 2162–5298.

scarlat et al. 2015 – scarlat, n., dalleMand, J.f., Monforti-ferrario, f., banJa, M. and Motola, 
V. 2015. Renewable energy policy framework and bioenergy contribution in the European Union–An 
overview from National Renewable Energy Action Plans and Progress Reports. Renewable and Sus-
tainable Energy Reviews 51, pp. 969–985.

sigMund et al. 2018 – sigMund, g., poyntner, c., piñar, g., kah, M. and hofMann, T. 2018. Influence 
of compost and biochar on microbial communities and the sorption/degradation of PAHs and NSO-sub-
stituted PAHs in contaminated soils. Journal of hazardous materials 345, pp. 107–113.

Smol et al. 2014 – SMol, M., włodarczyk-Makuła, M., Mielczarek, K. and bohdziewicz, J. 2014. 
Comparison of the retention of selected PAHs from municipal landfill leachate by RO and UF process-
es. Desalination and Water Treatment 52 (19–21), pp. 3889–3897.

szulecki et al. 2016 – szulecki, k., fischer, s., gullberg, A.T. and sartor, O. 2016. Shaping the ‘En-
ergy Union’: between national positions and governance innovation in EU energy and climate policy. 
Climate Policy 16 (5), pp. 548–567.

trinh et al. 2019 – trinh, t. t., werle, s., tran, k. Q., Magdziarz, a., sobek, S. and pogrzeba, M. 
2019. Energy crops for sustainable phytoremediation–Thermal decomposition kinetics. Energy Proce-
dia 158, pp. 873–878.

tyszkiewicz et al. 2019 – tyszkiewicz, z.e., czubaszek, R. and roJ-roJewski, S. 2019. Podstawowe 
metody laboratoryjnej analizy gleby. Politechnika Białostocka.

vassilev et al. 2015 – vassilev, s.v., vassileva, C.G. and vassilev, V.S. 2015. Advantages and di-
sadvantages of composition and properties of biomass in comparison with coal: an overview. Fuel 158, 
pp. 330–350.

vendraMe  et  al.  2005 – vendraMe, w.a., Maguire,  I.  and Moore, K.K.  2005. Growth of  selected 
bedding plants as affected by different compost percentages. In Proceedings of the Florida State Hor-
ticultural Society 118, pp. 368–371.

wang et al. 2017 – wang, J., zhang, X., ling, w., liu, r., liu, J., kang, F. and gao, Y. 2017. Conta-
mination and health risk assessment of PAHs in soils and crops in industrial areas of the Yangtze River 
Delta region, China. Chemosphere 168, pp. 976–987.

włóka et al. 2015 – włóka, d., kacprzak, M., grobelak, a., grosser, A. and napora, A. 2015. 
The impact of PAHs contamination on the physicochemical properties and microbiological activity of 
industrial soils. Polycyclic Aromatic Compounds 35 (5), pp. 372–386.

włóka et al. 2019 – włóka, d., placek, a., sMol, M., rorat, a., hutchison, D. and kacprzak, M. 
2019. The efficiency and economic aspects of phytoremediation technology using Phalaris arundinacea 
L. and Brassica napus L. combined with compost and nano SiO2 fertilization for the removal of PAH’s 
from soil. Journal of environmental management 234, pp. 311–319.

włóka et al. 2018 – włóka, d., sMol, M., placek, A. and kacprzak, M. 2018. The use of P. arundi-
nacea in phytoremediation of soils contaminated with polycyclic aromatic hydrocarbons (PAHs) and 
selected herbicides (Zastosowanie P. arundinacea w fitoremediacji gleb skażonych wielopierścieniowy-
mi węglowodorami aromatycznymi (WWA) oraz wybranymi herbicydami). Zeszyty Naukowe Instytutu 
Gospodarki Surowcami Mineralnymi i Energią PAN No. 102, pp. 185–202 (in Polish).



Dariusz Włóka, Marzena Smol, Małgorzata Kacprzak

Efektywność energetyczna procesu fitoremediacji 
wspomaganego użyciem roślin energetycznych – 

P. arundinacea L. i Brassica napus L.

Streszczenie

Celem eksperymentu było dokonanie oceny efektywności energetycznej procesu fitoremediacji, wspie-
ranego przez uprawy roślin energetycznych. Zakres prowadzonych prac obejmował przygotowanie badań 
polowych. Podczas oceny wzięto pod uwagę całkowite zużycie energii i całkowitą korzyść energetyczną 
uzyskaną z termicznej konwersji zebranych biopaliw. Badane studium przypadku składało się z trzyletnie-
go doświadczenia, prowadzonego z użyciem 2 roślin energetycznych – P. arundinacea L. i B. napus L. Ob-
szar objęty pracami zanieczyszczony był wielopierścieniowymi węglowodorami aromatycznymi (WWA) 
oraz herbicydami (2,4 D). Eksperyment składał się z 4 grup poletek, podzielonych według stosowanego 
gatunku roślin i rodzaju wykonanego zabiegu pomocniczego. Dla każdej z wybranych roślin zastosowano 
dwa rodzaje strategii nawożenia: poletka 1 i 3 nie były nawożone, poletka 2 i 4 natomiast nawożono kom-
postem.

Uzyskane dane pozwoliły zaobserwować, że uprawa P. arundinacea L.  i B. napus L. pozwala osią-
gnąć dodatni bilans energetyczny procesu. Należy jednak zauważyć, że wzrost B. napus L. w pierwszym 
sezonie wegetacyjnym nie był wystarczający, aby w pełni zrekompensować całkowite zapotrzebowanie 
energetyczne. Osiągnięcie  celu  energetycznego we wspomnianym  przypadku  było możliwe  po  drugim 
sezonie wegetacyjnym. W doświadczeniu zaobserwowano również, że najlepszy potencjał energetyczny 
w połączeniu z najskuteczniejszą rekultywacją gleby uzyskano na polach z uprawą P. arundinacea nawo-
żonego kompostem. Ilość biopaliwa zebranego z 1 ha pozwoliło osiągnąć wartość równą nawet 12,76 Mg 
ekwiwalentu węgla.

słowa kluczowe: rośliny energetyczne, fitoremediacja, efektywność energetyczna, zanieczyszczenia or-
ganiczne, wielopierścieniowe węglowodory aromatyczne (WWA)
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