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Abstract. This study evaluated wastewaters reuse in the production of
perennial crops Arundo donax and Miscanthus x giganteus. The trials were
conducted in pots under controlled conditions, with different water regimes
(950, 475 and 238 mm) in two growing cycles. The results indicated that
irrigation with wastewaters did not affect biomass productivity but the amount
of irrigation did. Yet, biomass obtained from pots irrigated with wastewaters
presented higher levels of ash and nitrogen content than biomass from control
pots. The soil-plant system retained over 90% of pollutant load resulting in
wastewater depuration. Furthermore, the produced biomass can be
economically valorized for energy or biomaterials, once irrigation with
wastewater did not influence the contents in fiber and the calorific value. Still,
the higher ash and nitrogen contents in the biomass can be detrimental
especially when biomass is for combustion purposes.
Keywords: Arundo donax; Miscanthus x giganteus; energy crops; bioenergy;
phytoremediation; wastewaters; sustainability.

1 Introduction
Most of the countries are too dependent on fossil fuels to meet their energy needs.
The production of energy crops has been presented as a very promising alternative to
partially replace the fossil fuels. Among the various species (preferably non-food)
which can be grown to generate energy, Arundo donax L. (giant reed) and Miscanthus
x giganteus Greef et Deu are presented as one of the most promising because of its
high productivity, resistance to low water regimes, characteristic of the Mediterranean
countries during summer, and pests [1, 2]. Giant reed is a woody rhizomatous grass
that was spread throughout Asia, Southern Europe, North Africa and the Middle East
as an agent to control erosion in drainage channels [2, 3]. Miscanthus is a woody
rhizomatous grass originated in South-East Asia and was initially imported to Europe
as an ornamental plant. It is a perennial plant, related to sugarcane, with an estimated
productive lifetime of at least 10-15 years, and both the stems and leaves of the crop
can be harvested annually [2, 4]. Both crops have the ability to combat desertification
and prevent soil erosion, thanks to its high efficiencies in the use of resources and also
to its robust root system, high soil cover density and the fact that the stems keep alive
during the winter [3, 5, 6]. Beyond the potential for use as energy crops, perennial
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grasses are associated with minimization of nutrient leaching as well as with the
restoration of soil properties (fertility, structure, organic matter) due to the extensive
radicular system [5-8]. Therefore it has been argued that these grasses can also be
used to remove contaminants, such as nitrates or heavy metals, from soil and from
wastewaters [7-12].
The irrigation of plants with treated wastewaters for contaminant removal is not
new. This approach was developed as a final treatment stage in order to minimize the
wastewater nutrient loads prior to its disposal in the environment. Because agriculture
is a major consumer of water worldwide the same technique is also used to irrigate
drought tolerant crops that are very efficient in the removal of nutrients and pollutants
present in treated wastewaters. This can promote the creation of crop rotation systems
more resilient, adding economic value and social benefits to water-scarce regions like
the Mediterranean [7]. The use of wastewaters for energy crops irrigation, may allow
not only counteracting the shortage or the precipitation seasonality but also to reduce
the need of fertilizers, combining environmental and economic advantages. However,
the presence of substances in wastewater, such as nitrates and heavy metals, may
present environmental risks, besides representing a source of nutrients/toxics to the
biomass. On this basis, this study was design to provide the answers to the following
questions:
- Does irrigation with wastewaters affect the yields of A. donax and Miscanthus,
in the Mediterranean region?
- Does irrigation with wastewaters affect the quality of the biomass as feedstock
in energy and bioproducts uses?
- Does the amount of irrigation water added affect the yields and quality of
biomass?
- Are these perennial grasses able to remediate the pollution load of
wastewaters?
Some studies, but not many, have already evaluated the effect of giant reed and
Miscanthus spp., irrigated with wastewaters [7]. However, most of them cover only
the phytoremediation ability of the plants to the pollution load or the effects on yields,
when no water stress is inflicted. Therefore, this study intends to provide more
information on the adaptation of giant reed and Miscanthus spp. to the hydraulic
loading. This will provide insights on the effects of the wastewater rate application on
the yields and quality of biomass.

2 Relationship to Cyber-Physical Systems
The agricultural systems that generate food, feed, fiber, and fuels need to be more
efficient and sustainable (economically, environmentally and socially). In order to
accelerate this process, precision agriculture architecture based on cyber-physical
systems (CPS) design technology is mandatory. CPS will help to increase efficiency
throughout the value chain, improving our environmental footprint, and creating
opportunities in the rural areas. For this, the scientific and technical challenges relay
on the development of methods, tools, hardware and software components that can
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address this issue. Those need to be based upon transdisciplinary approaches,
including the validation of the principles via pilot tests and field tests.
A precision agriculture architecture, that can provide autonomous irrigation
management capabilities, based on CPS design technology, includes several layers:
the physical layer, the network layer, the decision layer and the application layer.
The physical layer corresponds to the information acquisition process. Use of
wireless sensors in field can monitor the moisture content of the soil in a continuous
base, relaying the processed information to a central node. In the proposed
architecture the information obtained from the wireless sensors will be transmitted by
a tool that collects data from the field and provide the range of information required to
the network nodes for the decision layer. In this decision layer, decisions will be
obtained using artificial intelligence techniques. This system will create, store,
analyse and process spatial information distributed through a computerized process
regarding soil type, moisture content and correlate them with a certain plot of field.
The application layer will provide solutions to incoming problems based on
information processed and stored locally but also from knowledge bases. When the
information processed indicates that the soil moisture content is below a defined
value, the storage tanks with wastewaters can start pumping the water to the fields.
Another device installed in the storage tanks also monitors the existing volume of
wastewaters and predicts the wastewaters incoming per hour based on the wastewater
treatment plant design and process. By means of an intelligence mechanism (a
developed software), the wastewater in the fields will be distributed according to both
indicators, soil moisture and wastewater availability. The control mechanism will stop
irrigation when a) the soil moisture returns to the optimal level for perennial grasses
production, and/or b) the volume of wastewater is limited. Information on the
growing cycle of the plants (needs of water per day, along the vegetation period) has
to be uploaded in the system, in order to adjust the water distribution with minimal
stresses for the plant. The main purpose of such an integrated system is to provide a
solution for multispectral monitoring of perennial grasses irrigation with wastewaters
based on mechatronic systems, in order to improve precision agricultural
management. This work intends to provide new data that can be treated and uploaded
in such a system, helping to design an optimized response.

3 Materials and Methods
The trials were established in April 2012 in pots. Both species, Arundo donax and M.
x giganteus were tested. In each pot (0.06154 m2, 12kg of soil) 2 rhyzomes were
established per pot and replicates were also established. After the establishment of the
rhyzomes, pots were fertilized: 3 g N/m2 (urea, 46% N); 3 g N/m2 (nitrolusal, mixture
of NH4NO3+CaCO3, 27%N); 17 g K2O/m2 (potassium sulphate, 51% K2O); 23 g
P2O5/m2 (superphosphate, 18% P2O5). Three different wastewater irrigating regimes
were applied in the pots: 950 mm, 475 mm and 238 mm. A piggery effluent was
tested. In all experiments, control pots were also tested with the same water regimes
but wastewater was replaced by tap water.
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At the end of each growing season (January 2013 and January 2014), the plants
were harvested and the productivity and biomass quality were monitored. To
determinate the productivity of the biomass, the total aerial dry weight was
determined at each harvest. The radicular productivity was determined also, but only
on the 2nd harvest date (January 2014). The quality of the biomass harvested was
analysed taking in consideration the following parameters: ash and nitrogen content,
as also, fiber content and the calorific value. The analyses were performed according
to the following procedures: a) ash content: by calcination at 550ºC for two hours, in a
muffler furnace; b) nitrogen content: by the Kjeldahl method, after digestion of the
sample; c) Hemicellulose (H), cellulose (C) and lignin (L) were determined by the
van Soest method [13]; d) calorific value, by an adiabatic calorimeter. Tap water and
wastewater were analyzed according to the Standard Methods for the examination of
water and wastewater [14].
The statistical interpretation of the results was performed using analysis of
variance (one-way ANOVA) (Statistica 6.0 program). LSD Fisher’s test was applied
to separate means when ANOVA revealed significant differences. The results were
presented as the mean ± standard deviation.

4 Results and Discussion
Table 1 shows the physical-chemical characterization of the tap water (used in the
control pots) and wastewater.
Table 1. Physicochemical characterization of tap water and piggery wastewater used in the
trials
Parameter
pH
Electrical Conductivity
Oxidability
Ammonia
Chlorides
Nitrates
Phosphates
BOD5

Expression of
results
Sorensen scale
mS cm-1
mgO2 dm-3
mg N dm-3
mg Cl- dm-3
mg N dm-3
mg P dm-3
mg O2 dm-3

Wastewater

Tap water

6.9  0.1
0.53  0.04
12  5
[3.3 – 27.7]
99  6
5.4  3.5
0.62  0.25
62

6.1  0.2
0.42  0.02
0.23  0.08
< 0.14
81  2
5.5  0.08
0.042  0.002
-

Table 1 show that the wastewater has higher organic matter content than tap water, as
also, ammonia and chlorides. But, regarding nitrates and mineral composition, both
waters presented similar results.
Fig. 1 shows the yields after two growing cycles and allows highlight that the higher
the water regime applied, the greater the yield. Similar findings were already
presented and discussed in the literature [1, 15]. This indicates that these grasses
prefer high water availability. Evaluating the plant as a whole, it is found that
generally irrigation with wastewaters did not produce (in the tested water regimes)

Wastewaters Reuse for Energy Crops Cultivation

505

significant changes in biomass yield. Similar results were verified in literature by
other authors [9], indicating that those grasses are tolerant to these type of
wastewaters with this degree of salinity. Results obtained confirmed the results
verified in the first growing season, but where the yields were lower [10, 12]. These
plants give priority, in the first years, to the establishment of the root-rhizome system,
compared to the other vegetative structures, a feature that had already been indicated
by Angelini et al. [16]. M. x giganteus was significantly more productive than A.
donax, a feature already observed by other authors [17]. Results also show that M. x
giganteus accumulates 130 g m-2 biomass per additional 100mm of irrigation water,
and A. donax accumulates 80 g m-2 biomass per additional 100mm of irrigation water,
in the range studied [238-950mm].

Fig. 1. Perennial grasses yields at different irrigation regimes at the end of the second growing
cycle. Different lower-case letters indicate statistical significance (p<0.05) between irrigation
regimes. WW-wastewater.

Regarding the quality of the biomass for energy purposes, stems (the fraction of
interest for combustion purposes and others) were the part of the plant that presented
the lowest ash content, with average ash levels of 4.6%, in the case of A. donax and
2.5%, in the case of M. x giganteus. Due to the lower ash content, M. x giganteus
present a better quality for energy purposes than A. donax. Both species presented a
trend for a higher ash content when irrigated with wastewater. As wastewater is richer
in salts (showed by the higher electrical conductivity, Table 1), those accumulate in
higher amounts in the biomass, during the growing season. A trend for increasing ash
content was observed, in the plants, by lowering the water regime. Nassi o Di Nasso
et al. [18] highlighted the inverse variation between productivity and ash content, a
fact that explains the observed trend.
Stems were the fraction of the plant with lower nitrogen content either. A. donax
showed average nitrogen content of 0.5% (dry basis) and M. x giganteus average
nitrogen content of 0.11% (dry basis). The lower nitrogen content presented by M. x
giganteus stems corroborates the fact that this grass presents a better quality for
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energy purposes than A. donax. Both species showed a tendency to higher nitrogen
accumulation in the biomass with wastewater irrigation. This increment reflects the
wastewater richness in nitrogen (especially ammonia, Table 1). For both species,
lower nitrogen content in the biomass was obtained with the application of higher
water regimes, suggesting the dilution effect observed also by Nassi o Di Nasso et al.
[18], with the increasing yields.
Furthermore, the produced biomass can be economically valorized for energy or
biomaterials production, once irrigation with wastewater did not influence the
contents in hemicellulose, cellulose and lignin, and the calorific value. A. donax
biomass showed average fiber content of 87% (H=32%, C=31% and L=24%) and a
calorific value of 17.2 MJ/kg. M. x giganteus biomass showed average fiber content
of 91% (from this, H=21%, C=38% and L=23%) and a calorific value of 17.4 MJ/kg
The soil-plant system retained over 90% of pollutant load resulting in wastewater
depuration.

5 Conclusions
Results of yields obtained for both energy crops (giant reed and Miscanthus) reflect
that these perennial grasses can tolerate this sort of wastewaters with this degree of
salinity. The soil-plant system retained over 90% of the pollutant load resulting in
wastewater depuration. The use of wastewaters to irrigate these grasses presents
environmental advantages in terms of carbon sequestration and water and mineral
resources depletion. Carbon sequestration by roots and rhizomes may improve also
soil structure, soil organic matter content and soil aeration, factors that contribute to
reduce soil erosion and to control desertification. If leaves are left in the soil, at
harvest, this fraction can also contribute to carbon sequestration. Irrigation with
wastewaters enables the recycle of nutrients (N, P and K) and minimizes the need for
fertilizer application in soils. Consequently, the NPK production or extraction from
mineral ore reserves is reduced, with economic and energetic revenues, along with
mineral and fossil resources savings. Wastewater reuse represents also an approach to
economize freshwater and may contribute to aquifer refilling. Furthermore, the
produced biomass can be economically valorized for energy or biomaterials
production, once irrigation with wastewater did not influence the contents in fiber and
the calorific value. Still, wastewater irrigation induces in the biomass a higher
accumulation of ash and nitrogen, which can be detrimental when processing
biomass, especially for combustion.
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