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La

assunto

gestione delle acque reflue da allevamenti zmite € uno dei temi principali del
sistema agricolo ed ambientale, in particolare peesi europei, soggetti alle forti
restrizioni date dalla Direttiva Nitrati. Questintia si propone di proteggere la qualita
delle acque impedendone la contaminazione di nitlatrisorse agricole. Purtroppo,
pero, il contesto zootecnico produce una vastatgaat acque reflue, che non sempre e

facile gestire.

Allo stesso tempo la Commissione Europea, attravdes Direttiva sulle Energie

Le
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Rinnovabili, ha fissato alcuni importanti obbieithnel quadro bioenergetico europeo. |
27 stati membri, infatti, devo raggiungere il 20%% kbro consume finale di energia ed |l
10% dell'energia usata nel settore dei trasportifalai rinnovabili entro il 2020.
Recentemente il settore di ricerca sulle bioendngienesso in risalto I'importanza della
sostenibilita ed in questo caso le biomasse lighdosiche possono giocare il loro
ruolo, in quanto non competono con la produzionecitho e fibre. Molti studi
sottolineano le potenzialita di questi carburantisdconda generazione nell’'essere
considerati bioenergie sostenibili. A differenza biecarburanti di prima generazione,
quelli di seconda potrebbero essere ottenuti ie ararginali, evitando la competizione
di terreno. Inoltre alcune piante potrebbero esealtvate con ridotti input ed irrigate
con acque di scarsa qualita. Per questa ragioseojoo di questo lavoro e stato quello di
interrogarsi su nuove potenziali specie erbaceenpérin grado di dare elevati
produzioni di biomassa adatta alla bioenergiapatempo idonee a crescere irrigate con
liquami zootecnici.

seguenti specie sono state studiatdum lappal., Arundo donax.., Canna indical.,
Carex acutiformid.., Carex pseudocyperus, Carex riparia Curtis, Glyceria maxima
(Hartman) Holmb.Helianthus tuberosuk., Iris pseudocorud.., Lythrum salicarialL.,
Mischantus x giganteuSreef et Deu.Phalaris arundinaceal. var. picta, Scirpus
sylvaticusL. e Symphytum x uplandiculdyman. Sono state coltivate in cassoni ed
irrigate con liguame simulato. La ricerca si € fazata su consumo idrico, resa e
costituzione della biomassa, asportazioni di aedtosforo, resa e potenziale energetico
in etanolo e metano ed, infine, qualita delle aadjysercolazione.



Complessivament@. donaxha dato le rese in biomassa piu elevate, increandote
annualmente (26.2, 62.8, 95.1 e 140.1 t/ha, daD 24112013 rispettivamente) ed é
risultata statisticamente diversa da tutte le afyecie, a parte nel 2011, quando non
erano presenti differenze significative tra es$a. & giganteug55.2 t/ha)A. donaxha
riportato anche il miglior input energetico. Pelagto concerne I'aspetto ambientale,
sempre guesta specie che ha dato le piu alte agwori, superando la quantita di azoto
immessa con la fertilizzazione. Infine, confrontariel acque di percolazione ad inizio e
fine prova, i contenuti mediani di azoto totale irico risultano piu bassi a fine

sperimentazione per tutte le specie vegetali.
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Summary

Animal wastewater management is becoming one otcémgral topics in agronomic and

At

Th

Th

environmental systems, especially in the Europeamtries that are subject to the
severe restrictions of the Nitrates Directive. Thisective aims to protect water quality
by preventing the loss of nitrates from agricultw@urces, but livestock farms produce
vast quantities of wastewater that are not easyitalle.

the same time the European Commission, with Remewables Directive, set an
important goal for European bioenergy: The EU 23 ttameet 20% of its gross final
energy consumption and 10% of the energy usedeiréimsport sector from renewable
sources by 2020. Bioenergy research has recentgsssd the importance of
sustainability and in this case ligno-cellulosiorasse can play a role because it
doesn’t compete with food and fibre production. Matudies underline the potential of
second-generation biofuels as sustainable bioendésgiike first-generation biofuels,
the second-generation ones might be obtained irginadrareas, avoiding the land
competition for food and fibre. In addition someamks could be cultivated with reduced
inputs and irrigated with poor quality water.

e aim of this work was therefore to find new peral herbaceous plants able to give
high biomass productivity suitable for bioenergydaie grow under irrigation with
livestock wastewater.

e following species were studiertium lappal., Arundo donax.., Canna indicaL.,
Carex acutiformid.., Carex pseudocyperus, Carex riparia Curtis, Glyceria maxima
(Hartman) Holmb.Helianthus tuberosuk., Iris pseudocorud.., Lythrum salicarialL.,
Mischantus x giganteuSreef et Deu.Phalaris arundinaceal. var. picta, Scirpus
sylvaticusL. and Symphytum x uplandicutdyman. They were cultivated in growth
boxes and irrigated with simulated slurry. The aesk focussed on their water
consumption, biomass production, nitrogen and phogs content, different
constituents of fibres (hemicellulose, cellulosgnih), ethanol and methane yield and

energy output and the quality of percolation water.

Overall A. donaxgave the highest biomass yields, increasing yga6y2, 62.8, 95.1 and

12

140.1 t/ha, from 2010 to 2013 respectively) and significantly different from all the



other species, apart from in 2011, when it was sighificantly different fromM. x
giganteus(55.2 t/ha).A. donaxalso supplied the best energy output (624 GJ/ha).
Regarding the environmental aspéctdonaxagain showed the highest nitrogen uptake,
exceeding the input of 400 kg/ha. Finally, comparihe initial and final percolation
water during the experiment, lower total nitrogew anitrate nitrogen median contents

were found and variability among species decreasedthe years.
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1 General background and objectives of the thesis
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Introduction

Animal wastewater management is one of the centopics in agronomic and

environmental systems, especially in European cms(Martinez et al., 2009). On the

traditional farm manure was considered an esseatidlcheap source of fertilizer but
nowadays, with the evolution in stockbreeding, sieek produce a huge quantity of
wastewater that is difficult to handle. Nitrogendgohosphorus are two nutrients with
the greatest potential to create water pollutioBQE1991) and, at saturation, they are
lost to either surface or ground waters (Martineale 2009). The negative effects on
both soil and water of excess spreading on ararid hre well-known (Smith et al.,

2000, Martinez et al., 2009). Thus, even if nittogean important and vital nutrient that
helps plants and crops to grow, high concentratemesharmful to people and nature.
Generally, farming remains responsible for over 5f%he total nitrogen discharge into

surface waters (EC, 2010).

For this reason the European Commission (EC) impasvere restrictions on its use

15

through the Nitrate Directive (91/676/EEC), in arde protect water quality across
Europe and reduce water pollution caused or indumgdhitrates from agricultural
sources by promoting the use of good farming prasti The EC imposes the
designation as Nitrate Vulnerable Zones (NVZs):e&w of land which drain into
polluted waters or waters at risk of pollution amidich contribute to nitrate pollution”
(EEC, 1991). The Directive allows a maximum of Ikt per hectare per year from
animal wastes on these areas. In 2011 the EC grdégions of the Padana Plain
(Veneto, Lombardy, Piedmont and Emilia Romagna)eaoghation (No. L 287/36)
raising this limit to 250 kg during the 2012-201&ripd for crops with high nitrogen
demand and long growing season (Official JournahefEuropean Union, 2011). This
area of Italy is characterized by a very high mj&o input farming system and accounts
for 7 million livestock units. Furthermore it haseoof the largest aquifers in Europe and
67% of the utilised agricultural area (UAA) is defd as NVZs (Perego et al., 2012). In
Veneto Region, where this thesis is inserted, N\¥@ser about 87% of the UAA
(ISTAT, 2011).



Two reports from the Commission to the Council &wlopean Parliament, COM(2010)47
and COM(2013) 683, indicate good progress towaleer water overall from 2004 to
2011, but further improvements have to be made gbC) and 2013).

Consequently creating new or additional treatmentsecessary to observe this European
Directive (Henkens and van Keulen, 2001, Harringéma Scholz, 2010). There are
currently several methods to abate excess nitremgeomply with the Nitrate Directive,
among these the most used are: mechanical sepamititiquid and solid manure,
aeration of slurry and biogas production, whichedgpanding in several countries
(Burton and Turner, 2003; Anon., 2010; Peterseal.e2013).

In this thesis the term slurry is taken as a waateimwith its negative consequences but
with the possibility to be exploited as a fertilizEor this reason the research carried out
for this PhD thesis deals with the production afrbass fertilized with wastewater from

livestock to produce bioenergy.

Renewable energy

The increasingly important role of bioenergy is eritied in many studies (Nijsest al.,
2012, Dornburg et al., 2010, Van Vuuren et al.,708nd in numerous climate change
mitigation policies the importance is stressed eglacing fossil fuels with renewable
energy sources (RES) (Dandres et al., 2012).

On a world-wide scale in 2011, the latest yeanbich data are available, RES provided
19% of total energy, in comparison with only 7%2@04, of which 9.7% came from
modern renewable sources (REN21, 2013), such as, sahd and geothermal energy,

biomass and biofuels (Figure 1).
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Figure 1 Estimated RES share of global final energy consionph 2011 (Ren, 2013).

In Europe the climate and energy package is a fsbtnding legislation which aims to
ensure that the European Union (EU) meets ambitolinsate and energy targets for
2020 (EC, 2009a and b). These targets, known a®th20-20" targets, set three key
objectives for 2020:

e A 20% reduction in EU Greenhouse Gases (GHG) eamsdrom 1990 levels;
e Raising the share of EU energy consumption prodéroed RES to 20%;
* A 20% improvement in the EU's energy efficiency.

Effectively, according to the Renewable Energy Bire (RED) (European Directive
2009/28/EC), the EU member states have to reacl®% ghare of energy from
renewable sources by 2020 (each member state hvasvit percentage) and 10% of
renewable energy specifically in each EU membete stansport sector. The EC also
established a long-term target to cut GHG in that&gy Plan 2020.

The substitution of fossil fuels by RES is thuseg kssue and many studies are focused on
the benefits they can provide to the environmerill @i al., 2006, Ragauskas et al.,
2006), particularly on the GHG reduction (Kooni®08; Dhillon and von Wuehlisch,
2013).

The EU targets rely on the major use of biomasalienergy sectors and it is expected to
account for 56% of the RES supply by 2020 (Beursladral., 2011; Bentsen and Felby,
2012).

In the EU, as a result of all these policies andsnees, the RES share increased from 8.5
to 12.7% in 2005-2010 (EC, 2013).

17



Italy, according to RED, which was adopted by Lkgige Decree No 28/2011, has to
achieve 17% energy from RES by 2020. In 2010 itlved 10.4%, overstepping its first
interim target of 7.6% (EC, 2013).

RES production in Italy has been continuously gragviecently. In effect the gross internal
consumption of renewable energy has increased bat®800 and 2010 from 423 PJ
(5.8% of gross energy consumption) to 755 PJ (1D.8922010 the dominant source of
RES was biomass (43.2%), followed by geothermal4@®, hydro (24.4%), wind
(4.4%) and solar (1.7%) (Scarlat et al., 2013).

Renewable energy and biomass

RES biomass has a wide range of different soustesy as forest biomass (woody species
in short rotation forestry such as poplar, willowsicalyptus and robinia), agricultural
residues, post processed biomass wastes (i.e. seshagge, municipal solid waste,
manure) and energy crops of annual or multiannpetiss (Bentsen and Felby, 2012;
Elbersen et al., 2012).

The International Energy Agency (IEA) (2006) repdrtthat energy from biomass is
mainly derived from cultivated crops, which nowaslagpresent the most common
energy agro-system worldwide. 3.2% of total crogpémea in the EU (about 5.5 Mha)
presently grows energy crops. Most of this lanatustivated for biofuel production,
covering 82% of energy crops; the remainder is ulsedthe production of first
generation (¥ gen.) bio-ethanol crops (10%), biogas (7%), andenq@al species go
mostly into electricity and heat generation (1%)w(ak et al., 2009; Elbersen et al.,
2012).

In general energy crops are crops grown speciidalt energy, in terms of biofuels or
electricity and heat by combustion. They are basedntensive agricultural systems,
characterized by high density plants and mechaoizahigh energy inputs, short
rotation (1-4 years) and plant cycles usually léss 20 years (Fiorese and Guariso,
2010; Fazio and Monti, 2011; Wichtman and Wichtn201,1).

Currently they mainly include traditional food ceopuch as rapeseed, sugarbeet, sorghum,

wheat, sunflower and silage maize (Krasuska e@l0).
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According to the first Italian progress report ofrddtive 2009/28/EC (EC, 2013), the
domestic biomass supply for energy purposes wanasid at about 19 million tonnes
in 2010. The main source of biomass was wood, whatved from direct (forests and
other wooded land) and indirect supply (residuas @rproducts from wood and paper
industry), accounting for about 10.8 million tonnégyricultural biomass, including
crops, by-products and residues, amounted to aB@umillion tonnes. Biomass was
also taken from waste (municipal, industrial, etevhich was quantified as about 5
million tonnes. In addition, in 2010 a significarhount of biomass (4.5 million tonnes)
was imported as wood, wood pellets and residuesri@et al., 2013).

Bioenergy thus forms a crucial element of the adfice and energy policy in many
countries (Nijsen et al., 2012).

Furthermore the FAO (2008) stated that it is fedhed the introduction of energy crops in
a scenario of decreasing food stocks will competeldnd with food crops, in turn
leading to food price increases.

Consequently the rapid expansion of energy cropslaege-scale and the socio-
environmental cascade impacts recently led to dieetification of some sustainability
criteria for biomass production (Elbersen et adQ0%, Cramer et al., 2007; Wichtmann
and Wichtmann, 2011). GHG balance, including thelelbioenergy production chain,
must be positive and therefore fewer emissions megtroduced than on average with
fossil fuels (Searchinger et al., 2008). Biomasslpction must not directly or indirectly
induce negative effects on biodiversity at any l€genes, species, and ecosystems), and
possibly improve biodiversity conservation in theea (IUCN, 2006). Biomass
production should economically sustain local depeient and social well-being of the
population, by giving a positive contribution towarlocal prosperity (Cramer et al.,
2007). Finally energy crops have to face littlenor competition with food production
and local biomass application. The entire biomasslyrtion cycle must maintain the
quality of solil, surface and ground water andwhich implies minimizing fertilizer and
pesticide use, and, at the same time, implementatiobest practices” in agricultural

systems.
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In addition, the European Commission recently miigd a proposaCQM(2012) 595) to
limit to 5% the use of food-based biofuels to mibet 10% renewable energy target of
the precedent Directive (EC, 2012).

For these reasons, even if dedicated crops foggnees represent a means for reducing
the dependence on fossil fuels, there is a neaddpt an integrated and multifunctional
approach for biomass production, and ligno-celiglmomass may play a useful role in

this context.

Non-food biomass

Nowadays sustainability of biomass is receivingagrattention, so growing interest is
being focused on the use of non-food biomass tdym® biogas and biofuels, the latter
are also known as second generatidfigen.) biofuels (Sims et al., 2010).

A lot is known on the production of*igen. liquid biofuels derived from agricultural
produce, such as maize, sugarbeet, rapeseed dmebsownd therefore their potential to
offset GHG and mitigate global warming and enviremtal pollution (Mabee, 2006).
On the other hand, these crops are also fat andr sayrces so compete with food
production and might be a cause of enhancing ogrovisions (Tan et al., 2008).

On the contrary, ¥ gen. bioenergy uses ligno-cellulosic raw materfatsn non-food
biomass, which is abundant and easily availableutjinout the world. The sources of
2" gen. biomass are divided in three main categtuyeBan et al. (2008). Firstly forest
residues, such as woods, straws from pulp and pagdastries and logging activities.
Then secondary waste, including municipal solid teiagnimal manure and food
processing industries waste (Houghton et al., 20069tly dedicated agricultural crops,
like grasses, or short rotation crops. In this leestegory the most used species are
Miscanthus iscanthus x giganteus.), switchgrassKanicum virgatuni.), and short
rotation coppice poplaiPppulus spp and willow Salix spp) (Eisentraut, 2010). These
energy crops will still probably be grown on lart could be used for food and fibre
production, like the 3 gen. ones, but their energy yields (in terms oh&)yJare higher
than those of crops grown to producéden. biofuels on the same land (Sims et al.,

2010) and they can also be grown on poorer qusdiiy

20



The same consideration can be made regarding bipgaduction, which is a well-
established technology based on anaerobic digessfororganic materials. These
feedstocks can derive from different sources, astioged above for biofuels, but a
more sustainable production might be achieved usamyfood biomass. For that reason,
in Italy, legislation provides subsidies to supptre use of this kind of biomass
(Ministerial Decree of 6 July 2012).

Effectively, Nijsen et al. (2012) reported that el studies have argued that the growing
of perennial grass on degraded soils for the priigluof energy crops would not only
make them less susceptible to soil degradation eocsdpwith (annual) food crops but
will also significantly increase the productivity these lands (Samson and Omielan,
1994; Parrish and Fike, 2005; Tilman et al., 20D&mpbell et al., 2008; Fargione et al.,
2008; Sanderson and Adler, 2008; Sexton and Zilaer2008).

It could also be a way of avoiding competition fand with food production and at the
same time improve the soil quality of land consdeinadequate for arable crops (Fazio
and Monti, 2011; Fahd et al., 2012; Kallioinen ket 2012). Additionally, there is also a
real need to devote marginal land to cultivate fowd energy crops, since arable lands
are not sufficient to meet the energy demand (Taal.£2008). Certainly marginal and
degraded areas could be used but crops need aedagpats to maintain high yields
over the longer term (Luoma, 2009).

Regarding the cultivation, sustainable agricultca@ be achieved adopting vigorous and
perennial plants to minimize the yearly costs afisg and soil tillage and using organic
sludges and/or wastewater to apply nutrients. ¢h daimal effluents are rich in organic
matter, nitrogen and phosphorus and the fertilizirgperties of wastewaters have been
proved in many studies (e.g. Tamburino et al., 199pez et al., 2006; Morari and
Giardini, 2009). On the other hand the distributadranimal effluents and wastewaters
on fields can often be a source of environmentatem.

In this context, the utilisation of perennial haezbaus plants suitable for wetland treatment
systems may offer an interesting solution to aahighe targets of huge biomass
availability and allocation of organic wastes amdpquality waters at the same time. In
fact wetland plants are able to tolerate high patitiloads and ameliorate the water
guality, also providing 50-60 t/ha per year of bass (Kadlec and Knight, 1997).
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Consequently the allocation of this kind of plapeses to produce bioenergy on marginal
lands and the use of poor quality water and anivedtes as fertilisers might allow a
low cost chain of biomass production to be impleteeénn which the harvest is the only
operation. At the same time this strategy contebub the protection of surface water
bodies from pollution.

To combine all the above-mentioned positive aspetshence necessary to identify and
characterise appropriate plant species and dewlsfainable systems for cultivation
and transformation of plants suitable for beinggated with wastewater and bioenergy

production.

Research structure and objectives

The aim of this PhD research is to study and cherae perennial herbaceous species for
their composition and potential production &f Ben. ethanol and biogas in order to
increase the possibility of wastewater reuse andréate an alternative renewable
energy chain that is sustainable.

The sub-objectives for achieving the main goal are:

1. To study potential perennial herbaceous species @e@rmine their water
consumption, biomass production, nitrogen and phagfs uptakes and percolated
water quality;

2. To acquire biomass characterization of the stuspeties;

3. To test and compare ethanol and methane produstitire studied species;

4. To environmentally assess a scenario of a stugiedies.
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2 Growth boxes trial



Materials and methods

Site description

The experiment began in 2010 on the “Lucio Tonia@aperimental farm of the University
of Padova at Legnaro (Figure 2), near Padova (45N211° 58’ E; 6 m a.s.l.), north-
east ltaly, and ended in 2013. In this part of emeto Region, the climate is sub-
humid, mean annual rainfall is about 810 mm anthaslerately uniformly distributed
throughout the year, with a higher variability froBeptember to November. Mean
annual average temperature is about 12.5 °C. Teeenee evapotranspiration (ETo),

calculated with the Penman—Monteith formula, is 9B in the median year and

increases during the summer.

In this work data regarding the period June 201€toRer 2013 are taken in account.

aver | G

Figure 2 Location of the experimental site in Italy
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Experimental set up and management

The experimental site consisted of 48 concrete tirdoxes (2x2 m sided), laid out in two
parallel lines of 24 boxes. They were installechwite top at 1.3 m above ground level,
to avoid water table influence, and the bottom operallow water percolation (Figure

3). They were filled with fulvi-calcaric CambisoClcf) soil, according to FAO-

UNESCO classification (Table 1).

Figure 3 View of the experimental site.
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Table 1 Main physical and chemical characteristicef the soil, April 2006.

Parameter 0-50 20140
cm cm
Sand (%) 31 35
Silt (%) 49 45
Clay (%) 20 15
pH 8.1 8,1
ECe (mS/cm) 0.28 0.26
Total carbonate (%) 20.1 17.3
Soluble Carbonate (%) 4.1 3.9
Organic carbon (%) 0.82 0.66
Organic matter (%) 14 1.1
C to N ratio 7.5 6.6
Total nitrogen(%) 1.1 1
Available P (mg/L) 50 16
Available K (mg/L) 135 128
water content -10 kPa (%) 36 33
water content -1500 kPa (%) 20 13

A porous ceramic platéZ( 27 cm) was placed at 0.90 m depth in 16 boxes.pldtes had
air-entry suction of 50 kPa, saturated hydraulioduztivity of 1.25*10° cm/s. They
were connected to a suction system by a netwoRilean plastic thin@ 2 mm) pipes,
protected by biggerd 20 mm) and more rigid PVC pipes. This system coteskthe
conduction of vacuum and the collection of perdofatwater samples. The central
components were placed in a small building closthéogrowth boxes and consist of:
(Figure 4):

e 1 electric vacuum pump (power 0.37 KW) providedhwit mechanical vacuum
gauge. The pump was connected to a tank (50 Lyiged with 2 pressure switches
that allow the regulation of minimum and maximurresholds;

* 1 pair of 5 L bottles to collect overflows;
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» 16 pairs of 1 L bottles to collect samples; eacin was connected to one ceramic
plate by a plastic pipe;
e 1 panel to control distribution of the vacuum, eamramic plate was handled
separately by means of a valve.
The system was started by manual activation ofptimap, which, once it reached the set

power, stabilized the suction intensity and beganges collection in the bottles.

Figure 4 Layout of the suction system to collect peolated water samples. A: electric vacuum pump; B:
mechanical vacuum gauge; C: tank; D pressure swit@s; E: bottles for overflows; F panel to

control distribution of the vacuum; G: valve; H: bottles to collect samples; I: porous ceramic plate

The experimental site was activated in June 201th wiant species transplanting,
following adequate soil preparation. There were fgrnowth boxes for each species with
4 plants/Mdensity in a randomized block design.

Fourteen species were cultivated during the rebd&igure 5, Table 4).

The plants were fertilized in May of every yeangnr 2010 to 2012, with an equal amount
of pellet manure Biorex (Italpollina, Italy) (Tabl), equivalent to 400 kg N/ha. In
spring 2013 the quantity corresponded to 250 kgaNdhd the sludge of anaerobic

digester feed with silage maize + bovine slurry waed. Controlled irrigations were
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applied from May to September, corresponding ton#@ of water, twice per week.
Fertilizer and irrigation application simulated sjusupply.

Plots were kept free of weeds manually the firgtry& growth, then weed control was no
longer needed. During the 4-year experiment no algeases were detecteB.
arundinaceadid not react positively to the transplantation dratl a limited growth
during the season, moreover at the beginning oB20tbp season tw&. uplandicum

replicates were transplanted, due to the deatlaatg

Table 2 Fertilizer composition.

Composition (%)
Organic nitrogen (N) 2.8
Total phosphoric anhydride (P.Os) 3

Water-soluble potassium oxide (KO)

Total Organic Carbon (C) 38
Organic matter 65

Every year plants were harvested at the end okdason when stems were dead, as in
Christian et al. (2008), by cutting the stems aemght of 5 cm. In 2010, being start-up
year, there was a single harvest (SH) for all feyticates, while in both following years
multiple harvests (MH) were also done for 2 repbsa scheduled as in Table 3. MH

were done after plant flowering. The last year¢heas again only the SH.

Table 3 Harvesting schedule during the trial.

Year MH SH and last MH
2010 - - - 03 November
2011 11 May 15 June 26 July 05 November
2012 18 May - 23 July 12 October
2013 - - - 23 October
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Table 4 List of all cultivated species with sciéinthame, common name, cultivation year and hamgsype.

N. Scientific name Acronym Common name Family 201011 2012 2013
1. Arctium lappaL. AL Greater Burdock Asteraceae - SH SH SH
2.  Arundo donax. AD Giant Reed Poaceae SH SHMI3H MH SH

3. CannaindicalL.® Cl Indian Shot Cannaceae =~ SH - - -
4. Carex acutiformi€hrh. CA Lesser Pond Sedge Cyperaceae @ SH SHMNH MH SH

5. Carex pseudocyperus * CP Cyperus-Like Sedge Cyperaceae @ SH - - -
6. Carex ripariaCurtis CR Great Pond Sedge Cyperaceae SH SHMNMHMH SH

7. Glyceria maximgHartm.) Holmb. GM Reed Sweetgrass Poaceae - SH SH MH

8. Helianthus tuberosurh. HT Jerusalem Artichoke Asteraceae - SH SH SH
9. lIris pseudacorug.. IP Yellow Flag Iridaceae SH SHMHSHMH SH
10. Lythrum salicariaL.* LS Purple Loosestrife Lythraceae - - SH SH
11. Miscanthus x giganteuSreef et Deu. MG Giant Miscanthus Poaceae SH SHMBHMH SH
12. Phalaris arundinaced.. var. pictaL.' PA Ribbon Grass Poaceae - SH - -
13. Scirpus sylvaticus. SS Woodland Bulrush  Cyperaceae = SH  SH MH -

14. Symphitum x uplandicuyman SU Comfrey BoraginaceaesSH SH MH SH MH SH

! These species were only cultivated for 1 year

-: not cultivated, SH: single harvest, SH MH: smbhlrvest and multiple harvests.
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Figure 5 Images of all cultivated species, numbergfer to Table 4.
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Figure 4 (continued)
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Selected species

All 14 species considered in this study grow ndlyren wetland or moist conditions
(Cook, 1996). They are all herbaceous and perenmithl the exception oArtium lappa
L., which is biannual. The vast majority are noltigated. A brief description of their
botanic features follows; uses and biomass prodtictire also given, when available.

1) Artium lappal., greater burdock, is diffused in Northern Ancan and temperate
European regions (Pignatti, 1982). It is a bienplaht which can reach 2 m the second
year of growth. It has large, alternating, cordifioieaves with a long petiole and
pubescent on the underside. The flowers are pupiegrouped in globular capitula,
which are surrounded by an involucre made up ofymmacts, each curving to form a
hook in order to be carried long distances on tireof animals. It flowers in mid-
summer, from June to Septembéy. lappais among the most popular plants in
traditional Chinese Pharmacopoeia and is associtiedeveral biological effects
(Spignoli et al., 1999), related to inflammatorgatiders (Ferracane et al., 2010). Thus
studies in the literature are focussed on the noéitaprofile of its bioactive compounds.
A study was recently carried out in Latvia on itdgntial biogas production (Dubrovskis
et al., 2011).

2) Arundo donaxL., giant reed, is native to East Asia but is nawdely diffused. In
Mediterranean areas it is frequent in riparian tadbiand throughout the United States it
is an emergent aquatic plant (Angelini et al., 2000is one of the tallest herbaceous
grasses, grows in dense clumps and the stems aah eeheight of up to 8-9 m. It
flowers with a dense, erect panicle in summer. béger propagation is by rhizomes
(Christou et al., 2000.A. donaxcan grow in different soil types and toleratesudy,
salinity and flood (Nassi o Di Nasso et al., 2018}s one of the most studied crops for
energy purposes due to its huge productivity. Yekeported in Spain showed 45.9 t/ha
on average, ranging from 29.6 to 63.1 t/ha (Hildaga Fernandez, 2001). In Italy
Mantineo et al. (2009) obtained yields from 6.888 t/ha in a semi-arid Mediterranean
environment, while Angelini et al. (2009) reportinat A. donaxfields reached 49 t/ha
during its maturity phase, from%@o 8" year of growth, while production higher than
100 t/ha has been recorded at plot level (Molaal.€2010; Borin et al., 2013).
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3) Canna indicaL., commonly named Indian shot, is a very popuaramental plant
because it has very decorative leaves and flovi#gsgamifications grow from a thick,
branching, underground rhizome and reach 150-250ncireight forming a compact
mass. The green leaves are large, the infloresaendgerminal clusters with groups of
flowers. The fruits are ellipsoid capsules withgiaramounts of black and very hard
seeds. Propagation is by seeds or by rhizome sshafivindian shot can be grown from
sea level to 900 m a.s.l. and is often used intoacted wetlands for its capacity to treat
wastewater (Calheiros, 2007).

4, 5, 6) Carex acutiformiEhrh.,Carex pseudocyperus andCarex riparia Curtis. Carex,
or sedge, is one of the largest plant genera, dnojumore than 3000 species and
represents one of the most common vascular plamipgrin the world. Sedges are
evergreen, form compact bushes, flower in springp ilowers at the top of the green
stems. Propagation is by seeds or by subdivisionhizhomes. They occur in very
different habitats: in wet and moist locations sashpeat bogs, fens, meadows and
pasture communities as well as their peripheriégyTalso grow in dry and extremely
dry habitats, including xerothermic and psammoplsiograsslands among others
(Bogucka-Kockaa and Janyszekb, 2010). The genusx@armportant for wetlands and
iIs commonly used (Van Acker et al., 2006). elatg which is smaller thak. riparia,
can provide a yearly production of 60 t/ha (Bon &alvato, 2012).

7) Glyceria maximgHartm.) Holmb., reed sweetgrass, is native toogperand temperate
Asia (Clarke et al., 2004). It has unbranched stémas can reach 115 cm in height
(Tanner, 1996). The leaf sheaths are rough in texdand have a reddish-brown band at
the junction with the leaf. The leaf blades arellshdy grooved, with prominent
midribs (Howard. 2012). In dense stands reprodacteems to be entirely by vegetative
means rather than by seed (Howard, 2012). Tann@®6jlreported aboveground
biomass of 33 t/haG. maximais used for sewage treatment in artificial wetland
(Tylova-Munzarova et al., 2005).

8) Helianthus tuberosunt,., Jerusalem artichoke, is native of the centegions of North
America and arrived in Europe in the™6entury (Cosgrove et al., 1991). In Europe it
can be found in uncultivated areas such as roasisgteeam banks, wasteland and
abandoned farmsteads. The plants grow well undetide range of climates but it
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9)

10

34

maximises its production under moderate temperaame adequate water supply
(Parameswaran, 1999). Jerusalem artichoke has pith#scent stems and can grow to
3 m tall, leaves are opposite on the upper pathefstem but alternate below. The
flowers are yellow and produced in 5-10 cm diamedgitate flower heads, The tuber is
elongated and uneven, typically 5-10 cm long arsl @+ thick, rich in inulin (Pignatti,
1982). Baldini et al. (2011) underline thdt tuberosumhas been used mainly for its
tubers, so as a sugar and dietary fibre crop,tthas recently been studied as a biomass
crop for energy uses, particularly for bioethanaduction (Curt et al., 2006), methane
from anaerobic digestion (Lehtomaki et al., 2008]) gas from pyrolysis (Encinar et al.,
2009). In Sweden maximum yields of 16 t/ha weramgtd (Gunnarson et al.,1985), in
Australia Jerusalem artichoke irrigated with waster gave above-ground part yields
from 16 to 80 t/ha (Parameswaran, 1999). In sgittss@ood performance, harvesting is
a difficult task, due to the irregular shape andalérsize of the tubers, but if the
economic produce were the stems, most of the crdyaa/backs would be overcome
(Curt et al., 2006).

Iris pseudacorus., commonly named yellow iris, is native to Euepmvestern Asia and
northwest Africa. It has robust rhizomes, erecwésa bright yellow flowers and dry
capsule fruits, containing numerous pale brown seleg which it spreads quickly but it
also propagates by rhizoméspseudacoruss common in wetlands, where it tolerates
submersion, low pH, and anoxic soils but it canviser prolonged dry conditions
(Yousefi and Mohseni-Bandpei, 2010). It has pritydseen used as an ornamental plant
in water gardens, but has also been widely plafdearosion control and in sewage
treatment ponds (Sutherland, 1990). The highesi toith above-ground and below-
ground biomass reached was 17 t/ha, in plantecdocosm units (Haiming et al., 2011).

) Lytrum salicarial., or purple loosestrife, is of Eurasian origiut is now widespread
in freshwater wetlands (Brown et al., 2006). It eleps a strong taproot, and may have
up to 50 stems arising from its base. Its leaves s@ssile, opposite or whorled,
lanceolate with rounded to cordate bases. Infl@mse is spike-like (10-40 cm long),
and each plant may have numerous rose-purple @sitences (Ling Cao, 2012). Purple
loosestrife is used in treatment wetlands (Zhangl.et2007). Yields of 7-8 t/ha were

obtained in Italy at plot scale (Molari et al., 2)1



11) Miscanthus x GiganteuSreef et Deu. The genetic origin discanthuss in East-Asia
(Greef and Deuter, 1993). As a consequence ofiglidy, M. x giganteusis sterile
and cannot form fertile seeds (Linde-Laursen, 1998)it is propagated by rhizome
division or in vitro cultures (Clifton-Brown and &andowski, 2002). The canopy of
M.x giganteuscan reach a height of 4 m (Angelini et al., 20089st yields reported for
miscanthus in Europe have been assessed usingtéinelard’ genotypkl. x giganteus
The stands need 3-5 years to become fully establiahd reach the maximum yield,
yields in general are very variable (Lewandowsalet2000). For locations in southern
Europe vyields above 30 t/ha are reached only wiithation, and 10-25 t/ha in central
and northern Europe, which are more typically withorigation (Lewandowsi et al.,
2000). In the United Kingdom a research on 14 ssgige harvests showed a range of
yields from 1.46 to 18.33 t/ha (Christian et aD0&). In Italy Cosentino et al. (2007)
observed mean yields from 3.9 to 24.6 t/ha durirlgyaar trial., Angelini et al. (2009)
of 29.4 t/ha from the 3to 8" year and Mantineo et al. (2009) from 2.5 to 2@ t
during a 5-year trial.

12) Phalaris arundinaced.., or reed canary grass, is a rhizomatous peatgrass that can
grow more than 2 m tall. It has green, broad Bawks and a hollow stem, single flowers
occur in dense clusters in summer, they are gre@urple at first and change to beige
over time. This plant reproduces by seed or creepimzomes. It establishes in
constructed or restored wetlands (Waggy, 2010) iandsed in treatment wetlands
(Hurry and Bellinger., 1990). A well irrigated affettilized reed canary grass can give
48 t/ha of dry matter (Borin and Salvato, 2012).

13) Scirpus sylvaticud.., known as club-rush or bulrush or grassweed, tiass-like
leaves, and clusters of small spikelets, often browcolour and can be from 0.3 to 3 m
tall. The leaves are long, keeled, broad and #at the corymbose flowers, which
appear in summer, are very branched (Cook, 1988)ah evergreen rhizomatous sedge
characteristic of infertile wetlands (Crick and 1@e, 1987). Biomass yields from 5 to 37
t/ha were reportedy Kuusemets and Lohmus (2005).

14) Symphytum x uplandicunNyman, Russian comfrey, is a crossbreed between
Symphytum officinaland S. asperum(Culvenor et al., 1980). It is a perennial herb

known as comfrey, gum plant or boneset, and is eyepl topically as anti-
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inflammatory, emollient and mild anaesthetic in fghiyerapy, due to allantoin found in
the underground organs and leaf (Toledo, 2006)gdta taproot up to 3m in length and a
fleshy and extensive root system. It is propagatednly through root cuttings and
offsets. It prefers wet soil and a sunny positisn,often grows along ditches (Hills,
1976). Once plants are well established, plentyegfetative material can be harvested
by cutting several times during the year; the amigenerate quickly because of the
large food reserves in the roots and can producetdviive crops per year (Bremness,
1998). Yields of 6.9 t/ha were registered in theteéthKingdom (Wilkinson, 2003).

Soil moisture measurement

Over the growing season soil moisture content weasured every 10 cm to 100 cm with a
Diviner 2000 device (Sentek, Stepney, Australia)ciitonsists of a probe and hand-
held data logging display unit, allowing measurasit@. Data were collected from July
to September in 2010, from May to October in 2Gtdm March to June in 2012 and
from July to August in 2013. Measurements in tist f&o years couldn’t be continuing,

due to the device being damaged.

Vegetation sampling and analysis

Vegetation was harvested as scheduled in Tablergidering a sampling area (50 x 50
cm) in the middle of each growth box surface, cutSacm height. The collected
aboveground biomass was weighed onsite for ta¢ahfiveight, while 100 g ca. samples
were dried in a force draught oven at 65 °C foh8@rs, milled at 2 mm (Cutting Mill
SM 100 Comfort, Retsch, Germany); in addition, fogvdered sub-samples were dried
at 130 °C to measure the residual moisture confdre.65 °C dry samples were then
analysed to determine:

» total Kjeldahl nitrogen (N) and phosphorus (P) eomt using the FAO official
method (FAO, 2011) - one replicate;

» carbon (C), hydrogen (H) and oxygen (O) contenth\the Elemental Analyser EA
1100 CHNS-O (CE Instruments Ltd., Lancashire, UKhese analyses were
performed every year for each harvest, both SHMIHd two replicates;
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e potassium (K), magnesium (Mg) and calcium (Ca)ngidhe inductively coupled
plasma atomic emission spectroscopy (ICP-AES) igden(Hou and Jones, 2000)
by Spectrometer Optima 2000DV (PerkinElmer Inc.,sb&chusetts, USA) - two
replicates;

» the different constituents of fibre (hemicellulosegllulose, lignin and ashes,
determined sequentially according to Van Soestiese analysis (Fan et al., 1987)
through Fibre Analyser FIWE 6 (VELP Scientifica,riate, Italy) - three replicates.

N and P analyses were performed every year for eactest, both SH and MH, from all
growth boxes from 2010 to 2012, giving a total 36 samples. The remaining analyses
were conducted only for the first harvest of eguécges, with two or three replicates as
mentioned above. The results were then expressdny imatter.

During the 2012 growing season plant were also taed according to the BBCH scale

(Hack et al., 1992). From the beginning of Aprilttee end of October 2012, BBCH

stages (Table 5) were ascribed to plants twice ekwe check their growth and

development.
Table 5 BBCH scale stages

Stage Description

0 Germination / sprouting / bud development

Leaf development (main shoot)

Formation of side shoots / tillering

Stem elongation or rosette growth / shoot devakat (main shoot)

Development of harvestable vegetative plant partegetatively propagated organs/booting (magogh
Inflorescence emergence (main shoot) / heading

Flowering (main shoot)

Development of fruit

Ripening or maturity of fruit and seed

Senescence, beginning of dormancy

OCO~NOUTA WNPE

Water sampling and chemical analysis
During the entire trial percolation water samplesevtaken once a month from November
to April, when percolation occurred. The water wass collected as follows:
» winter 2010/2011: from November 2010 to March 2011,
* winter 2011/2012: November and December 2011 f@daced number of species.
This was due to an unusually dry autumn and winter;
» winter 2012/2013: from October 2012 to April 2013.
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total of 196 percolation water samples were obtld and analysed to detect total
nitrogen (TN), nitric nitrogen (N&N), total phosphorus (TP) and orthophosphate,{PO
P). All samples were frozen immediately after adilen and stored until laboratory
analysis. TN and TP were determined using Valdearanethod (Valderrama, 1981),
POy-P with Olsen method (Olsen et al., 1954) and:INCby modified Cataldo method

(Cataldo at al., 1975).

Soil sampling and analysis

Soil samples were taken before the beginning ofribg at the end of March 2010, and at

the end of the monitoring period in April 2013. Sdimg involved the top 0-20 cm saill

layer and a deeper layer at 20-50 cm. After cabectsoil samples were air-dried,

crushed using a rolling pin and manually sieverstfat 2 mm and then at 500 um.
Organic carbon, total nitrogen and sulphur weresuesd by Springer and Klee method
(Springer and Klee, 1954).

Data elaboration

All statistical analyses were performed using thenputer software package STATISTICA
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7.0 (Statsoft Inc., 2004). The data series of ggrg phosphorus and fibre content and
water parameters didn't follow normal distributiomhus, statistical analyses were
implemented with the Kruskal-Wallis non parametest and box-plots were used to
present the data. Different letters indicate sigaift differences at p < 0.05 by Kruskal-
Walllis test. Result regarding yields and uptak@eeted normal distribution so ANOVA
analyses were conducted, followed by Fisher's L8agtificant Difference (LSD) test,

where different letters indicate significant difeces at p < 0.05 by LSD test.



Results and discussion

Meteorological data and water balance

In Legnaro the long-term (1995-2000) average prtipn corresponds to 840 mm/year
while the average annual temperature is 13.5 °C20h0 the annual precipitation
surpassed the long-term average (1141 mm), whidirl and 2012 it was almost half
that (601 and 603 mm, in 2011 and 2012 respec)iweith lower amounts especially
during spring and summer. In 2013 the data refehéoperiod until 3% October 2013
but the trend was nevertheless higher than the-termy one, mainly in the first 6
months of the year and with particularly heavy fainn March 2013 (Figure 6a).

During the four-year experiment the monthly tempeeatrends were similar to the long-
term average with higher values from May to Septem(bigure 6b).

Irrigation supplied during years is shown in Figiren total the plants received 1646 mm

in 2010, 1571 mm in 2011, 1954 mm in 2012 and 9A®imM2013.
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Figure 6 Meteorological data during the trial in Legnaro (PD): a) monthly precipitation, b) monthly
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average temperature. Data refer to the period froml® January 2010 to 3% October 2013 (ARPAV,
modified data).
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Figure 7 Cumulative water volumes supplied to thertal from March to October 2010, 2011, 2012 and
2013.

Soil moisture

Evapotranspiration and crop coefficients

Evapotranspiration (ET) is the loss of water fromface to atmosphere through liquid
water vaporization from both soil and plants. Iistiesearch ET was estimated by the

following equation based on the water balance drianage basin:
ET=P+I+AH 1)

Where P is precipitation, | is irrigation amH is soil moisture variation. Groundwater,
run-off and leaching were not taken into accoumtlee considered minimal.

At a later stage the reference evapotranspirateip)( of the experimental site was
calculate with the Penman-Monteith equation (Aktral, 1998), in order to obtain the

crop coefficient (K) for each species through the following formula:

K= ET/ET, (2)

41



ET varied vastly among both species and yearsehei@l values were higher thanET

In

with the exception of October and 2013 measuremdihisse last had low ET because
of reduced precipitation and irrigation supply.

2010 this parameter did not show a high levelafation, ranging from 423 to 453 mm
in July and August and from 246 to 260 mm in Se@mComparable values among
species were probably due to the initial develognunthe plants, which were all

transplanted in June (Table 6).

Table 6 ET of the studied plant species in 2010

Species Jul Aug Sep
mm mm mm

A. donax 444 435 264
C. indica 431 436 275

C. acutiformis 449 446 262
C. pseudocyperus449 423 256
C. riparia 453 442 262
|. pseudacorus 432 429 246
M. x iganteus 444 457 269
S. sylvaticus 440 441 256
S. x uplandicum 440 440 264
ETo 218 176 125

In 2011 measurements could be done for longerwastpossible to observe a better trend
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in ET, which increased from May (minimum 233, maxmm 335 mm) to August
(minimum 303, maximum 467 mm) and then reduced| itober (minimum 111,
maximum 22 mm). Among plants it was not possiblelemtify a species which had the
highest or the lowest ET overall, but there wasoatmly specificity (Table 7).



Table 7 ET of the studied plant species in 2011

Species May Jun Jul Aug Sep Oct
mm mm mm mm mm mm
A. lappa 252 230 335 336 269 42
A. donax 335 263 322 339 284 63
C. acutiformis 245 237 347 303 290 111
C. riparia 270 227 337 309 285 30
G. maxima 225 257 360 467 281 56

H. tuberosus 310 266 337 322 273 44
I. pseudacorus 264 235 344 305 284 99
M. x giganteus 295 266 291 382 274 63
P. arundinacea 233 240 377 467 281 52
S. x uplandicum. 250 273 336 318 273 22
S. sylvaticus 255 249 349 314 290 46

ETo 173 171 192 184 137 82

In 2012, ET showed an increase from April to Jundhe first monthA. donaxregistered
the lowest value (126 mm) and salicaria the highest (178 mm) but in July the
situation was the contrary (527 and 388 mm, respayg). InsteadS x uplandicum
maintained lower ET during the entire monitorin@31141 and 436 mm) (Table 8).

Table 8 ET of the studied plant species in 2012

Species Apr May Jun
mm mm mm

A. lappa 146 284 443
A. donax 126 116 527
C. acutiformis 144 436 461
C. riparia 147 313 470

G. maxima 149 27 466
H. tuberosus 153 440 511
l. pseudacorus 155 329 506
L. salicaria 178 515 388
M. x giganteus 141 356 518
S. x uplandicum 135 141 436

ETo 117 183 199
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In the last year species could only be observetiformonths, in which ET was lower than

ETo. A specific trend could not be identified amonga@ps (Table 9).

Table 9 ET of the studied plant species in 2013

Species Jul  Aug
mm mm

A. lappa 167 152
A. donax 137 123
C. acutiformis 175 149
C. riparia 153 149
G. maxima 167 129
H. tuberosus 82 177
I. pseudacorus 169 139
L. salicaria 163 180
M. x Giganteus 139 141
S. x uplandicum 130 147
ETo 219 196

The majority of species in this study are wetlaretrophytes. Since ET estimates are hard

to obtain for wetlands, even in research systen&ERA, 2000), ET rates have not been

thoroughly investigated for most of them. Some dasda be found in the literature

regarding miscanthus (Hickman et al.,, 2010). MoezoKT rates, also in the same

species, differ significantly due to different mat@ogical conditions and latitudes.

However, it is important to point out that undee teame environmental conditions,

plants provided very different ET values, as obsdiyy Salvato and Borin (2010).

Kc values reflected ET values so the same condidesacan be made. In Table 14 the
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mean Kc were calculated from the values collectedhie 4-year trial to give an

overview. Kc were compared with those of maize Wwhace: 0.3-0.5 during first month

of growing, 0.7-0.85 in the development stage, [AL@5at mid-season, 0.8-0.9 during

the late season and finally 0.55-0.6 at harvestQFR2013). Thus in general it was

observed that all species had higher Kc than maize.



Table 10 K; of the studied plant species in 2010

Table 11 K; of the studied plant species in 2011

Table 12 K; of the studied plant species in 2012
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Species Jul  Aug Sep

A. donax 204 246 211

C. indica 1.98 2.47 2.19

C. acutiformis 2.06 2.53 2.09

C. pseudocyperus2.06 2.40 2.04

C. riparia 2.08 2.50 2.09

I. pseudacorus 1.98 2.43 1.96

M. x Giganteus 2.04 2.59 2.14

S. sylvaticus 2.02 250 2.04

S. x uplandicum 2.02 2.50 2.11
Species May Jun Jul Aug Sep Oct
A. lappa 15 13 17 18 20 05
A. donax 19 15 17 18 21 0.8
C. acutiformis 14 14 18 17 21 14
C. riparia 16 13 18 17 21 04
G. maxima 1.3 15 19 25 21 0.7
H. tuberosus 1.8 16 18 18 20 05
l. pseudacorus 15 14 18 1.7 21 1.2
M. x giganteus 1.7 16 15 21 20 0.8
P.arundinacea 14 14 20 25 21 0.6
S. xuplandicum 1.4 16 18 1.7 20 0.3
S. sylvaticus 15 15 18 17 21 0.6

Species Apr May Jun

A. lappa 13 16 22

A. donax 1.1 06 2.7

C. acutiformis 1.2 24 2.3

C. riparia 13 17 24

G. maxima 1.3 01 23

H. tuberosus 1.3 24 26

|. pseudacorus 1.3 1.8 25

L. salicaria 15 28 20

M. x Giganteus 1.2 19 26

S. x uplandicum 1.2 0.8 2.2




Table 13 K; of the studied plant species in 2013

Species Jul Aug

A. lappa 0.8 0.8
A. donax 0.6 0.6
C. acutiformis 0.8 0.8
C. riparia 0.7 0.8

G. maxima 0.8 0.7
H. tuberosus 0.4 0.9
|. pseudacorus 0.8 0.7
L. salicaria 0.7 0.9
M. x Giganteus 0.6 0.7
S. x uplandicum 0.6 0.7

Table 14 Mean K. of the studied species.

Species Apr May Jun Jul Aug Sep Oct
A. lappa 1.3 15 18 13 13 19 05
A. donax 1.1 13 21 14 16 21 038
C. indica - - 20 25 22 - -
C. acutiformis 1.2 19 19 15 16 20 14
C. riparia 13 16 19 15 17 20 04
C. pseudocyperus - - 21 24 20 - -
G. maxima 1.3 07 20 16 19 20 0.7
H. tuberosus 13 21 21 14 17 20 05
l. pseudacorus 1.3 1.7 20 15 16 20 1.2
L. salicaria 15 28 20 0.7 09 - -
M. x giganteus 1.2 18 21 14 18 20 0.8
P. arundinacea - 14 14 20 25 21 0.6
S. xuplandicum 1.2 11 19 15 17 20 0.3
S. sylvaticus - 15 15 17 21 21 0.6

Biomass production

Biomass characteristics

Mineral composition is important for potential egyrcrops because it allows to evaluate
which technology is more suitable for the conversad plants into biofuels (Monti et
al., 2008).
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Nitrogen and phosphorus contents were measureevéy harvest (both SH and MH) for
each growth box from 2010 to 2012. Significant eliinces were observed among
species but not among years (Figure 8).

Nitrogen median content ranged from 2.31 to 0.5@8é, best result was given 8/ x
uplandicum(2.31%) but also by. arundinacea2.20%) andA. lappa(2.05%), while
provided byH. tuberosun{0.50%) andV. x giganteug0.70%) were lower.

It is well known that biomass collected at the @fidhe growing season displays lower
nitrogen than in spring, mainly due to the tranatmmn to belowground biomass (Beale
and Long, 1997; Christian et al, 1998; Kadlec analls¢e, 2009). Furthermore Kadlec
and Wallace (2009) underline that different plaatt® may show differences in nitrogen
content and seasonal variability may also be vadgw

Phosphorus median content showed values from A@®67503%. AgairS. x uplandicum
gave the highest result (0.503%), followed hy salicaria (0.0278%), A. lappa
(0.261%),G. maxima(0.255%) and Parundinacea(0.230%). Lower P percentages
were found inC. pseudocyperu®.067%),M. x giganteug0.70%),A. donax0.085%),
C. indica(0.095%)andH. tuberosun{0.096%).

Results were similar to those reported in thedtaliterature for miscanthus and giant reed
(Cosentino et al., 2007; Monti et al., 2008; Nas$)i Nasso et al., 2010; Borin et al.,
2013).
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Figure 8 Box-plots of nitrogen (N) and phosphorus (P) cohiarthe biomass of the studied species from
2010 to 2012. Different letters indicate signifitdifferences at P < 0.05 by Kruskal-Wallis test.

Biomass element concentrations (C, H, O, Ca, K BMg) were analysed with two
replicates so mean values are reported in Tabl€ Idantent showed values from 42.2
(C. pseudocyperygo 50.6% P. arundinacea With regard to H,C. pseudocyperus
again gave the highest content (7.59%) wBileylvaticushe lowest (4.47%). For @.
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pseudocyperusstead showed the lowest value (40.3%) while igbdst was reported
by C. indica The latter presented a very low Ca content (®@275vhile C.
pseudocyperusvas again the species with highest value (2.701Btally M. x
giganteusdetermined low values for both K and Mg (0.271 &d50%) whileS. x
uplandicumandC. indicareported the highest, 8.436 and 0.845% respectikéiyti et

al. (2008) stated slightly higher values for midbais while data for giant reed were
very similar to those presented here. Nassi o dshat al. (2010) also gave similar data

for A. donaxwith the exception of H, which was double theuesl here.

Table 15 Mean values of biomass element quality tfe studied species.

Species C H O Ca K Mg
% % % % % %

A. lappa - - - - - -
A. donax 42.2 5.26 51.5 0.115 0.823 0.048
C. indica 40.6 5.01 52.5 0.275 3.244 0.845
C. acutiformis 43.1 5.01 50.9 0.595 2.136 0.204
C. pseudocyperus50.6 7.59 40.3 2.701 1.154 1.119
C. riparia 46.9 5.70 44.2 0.633 2.593 0.211
G. maxima 45.7 4.66 49.5 0.580 1.772 0.315
H

. tuberosum 444 5.60 49.7 0.557 1.865 0.298
I. pseudacorus 43.4 5.17 50.1 2.407 3.684 0.344
L. salicaria 46.2 4.86 48.9 0.432 0.372 0.0153
M. x giganteus  44.5 5.53 49.7 0.280 0.271 0.050
P. arundinacea 42.2 5.13 47.2 0.554 1.793 0.316
S. sylvaticus 43.8 4.47 51.4 0.716 2.880 0.151
S. x uplandicum 44.1 4.87 50.6 2.269 8.436 0.446

-: not determined.

Cellulose content had median values ranging fror%3S. x uplandicumto 45.4% . x
giganteu$, hemicellulose from 17.4%S( x uplandicuinto 36.8% §. sylvaticus and
lignin from 2.6% (G. maximd to 14.5% M. tuberosumand L. salicaria). As a
comparison the fibre characteristics of some fextst (Whright, 2008) are reported in
Table 17. It is also worth mentioning that ligniontent in woods can vary from 15% to
40% (Sarkanen and Ludwig, 1971).
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Cellulose and hemicellulose results for miscantémg giant reed were comparable to ones

found in the literature while lignin percentagesrevéower (Pascoal Neto et al., 1997;
Shatalov and Pereira, 2001; Ververis et al., 2@gtalov and Pereira, 2005; Scordia et
al., 2012; Di Girolamo et al., 2013). With regaodA. donaxPascoal Neto et al. (1997)
reported that lignin content was highly dependentiee stage of maturity of the plant

and decreased gradually from the older parts tydheger parts, such as foliage.

Furthermore ligno-cellulosic biomass has a very glem and rigid structure, made of

hemicellulose, cellulose and lignin in a proportidapending on plant species and

cropping factors (Di girolamo et al., 2011).

Table 16 Median fibres value of the studied specieBifferent letters indicate significant differences at

P< 0.05 by Kruskal-Wallis test.

Species Cellulose Hemicellulose Lignin
% % %
A. lappa - - -
A. donax 38.7 ab 31.7 ab 6.7 ab
C. indica 31l.1ab 31.7 ab 5.6 ab
C. acutiformis 29.7 ab 36.0 ab 7.9 ab
C. pseudocyperu 26.7b 29.5 ab 7.4 ab
C. riparia 29.1 ab 33.1ab 6.0 ab
G. maxima 31.3ab 36.8a 26D
H. tuberosum 28.5ab 16.8 ab 145 a
. pseudacorus 28.2 ab 94b 7.2ab
L. salicaria 454 a 18.6 ab 145 a
M. X giganteus 434 a 30.5ab 5.8ab
P. arundinacea  28.9 ab 33.9ab 5.4 ab
S. sylvaticus 36.5ab 32.0ab 13.3ab
23.1b 17.4Db 8.0 ab

S. x uplandicum

-: not determined.
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Table 17 Mean fibre characteristics of feedstocka/Nhright, 2008, modified)

Feedstock Cellulose Hemicellulose Lignin
% % %

Bamboo 41 - 49 24 - 28 24 - 26
Hardwood 45 30 20
Hybrid poplar 39 - 46 17 - 23 21-8
Maize stover 30 -38 19-25 17 -21
Sugarcane bagasse 32-43 19-25 23-28
Sweet sorghum 27 25 11
Switchgrass 31-34 24 - 29 17 - 22

BBCH scale

The studied species revealed different growth rateording to the BBCH scale (Table
18). At the beginning of April all plants had aldyastarted leaf development, with the
exception ofC. riparia. Both Carexshowed early inflorescence emergence while giant
reed and miscanthus had late flowering. Beginningeoescence occurred at the end of
May for C. acutiformis followed byC. riparia in June. Again giant reed and miscanthus

showed the most tardive behaviour.
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Table 18 BBCH scale results of the studied specigs2012 crop season. Numbers refer to Table 5.
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Biomass yield

Biomass yield was assessed by ANOVA test withinytear; differences among species

were reported so means were then compared by Edheaist Significant Difference
(LSD) Test (Table 19). In 2010 the highest biomassluction was given bj. donax
(26.2 t/ha), followed byM. x giganteus(13.1 t/ha); all the other species had yields
between 3.1 and 6.8 t/ha. The second year speaiesv@lues ranging from 0.2 to 62.8
t/ha, higher than the previous yeAr.donaxandM. x giganteusgain gave better results
while the lower were obtained . arundinaceg0.2 t/ha),S. sylvaticug3.5 t/ha),A.
lappa (3.9 t/ha) ands. maxima(4.5 t/ha). In 2012 not all the species producentem
biomass than in 2011, with yields from 9.9 to 98thk. During the last year all yields
decreased, apart frod. donaxand M. x giganteusgoing from 3.3 to 140.5 t/ha. The

reduction was probably due to the lower fertiliaad water supply.

From 2010 to 201&. donaxgave the highest biomass yields. It increasedly€a6.2,
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62.8, 95.1 and 140.1 t/ha, respectively) and wgsifstantly different from all the other
species, with the exception of 2011, in which thees no significant difference from
miscanthus (62.8 and 55.2 t/ha, respectively). magimum dry biomass yield of giant
reed was higher than the maximum results foundh@ literature (Hildago and
Fernandez, 2001; Lewandowski et al., 2003; Christoai., 2005; Angelini et al., 2009;
Mantineo et al., 2009; Nassi o Di Nasso et al.,3@orin et al.,, 2013), probably
because of the notable quantity of nitrogen aneima&ipplied during this experiment, as
reported by Zema et al. (2012). Furthermore, a Isstale trial could provide higher
yields, as in Molari et al. (2010). The same coasitons can be made fdil. x
giganteus which showed higher yields than values provideg dther authors
(Lewandowski et al., 2000; Cosentino et al., 2@ ristian et al., 2008; Angelini et al.,
2009). In this sense Petrini et al. (1996) obtakyieltls of 41 t/ha in miscanthus growing
in the best nitrogen and water conditions and &lsb et al. (2009) underlined that
biomass production responses to nitrogen deperalaitable waterH. tuberosumand

S. x uplandicunalso gave higher results than reported in thealitee (Gunnarson et al.,
1985; Parameswaran, 1999; Wilkinson, 2003). All ¢iieer species had lower results



than expected and found in the literature (Tanb@96; Kuusemets and Lohmus, 2005;

Tylova-Munzarova et al., 2005; Haiming et al., 20Barin and Salvato, 2012).

Table 19 Mean biomass vyields of the studied plantpscies in 2010, 2011, 2012 and 2103. Different

letters indicate significant differences at P< 0.0y LSD test.

2010 2011 2012 2013
Species mean s.d. mean s.d. mean s.d. mean s.d.
t/ha t/ha t/ha t/ha
A. lappa - 39 1.7 c 30.1 5.8 bc 13.7 93 c
A. donax 26.2 171 a 62.8 43 a 95.1 55.3 a 1405 205 a
C. indica 6.8 1.2 bc - - -
C. acutiformis 4.8 1 bc 157 41 bc 146 24 b 6.9 2 c
C. pseudocyperus 6 23 bc - - -
C. riparia 48 04 bc 147 2.3 bc 91 6.2 b 58 13 c
G. maxima - 45 13 c 9.7 44 b
H. tuberosum - 28,6 7.2 bc 40.1 149 bc 18.9 4 ¢
|. pseudacorus 6.2 33 bc 13.2 3.3 bc 99 31 b 6.5 06 c
L. salicaria - - 119 66 b 11.8 19 c
M. x giganteus 131 16 b 55.2 7.9 a 46.2 256 b 516 271 b
P. arundinacea - 0.2 01 c - -
S. sylvaticus 38 06 c 35 06 c - -
S. x uplandicum 51 0.6 bc 161 23 bc 251 30 bc 33 15 ¢

-: non cultivated.

A. donax C. acutiformis C. riparia, I. pseudacorysM. x giganteusandS. x uplandicum
were grown for 4 successive years so data werg/sathby a two-way ANOVA then
the LSD test for the means separation was appbedhbw significant differences.

Species, year and also interaction species-yea significantly different at P< 0.001

(Figure 9).

Finally the different harvest management was assge&w each species with a two-way

ANOVA. Interaction year-harvest was not signifidgrdifferent for the six specieg\.

donax I. pseudacorusandS. x uplandicunhad no significant differences among year

nor harvest,C. riparia had significantly higher yields in 2010, while themaining

species through MH.
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Table 20 Significant differences by two-way ANOVAn Figure 10.

Species Year Harvest Interaction
A. donax n.s. n.s. n.s.
C. acutiformis n.s. * n.s.
C. riparia * * n.s.
I. pseudacorus n.s. n.s. n.s.
M. X giganteus n.s. * n.s.
S. x uplandicum n.s. n.s. n.s.

n.s.: non-significant; *: p<0.05; **: p<0.01;***:40.001.

Nitrogen and Phosphorus uptake

Uptakes were calculated multiplying yields by tleresponding annual nutrient content,
with the exception of 2013 for which the 2010-20f2an N and P percentage values
were used. Plant uptakes were assessed by ANOVAwgBIn the year. Since

differences were found among species, the me@ne then compared by LSD test (
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Table 21 and Table 22).

In

2010A. donaxgave the highest value of N uptake (305.9 kg/alajhe other species had
yields between 65.3 and 118.2 kg/ha. The followyegr A. donaxagain showed best
uptake (548.2 kg/ha), followed 8. x uplandicun{374.7 kg/ha)M. x giganteug246.7
kg/ha) andC. riparia (244.6 kg/ha), which reached a high result but sighificantly
equal to the previous ones. The others had valndsrul90 kg/ha. In the third year
uptakes slightly increased with values ranging fi®8#.2 to 589.7 kg/ha. During the last
year all N uptakes increased, going from 83.8 14314 kg/ha, with the exception &f
donaxand M. x giganteusThe reduction was probably due to the lower lfeeii and
water supply but also because the 3-year mean Nermisnwere usedA. donax
registered maximum N uptake during the entire erpant, significantly different from
all other species, apart from in 2012 when it wasdifferent fromA. lappa Its values
rose from 305.9 to 1143.6 kg/ha and from the seogat of cultivation it removed
more nitrogen than the amount introduced by fe#tlon. Christian et al. (1997) also
reported a plant uptake greater than the quanipyplged as input and arising from the
soil nitrogen apart from miscanthus. The lattervgt a good result from the second
year.A. lappaalso considerably raised its uptake in 2012 (f&im to 590.0 kg/ha) but
the year after it decreased again (290.5 kg/hanil&ily S. x uplandicunrose from
118.2 to 374.7 and 362.1 kg/ha and then diminisbe88.8 kg/ha. This fall was mainly
due to a low yield following transplantation. Botjiant reed and miscanthus had
maximum N uptakes higher than the maximum resolisid in the literature (Christian
et al., 2008; Nassi 0 Di Nasso et al., 2013; Betial., 2013). Vymazal (2011) reported
aboveground N uptake in the range of 220-880 kddnaspecies in natural wetlands
(Vymazal, 1995) and of 53-587 N kg/ha for constdctwetlands (Vymazal and

Kropfelova, 2008), thus our macrophytes data weaegmally lower.

During the first growing yea$. x uplandicunrand A. donaxgave the highest P uptakes
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(14.6 and 14.2 kg/ha, respectively), all the o$gecies had values under 7.5 kg/ha. In
2011S. x uplandicumagain showed the best result (69.3 kg/ha) followgd\. donax
(60.6 kg/ha) and. x giganteug43.0 kg/ha). Similar results were obtained in2®. x
uplandicumwith the highest P uptake (115.8 kg/ha), themonax(102.4 kg/ha) and.
lappa (99.3 kg/ha). The last year showed reduced regdiag from 13.3 to 155.6 t/ha,



apart fromA. donaxand M. x giganteuswhich remained stable. Also for P uptake the
increased trend is related to the lower inputs.nF2010 to 2012S. x uplandicum
showed an unexpectedly high value, due to its IMdgilssue concentration, increasing
yearly (14.6, 69.3 and 115.8 t/ha, respectivelyd s significantly different from all
the other species, apart from 2010, when it wassigmiificantly different fromA. donax
(14.2 kg/ha)A. donaxandM. x giganteuslso demonstrated good P uptakes, mainly due
to their high yields. In the literature, macroplsytgenerally have results in the range of

1-110 kg/ha (Vymazal, 2011).

58



Table 21 Mean nitrogen uptake of the studied planspecies in 2010, 2011, 2012 and 2103. Differentées indicate significant differences at P< 0.05 by
LSD test.

Species 2010 2011 2012 2013
mean s.d. mean s.d. mean s.d. mean d.s.
kg/ha kg/ha kg/ha kg/ha

A. lappa 81 + 32 def 500 =+ 114 a 291 + 196 bc
A. donax 306 + 200 a 548 + 286 a 528 + 265 ab 1144 + 167 a
C. indica 106 = 19 b
C. acutiformis 84 =+ 17 b 245 + 117 bc 219 = 60 cd 111 + 32 d
C. pseudocyperus 89 = 34 b
C. riparia 100 + 9 b 220 + 42 cd 159 + 115 «cd 9 + 21 d
G. maxima 80 =+ 25 def 154 + 62 cd
H. tuberosum 140 =+ 48 cdef 202 £ 71 cd 95 = 20 d
l. pseudacorus 108 + 57 b 190 + 81 cdef 137 = 57 d 104 + 9 d
L. salicaria 142 + 74 cd 148 + 24 cd
M. X giganteus 91 + 11 b 247 + 119  def 272 + 142 cd 309 + 162 bc
P. arundinacea 5 + 4 f
S. sylvaticus 65 + 10 b 49 = 14 ef
S. x uplandicum 118 £ 15 b 375 + 103 b 362 =+ 335 Dbc 84 = 38 d
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Table 22 Mean phosphorus uptake of the studied plarspecies in 2010, 2011, 2012 and 2103. Differeettérs indicate significant differences at P< 0.0by
LSD test.

Species 2010 2011 2012 2013
mean s.d. mean s.d. mean s.d. mean d. s.
kg/ha kg/ha kg/ha kg/ha

A. lappa 6.8 £ 25 ef 99.3 + 19.1 ab 284 + 191 cd
A. donax 142 + 93 a 60.6 + 374 ab 102.4 + 38.0 ab 1556 + 22.7 a
C. indica 31 + 06 bcd
C. acutiformis 46 = 1.0 bcd 226 + 6.2 de 36.1 + 10.2 bc 13.7 =+ 3.9 c
C. pseudocyperus 40 = 15 bcd
C. riparia 75 = 06 b 294 + 46 cd 241 + 16.7 C 13.3 = 29 c
G. maxima 85 = 24 ef 308 + 154 c
H. tuberosum 116 *+ 6.8 def 556 + 93 abc 182 + 3.8 c
|. pseudacorus 28 =+ 15 cd 226 = 3.9 de 256 £ 10.5 C 143 + 1.3 c
L. salicaria 340 + 220 C 329 + 54 c
M. X giganteus 6.7 + 0.8 bc 43.0 £ 21.3 bc 515 + 211 abc 56.2 £ 29.0 b
P. arundinacea 05 = 03 f
S. sylvaticus 14 £ 02 d 51 £ 1.2 d
S. x uplandicum 146 + 18 a 69.3 + 156 a 1158 + 146.1 a 17.7 £+ 8.1 c
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FurthermoreA. donax C. acutiformis C. riparia, I. pseudacorysM. x giganteusandS. x
uplandicumwere analysed by a two-way ANOVA, being cultivated 4 successive
years. N and P uptake means were then separate8byest. Species, year and also
interaction species-year were significantly differat P< 0.001 (Figure 11).

The different harvest management was also testededsh species with a two-way
ANOVA. Regarding N uptake, interaction year-harvests significant only foM. x
giganteuswhich was also influenced by both main effeétsdonaxl. pseudacorusnd
S. x uplandicunhad no significant differences among year nor ésttvThe latter was
significant for all the remaining species, whicldhagher N uptake with MHC. riparia
had significantly higher yields in 2010, while tmemaining species through MH.
Interaction year-harvest was significant only r riparia, as concerns P uptaka.
donax I. pseudacorusandS. x uplandicunhad no significant differences among year
nor harvestC. acutiformisobtained higher P uptake in 2011 and with MH. ldatwas
significant also irC. riparia andM. x giganteus
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Figure 11 Nitrogen and phosphorus uptakes of the pht species grown for 4 successive years, from
2010 to 2103. AD:A. donax, CA: C. acutiformis, CR: C. riparia, IP: I. pseudacorus, MG: M. X

giganteus, SU: S. x uplandicum
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Figure 12 Comparison of single harvest (SH) and mtiple harvests (MH): mean nitrogen uptake of the
studied plant species in 2011 and 2012. ADA. donax, CA: C. acutiformis, CR: C. riparia, IP: I.

pseudacorus, MG: M. x giganteus, SU: S. x uplandicum

Table 23 Significant differences by two-way ANOVAnm Figure 12

Species Year Harvest Interaction
A. donax n.s. n.s. n.s.
C. acutiformis n.s. * n.s.
C. riparia n.s. *x n.s.
I. pseudacorus n.s. * n.s.
M. X giganteus xk * rrk
S. x uplandicum n.s. n.s. n.s.

n.s.: non-significant; *: p<0.05; **: p<0.01;***:40.001.
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Figure 13 Comparison of single harvest (SH) and mtiple harvests (MH): mean phosphorus uptake of
the studied plant species in 2011 and 2012. AB. donax, CA: C. acutiformis, CR: C. riparia, IP: I.
pseudacorus, MG: M. x giganteus, SU: S. x uplandicum

Table 24 Significant differences by two-way ANOVAnm Figure 13

Species Year Harvest Interaction
A. donax n.s. n.s. n.s.
C. acutiformis b i n.s.
C. riparia n.s. * *
I. pseudacorus n.s. n.s. n.s.
M. X giganteus n.s. o n.s.
S. x uplandicum n.s. n.s. n.s.

n.s.: non-significant; *: p<0.05; **: p<0.01;***:40.001.

Lastly cumulative N and P apparent balances wemgedaout from 2010 to 2013 for the
plant species grown for 4 successive years. Nitr@p@wed negative values only #r
donax This means that on average only giant reed reedvall the N applied and also
adsorbed it from the soil, as reported by Boriraket(2013). On the other hand, the

remaining species and overall P apparent balampoetesl positive values.
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Figure 14 Cumulative N apparent balance from 2010a 2013 for the plant species grown for 4
successive years. ADA. donax, CA: C. acutiformis, CR: C. riparia, IP: |. pseudacorus, MG: M. x

giganteus, SU: S. x uplandicum

TOO
kg/ha

600

500 —-----nmeneeeeees

400

300 |

100 1

AT

AD CA

Figure 15 Cumulative P apparent balance from 20100t 2013 for the plant species grown for 4
successive years. ADA. donax, CA: C. acutiformis, CR: C. riparia, IP: |. pseudacorus, MG: M. x

giganteus, SU: S. x uplandicum
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Percolation water

The three winters can be distinguished by theirdse(from Figure 16 to Figure 19). Water
in winter 2010/2011 showed the higher values witbeak in December and a gradual
decline over the successive months. Winter 201220t not allow an adequate
number of samples to be collected but it was anypasgible to note that December had
lower concentration than October. In the last segsanter 2012/2013), percolation
waters presented the lowest values, apart frorg-NQwvhich fluctuated widely (Figure
17).

To compare the initial and final percolation watiuring the experiment, data were
presented in box-plots and the medians were cdatrasithin the year by Kruskal-
Wallis test at p < 0.05.

Total nitrogen showed higher median concentration2010 (from 7.50 to 38.46 mg/L)
than 2013 (from 1.52 to 4.33 mg/L). Among spedizsacutiformishad the highest
median values for both years while the lowest wdrained byS. x uplandicunandl.
pseudacorusin 2010 and 2013 respectively (Figure 20). Valigbalso decreased over
the years.

The NGQ-N medians also decreased, ranging from 0.39 #® m@/L during the first years
and from 0.00 to 2.25 mg/L in 2013. In 2010 nitricrogen showed the highest
concentration irC. acutiformisand the lowest iM. x giganteusin 2013 no significant
differences were found among species (Figure 20).

Total phosphorus showed higher and more variabhearrations in 2013, when median
TP varied from 0.060 to 0.145 mg/L, than in 201@r¢f 0.025 to 0.034 mg/L) (Figure
21).

POy-P values diminished, varying from 0.009 to 0.01@luthe first winter and from 0.001
to 0.010 mg/L in 2013.

For both phosphorus parameters no significant rdiffees were detected among species.

Data were also compared overall by Kruskal-Walksttat p < 0.05 and significant
differences were found for TN, NN and PQ-P, for which water samples were
significantly higher in winter 2010/2011 than in1202013.

In general it is worth noting that median percaateater values were lower than the

corresponding supply for each parameter. Regandgingte nitrogen, Bonaiti and Borin
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(2010) with yearly input of 240 kg N/ha, in a fieldal with the same soil, reported
average values in the groundwater ranging from @0tong/L. Studies in the Po Valley

with similar input showed higher N content in agiiaral water (Perego et.a2012).

== 2010/2011 &= 2011/2012 == 2012/2013

50 - C. acuftiformis

mg/L
40 -

30 A

50 S 1. pseudacorus
mg/L, mg/T,
Mo e e s

£ 30 -
o[ || SUSE, DRSNS . U 20

10 e e - 10

09 é i Y 0 .

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr
R M. xgiganteus| [ S xuplandicum
mg/L mg/L
40 --emmmm oo AQ J-eemmsmomensmn s
30 30 fommmmmmmmmmmemmmmmomoeoeeoe
20 20 4----- —mm - R EE —mmm e

10 | 10 -

01—y ‘! ﬁ" ﬂ. : : 05 : . . s :

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr

Figure 16 Comparison of total nitrogen concentratia in percolated water, from 2010 to 2103.
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Figure 17 Comparison of nitrate nitrogen concentraibn in percolated water, from 2010 to 2103.
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Figure 18 Comparison of total phosphorus concentrabn in percolated water, from 2010 to 2103.
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Figure 19 Comparison of orthophosphate concentratioin percolated water, from 2010 to 2103.
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Figure 20 Box-plots of nitrogen forms concentrationin 2010 and 2013. AD:A. donax, CA: C.
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Soil

From 2010 to 2013 organic carbon measured in thelsowed mean values varying from

1.6 to 1.2% for the top layer (0-20 cm) and frorh fio 0.9% in the 20-50 cm layer

(Figure 22).
Top layer soil showed higher nitrogen content.itt dot vary noticeably: from 2010 to

2013 a slight decrease (0.02%) was detected imgen values for both layers (Figure

23).
Unlike the previous ones, the sulphur content msee during the trial (Figure 24).
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Figure 22 Organic carbon content in two soil layersn 2010 and 2013. ADA. donax, AL: A. lappa, CA:

C. acutiformis, CP/GM: C. pseudocyperus/G. maxima, CR: C. riparia, HT: H. tuberosus, IP:

pseudacorus, MG: M. x giganteus, SU: S. x uplandicum, SS/LS:S. sylvaticug/L. salicaria
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Figure 23 Nitrogen content in two soil layers in 200 and 2013. AD:A. donax, AL: A. lappa, CA: C.
acutiformis, CP/GM: C. pseudocyperus/G. maxima, CR: C. riparia, HT: H. tuberosus, IP: I.
pseudacorus, MG: M. x giganteus, SU: S. x uplandicum, SS/LS:S. sylvaticug/L. salicaria
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Figure 24 Sulphur content in two soil layers in 20Q and 2013. AD:A. donax, AL: A. lappa, CA: C.
acutiformis, CP/GM: C. pseudocyperus/G. maxima, CR: C. riparia, HT: H. tuberosus, IP: I.
pseudacorus, MG: M. x giganteus, SU: S. x uplandicum, SS/LS:S. sylvaticug/L. salicaria
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Conclusions

From 2010 to 2013, 14 species were evaluated @i, tét of them were grown for 4
consecutive years. These plants are perennial rdoefuexperimenting might provide
more exhaustive conclusions, but from the dataioéda the following observations can
be made.

All the species received the same amount of watertheir ET differed in the analysed
months and was generally higher thany,E%oil moisture was lower in May and
October, due to the reduced rainfall and water lsuppn general moisture at 10 cm
depth had a range of values from 5 to 20 mm thercieased until stabilizing at 60 cm
depth with 40 mm for all species. Kc results raBelcET ones: higher Kc were obtained
by C. indicg C. pseudocyperuand P. arundinaceawhile A. lappa ripariaandS. x
uplandicumgave the lowest values. In general it was obsettvaall species had higher
Kc than maize.

The studied species revealed different growth ratording to the BBCH scale. Both
Carexshowed early behaviour. Beginning of senescerartestat the end of May f@.
acutiformis followed by C. riparia in June, followed gradually by the other species.
Overall A. donaxandM. x giganteushowed the most tardive behaviour.

The biomass characterization in terms of elements fdbbre varied among species, but
results were similar to those reported in theditiere, when available.

It is worth reporting that the best results in egien and phosphorus median content were
given byS. x uplandicunwhile the lowest were provided by tuberosumA. donaxand
M. X giganteus.

Nevertheless the highest uptakes were obtainedhéyldtter, due to their remarkable
biomass yields. Effectivebi. donaxgave the highest biomass yields, increasing yearly
(26.2, 62.8, 95.1 and 140.1 t/ha, from 2010 to 2@Epectively) and was significantly
different from all the other species, apart from2®ll, when it was not significantly
different fromM. x giganteug55.2 t/ha). Overall the most productive speciese.
donax M. x giganteusand H. tuberosus Similarly 2010-2013 higher mean N and P
uptakes were obtained By donaxA. lappaandS. x uplandicunbut it must be said that

the cumulative N apparent balance showed negataees only forA. donax This

75



means that on average only giant reed recoveretiealN applied and also adsorbed it
from the soil, as reported by Borin et al. (2013).

In general yields and uptake increased from 20120tt2 and then decreased in the last
year, due to the lower fertilizer and water supplpwever the increasing trends have
been retained for the entire trial By donaxand M. x giganteusTheir maximum dry
biomass yields and uptake were higher than the maxi results found in the literature
(Lewandowski et al., 2000; Hildago and Fernand€f12 Lewandowski et al., 2003;
Christou et al., 2005; Angelini et al., Cosentinale, 2007; 2009; Christian et al., 2008;
Angelini et al, 2009; Mantineo et al., 2009; Nassi o Di Nassalgt2013; Borin et al.,
2013), probably for the reason that a notable gwyaof nitrogen and water were
supplied during this experiment, as reported by Zenal. (2012) and the small-scale
trial that might positively affect the productivityhe different harvest management did
not significantly affect the 6 species grown fasutcessive years. In particular MH gave
higher yield inC. acutiformisandM. x giganteusand better uptakes fdd. x giganteus
C. acutiformisandC. riparia.

It should be noted that moderate variability wasnfb in yield and uptake results. This
might again be due to the small-scale trial. Furtitge the different heights of species
sometimes promoted growth of taller plants at tkigease of the smaller species. Thus
in further experiments an adequate positioningp&cges must be taken into account,
besides amplifying the growing surface.

Comparing the initial and the final percolation aratiuring the experiment, lower TN and
NOs-N median contents were found and variability amsepgcies decreased over the
years. On the contrary TP showed higher and mar@bta concentration in 2013 but
PQOy-P values diminished. In general the literaturéNaand NQ-N with similar inputs in
Northern Italy showed higher N content in agrictdtuvater (Bonaiti and Borin, 2010;
Perego et al., 2012).

Finally soil samples taken before and after thed tfid not vary noticeably.
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3 Ethanol and methane production



Introduction

The objectives of the work described in this chaptere:
« to characterize the species described in Chapitertéms of potential ethanol and
methane production per unit of dry matter (DM);
« to describe the potential ethanol and methane ptaduin regard to the biomass
yields obtained in Chapter 2;
« to estimate and compare the potential ethanol agttiane production with SH and
MH management for a selected number of speciesrgnov&hapter 2;
e to calculate and compare the energy output poteotithe produced ethanol and
methane.
Since dried biomasses are easier to store, mamag&amsport, dry samples were used for
both lines of energy production, in prospect ofaplication of those technologies.
Experimentation on ethanol production was done hat National Agency for New
Technologies, Energy and Sustainable Economic Dpwatnt (ENEA) - Biotechnical
Laboratory Trisaia (Rotondella, Matera, Italy) atheé methane trial (Marchetti et al.,
2013) at the Agricultural Research Council (CRA&Research Unit for Swine Husbandry
(San Cesario sul Panaro, Modena, Italy).

Ethanol production

Ethanol production from ligno-cellulosic biomassnsists of three steps: pretreatment,
hydrolysis and fermentation.

Unlike the fgen. materials, which come from available glucsserces, e.g. maize and
sugar beet, the ligno-cellulosic ones, composedimaif cellulose, hemicellulose and
lignin, have to be pretreated before being hydexdydn fact cellulose chains interact
with hemicellulose and lignin to form a lignin—calydrate complex, making it difficult
to depolymerize them into fermentable sugars (Kaaimd Ryu, 2011). This is a very
important phase of the process because it is assaoestage (Alvira et al., 2010) and
also represents the most expensive step of the gmbcedure (Chiaramonti et al., 2012;
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Ge et al., 2011). In fact the pretreatment shoafghsate the main biomass components
and make this material more accessible to the gules¢ enzymatic reactions (Monsier
et al., 2005a). A number of pretreatment optiongeHzeen developed for the production
of ligno-cellulosic ethanol, which can be dividetta the following main categories
(Chiaramonti et al., 2012):

1. Physical process (Size reduction);

2. Physico-chemical process (Autohydrolysis, Steam losipn, SQ-added steam
explosion, CQ@explosion and Ammonia fibre explosion);

3. Chemical pretreatment (Acid hydrolysis, Alkalinednglysis and Organosol process);

4. Biological pretreatment.

In our experiment a bio-chemical pretreatment wassen, according to the research aim of
taking the sustainable aspects into account. Rtetents using diluted acids to
solubilize hemicellulose have been adopted for dewvariety of ligno-cellulosic
biomasses (Alvira et al., 2010). Among acids, suthacid (HSO) resulted as the most
effective (Monsier et al., 2005b). Alkaline pretreants, which allow lignin structure
breakage (Taherzadeh and Karimi, 2008), have asa btudied on this kind of biomass
(Liang et al., 2010; Park et al., 2010; Hendricksale 2009; Hu et al., 2008). Sodium
hydroxide (NaOH), calcium hydroxide (CaOH), potassi hydroxide (KOH) and
ammonia (NH) can be used, but NaOH has been particularly stu@acDonald et al.,
1983; Soto et al., 1994; Zhao et al., 2008; Zhai.2010).

As a second step, cellulose hydrolysis occurs, lwhiansforms cellulose in fermentable
sugars (Duff and Murray, 1996), through cellulaseymes activity (Bhat and Bhat,
1997; Lynd et al., 2002). Cellulolysis vyield is edted by temperature, pH (Saddler and
Gregg 1998), residence time (Tengborg et al., 2G0%) enzyme dosage (Sun and
Cheng, 2002). The latter, due to its high pricenstimes represents an obstacle for
ethanol commercialisation (Wyman, 2007). In our e¥pent a reduced amount of
enzymes was applied.

Lastly glucose is fermented to ethanol. The miagaarsm mainly used for ligno-cellulosic
hydrolysed biomasses fermentation Saccharomyces cerevisig®Ilsson and Haan-
Hagerdal, 1993) and its optimum temperature is ntedoto be 37 °C at a PH of 5
(Alfani et al., 2000). An ENEA selected strain (@cet al., 2012) was used in this trial.
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Separate hydrolysis and fermentation (SHF) and Isameous saccharification and
fermentation (SSF) are two principal process camfgons for the production of
bioethanol from ligno-cellulosic biomass (Ask et, &2012). In the first, enzymatic
hydrolysis and fermentation are carried out sepraallowing each process to be run
under its optimum conditions. In SFF, on the othand, the glucose produced can be
converted rapidly into ethanol, reducing time amgdtqOlofsson et al., 2008), but all

processes are carried out in suboptimal conditions.

Materials and methods

Th

e dry biomass samples of each species were pextesith a three-step chemical
pretreatment to recover as much cellulose as gestite cellulose was then hydrolysed
with a mix of commercial enzymes to obtain gluctiss was lastly fermented to obtain
ethanol. The latter was first carried out for @lesies in Erlenmeyer flasks; in a second
phase the fermentation was carried out on a sefecti speciesA. donax C. riparia,

M. x giganteusand S. x uplandicuinin 5 L bioreactors. Since hydrolysis and
fermentation were executed at different temperatu4® and 30 °C respectively, both
trials can be considered as SHF processes. Analsgsexperiments were repeated
three times in flasks and once in bioreactors. &timanol yield per hectare was lastly
calculated by multiplying the biomass vyield, ob&nin Chapter 2, with the ethanol
yield. Finally SH and MH management in terms ofaethl production were compared

for A. donaxC. riparia, M. x giganteusindS. x uplandicum

Erlenmeyer flasks screening

Fo
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r each species the milled biomass (5% DM) wasdtefirst with diluted K5O (2%) at
80 °C for 24 hours, secondly with diluted NaOH (18&6)40 °C for 24 hours, finally
concentrated O, was added until 1% concentration at 25 °C for 24rk. This
pretreated material (5 g) was then hydrolysed ikEd@nmeyer flask (liquid volume 500
ml) shaken at 100 rpm with an adequate liquid sates{Albergo et al., 2013) and a mix
of commercial enzymes: 20 FPU/g of Celluclast 1apid 30 CBU/g of Novozym 188,
60% and 22% dosage respectively, as used in Banér Gibbons (2012). The



experiments were conducted at 40 °C and pH 5 fdroi2s and glucose was monitored
afterwards by HPLC Varian (SpectraLab Scientific.JlUSA). The theoretical glucose

productivity percentage was calculated for eacHistuplant as follows:

G=CEL x G (3)

G,=Gu/Gi X 100 (4)

Where G is theoretical measured glucose, CEL is measustidl@se, G is glucose
stoichiometric yield (1.111) and,3s measured glucose.

NaOH was then added to the Erlenmeyer flasks wittirdlysed matter and 1 g/l of
Saccharomyces cerevisidB861/10a was inoculated. The fermentation waet3and
110 rpm for 24 hours. At the end glucose residaats ethanol product were measured
by HPLC.

The theoretical ethanol productivity percentage dach studied plant was calculated as

follows:
E= G X Es (5)
E,~E/E;:x 100 (6)

Where E is theoretical ethanol, sBs ethanol stoichiometric yield (0.511) andh S
measured ethanol.

Analyses and experiments were repeated three times.

Bioreactor scale trial

The experiment was done fAr donaxC. riparia, M. x giganteusandS. x uplandicunn a
similar vein to the Erlenmeyer flasks, but with 1®f biomass in 5 L BIOSTAT B
bioreactors (Sartorius BBl Systems GmbH, Germaiyle experiment was repeated

once.
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Results and discussion

Pretreatment allowed a cellulose recovery, whiairedafrom 63 H. tuberosumto 90% (.
pseudacorus Hemicellulose solubilisation was very similar@my species, between 90
and 95 %, a part fdr pseudacorusL. salicariaandM. x giganteus(79, 79 and 87%
respectively). On the contrary lignin solubilisatidata had a wide variability, going
from 49 (. salicaria) to 95 6. sylvaticus(Table 25).

Glucose yield varied a lott, ranging from 21 galicaria) to 83% §. x uplandicum

Ethanol yields in flasks gave different values amspecies, going from 3.5 to 17.4 g/L.
Best results were achieved By riparia and G. maxima followed byP. arundinacea
while lower yields were obtained lhy salicarig H. tuberosunmandA. donax(Table 26).

As expected, generally ethanol data were lower tlzdumes reported in the literature fot 1
gen. ethanol, which can reach 99% of the theoletieximum (Patzek, 2006; Quintero
et al., 2008; Pin et al., 2008; Davila-Gomez et 2011). For maize, sugar beet, sugar
cane and sweet sorghum ethanol, annual yields aanfrom 4,700 to almost 10,000
L/ha (Zhang et al., 2010; Sanchez and Cardona, ;2808cadenas, 2006; Poitrat,
1999).

This was due to the lignin presence, which is thestmrecalcitrant component to
biodegradation (Taherzadeh and Karimi, 2008) ando ahampers cellulose
biodegradability and its availability to enzymeactons (Smith et al., 2010). But at the
same time cellulose percentage in the biomass wiasanrelated to ethanol yields (data
not shown), as reported by other authors (Corretl@l., 2009; Capecchi et al., 2013)
Effectively some species, even if the fibre conteas similar after pretreatment (data
not shown), produced different amounts of ethamwoind) fermentation.

Generally higher ethanol yields from ligno-cellutbsbiomasses are reported in the
literature, varying from 300 to 450 kg ethanol/t Dive to different pretreatment or
fermentation (Ge et al., 2011; Scordia et al., 2®&lioinen et al., 2012; Scordia et al.,
2013).

Ethanol yield per hectare was assessed by ANOVA uwathin the year. There were
differences among species, so means were compareisher's Least Significant
Difference (LSD) Test (Table 27). In 2010 ethanobduction varied from 0.36A(
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donay to 1.25 t/ha $. sylvaticus The second year species gave values ranging from
0.04 to 3.71 t/ha, higher than the previous y®arx giganteushowed the highest mean
yield. Not all species produced more ethanol in20hn in 2011, with yields from 0.38

to 4.75 t/ha; no significant differences were fouamdong species. During the last year
yields varied from 0.38 to 6.70 t/hA. donaxshowed the best result, followed My x
giganteus3.88 t/ha), all the other species had values idhen 1.50 t/ha. From 2010 to
2013, mean ethanol yields of species cultivatedrfore than one year, varied from 0.35
(S. sylvaticupto 3.87 t/hah. dona).

The SH and MH ethanol yields 8f donaxC. riparia, M. x giganteusandS. x uplandicum
were then assessed with a two-way ANOVA. Interactipear-harvest was not
significantly different for all the specie®. donaxand S. x uplandicumhad no
significant differences among year nor harvestriparia had significantly higher yields
in 2011, whileM. x giganteughrough MH (Table 28).

The bioreactor only gave considerably better redoltA. donaxandM. x giganteugTable
29) so bioreactor transformation values will be stdared for these two species in the
following. These higher results were obtained beeahe use of bioreactors promoted
the fermentation. In fact it allowed a better reggamixing especially at the beginning
of the hydrolysis, avoiding stratification and vexés. Furthermore during fermentation
there is an accumulation of the chemical reactimdycts, such as carbon dioxide and
acetic acid, which decrease pH and inhibit yeatstigc(Viola et al., 2004). Bioreactor,

instead, maintaining a constant pH, reduced thisitine effect.
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Table 25 Cellulose recovery, hemicellulose and lign solubilisation for the different species after

pretreatment
Cellulose Hemicellulose Lignin
Species Recovery Solubilisation Solubilisation

% % %
A. lappa - - -
A. donax 75 90 54
C. indica 75 91 88
C. acutiformis 78 95 82
C. pseudocyperus 86 95 86
C. riparia 82 95 88
G. maxima 80 93 62
H. tuberosum 63 91 53
I. pseudacorus 90 79 69
L. salicaria 78 79 49
M. X giganteus 78 87 64
P. arundinacea 82 95 77
S. sylvaticus 66 94 95
S. x uplandicum 79 92 86

84



Table 26 Ethanol yields obtained for the differenspecies in the flask trial

Glucose yield Ethanol yield Ethanol yield (t EtOH)/ha)
_ (% of theoretical (% of theoretical 2010 2011 2012 2013
Vegetal species maximum) maximum)
mean s.d. mean s.d. means.d. mean s.d. mean s.d. mean s.d.
A. lappa - - - - - -
A. donax 32 1 19 2 1.25 0.82 299 2.05 454 2.64 6.70 0.98
C. indica 73 12 52 1 1.17 0.21 - - -
C. acutiformis 61 6 50 2 0.83 0.17 2.67 0.70 249 041 1.17 0.33
C. pseudocyperus 55 1 42 9 0.80 0.30 - - -
C. riparia 81 9 72 2 1.21 0.10 3.71 057 230 156 1.46 0.32
G. maxima 70 10 69 22 - 1.02 0.29 2.20 1.00 0.00 0.00
H. tuberosum 24 2 16 5 - 1.60 040 2.25 0.83 1.06 0.22
l. pseudacorus 79 9 52 10 0.95 050 2.04 052 153 047 1.01 0.09
L. salicaria 21 3 17 3 - - 0.38 0.21 0.38 0.06
M. X giganteus 47 4 27 4 0.98 0.12 4.15 059 347 192 3.88 2.04
P. arundinacea 65 8 61 5 - 0.04 0.03 - -
S. sylvaticus 61 4 28 9 0.36 0.06 0.34 0.06 - -
S. x uplandicum 83 1 55 6 0.97 0.12 3.05 0.45 4.75 6.59 0.63 0.29

- not determined.
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Table 27 Mean ethanol yields per hectare of the sfiied species in 2010, 2011, 2012 and 2103. Diffaréaiters indicate significant differences at P< @5

by LSD test.
Ethanol yield (t EtOH)/ha)
: 2010 2011 2012 2013
Species
mean s.d. mean s.d. mean s.d. mean s.d.
A. lappa - - - -
A. donax 1.25 082 a 2.99 2.05 bc 4.54 2.64 6.70 098 a
C. indica 1.17 021 a - - -
C. acutiformis 0.83 0.17 ab 2.67 0.70  bcd 2.49 0.41 1.17 033 ¢
C. pseudocyperus 0.80 0.30 ab - - -
C. riparia 1.21 0.10 a 3.71 0.57 ab 2.30 1.56 1.46 032 ¢
G. maxima - 1.02 0.29 ef 2.20 1.00 -
H. tuberosum - 1.60 0.40 de 2.25 0.83 1.06 022 ¢
|. pseudacorus 0.95 050 a 2.04 0.52 cde 1.53 0.47 1.01 009 ¢
L. salicaria - - 0.38 0.21 0.38 0.06 ¢
M. X giganteus 0.98 012 a 4.15 059 a 3.47 1.92 3.88 204 b
P. arundinacea - 0.04 0.03 f - -
S. sylvaticus 0.36 006 b 0.34 0.06 f - -
S. x uplandicum 0.97 012 a 3.05 0.45 abc 4.75 6.59 0.63 029 ¢

-: not determined.
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Table 28 Comparison of single harvest event (SH) dnmultiple harvest events (MH): mean ethanol
yields of the studied species in 2011 and 2012.

Ethanol yield Ethanol yield (t EtOH)/ha)
Species (% of theoretical maximum) 2011 2012
SH MH SH MH SH MH
A. donax 19 + 2 39 + 13 3.37 575 6.18 6.39
C. riparia 72 = 2 48 + 3 3.54 248 106 2.27
M. x giganteus 27 = 4 50 + 1 3.74 9.14 194 10.03
S. x uplandicum 5 + 6 41 = 4 291 176 7.38 1.18

Table 29 Comparison of flask and bioreactors triabn 4 selected species.

Ethanol yield (kg EtOH)/t DM)

Species
P Flasks Bioreactors'
A. donax 48 + 4 135
C. riparia 253 * 6 289
M. X giganteus 75 = 4 107
S. x uplandicum 190 =+ 27 156

1. Experimentation on bioreactors had only oneicaf.

Methane production

The use of wetland biomasses for biogas produdcsiot well investigated in the literature

but has recently received growing attention (ANgng010; Dipu et al., 2011; Comino et

al, 2012). A possible limit to their use for theoguction of biogas is due to their

composition, since ligno-cellulosic plant tissues anore difficult for the anaerobic

reactors microflora to attack, but this is not metndy as in 2 gen. ethanol production.

Some authors have recently studied different pmétients, reporting risen yields when

lignin demolition pretreatment was applied (Alvin@®10; Di Girolamo et al. 2013).

Materials and methods

The milled biomass of each species was used agratgbfor anaerobic digestion to obtain

biogas in reactors. The reactions were carriedrolif8.5 mL serum bottles closed with
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butyl rubber stoppers and aluminium seals. The ungtgiving a total weight of 50 g,
consisted of

e 1.25 g dry samples;

» 23.75 mL of a specific synthetic medium for methgars without energy sources;
e 25 mL inoculum.

The substrate concentration was chosen on the bagieliminary tests (Vismara et al.,
2012), phosphate buffered basal medium (PBBM) wsexdas medium (Kenealy &
Zeikus, 1981) and pig slurry as inoculum sourcee Téactors were left to incubate for
70 days at 35 °C and pH 7. Biomethanation pote(@i&P) was measured according to
Owen et al. (1979) by means of 100-mL glass sysendde reactors were shaken at
each measurement date. Methane concentration ibitlgas was determined by gas
chromatograph Micro GC Agilent 3000 (Agilent Tecloges, USA). Experiments and
analyses were repeated three times.

The methane yield per hectare was then calculayedntitiplying the biomass yield,
obtained in Chapter 2, with the methane yield.

Lastly SH and MH management in terms of methan&ymtion were compared fak.

donax C. riparia, M. x giganteusindS. x uplandicum

Results and discussion

Regarding methane vyields, species reported diffeBMP data, expressed as ml of
methane in standard conditions of temperature aesspre (at 273K and 760 mm Hg;
STP) per g of volatile solids (Ckdref g VS ) (Figure 25). Higher values, between 200
and 250 mL CHlistef g VS, were given bys. maximaC. riparia, S. sylvaticusandA.
lappa (Marchetti et al., 2013). These amounts are ovéraler than those reported in
the literature for ligno-cellulosic feedstocks, Isuas cereal straws and non-food
biomass, which varied from 276 to 620 mL £d4f g VS (Bauer et al., 2010;
Dubrovskis et al. 2011; Chandra et al.,, 2012; Diofamo et al., 2013). Only in
Dinuccio et al. (2010) there were some agroindaistuiastes that were comparable,
specifically in ascending order grape stalk/maiae straw, tomato skin and seeds and
barley straw (mean yields from 98 to 229 mL 4gbf g VS). However no data was

found in the literature for any of the species tedan this thesis but, as stated by Di
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Girolamo et al. (2013), there is great variability CH; production among biomass
crops, due to specific differences among plantsthenl associated characteristics (plant
stages, origin, time of harvest, etc.). Genera#lguits obtained here might lead to a

pretreatment being considered in further experisient

Methane yield per hectare was assessed by ANOMAwidsn the year, differences among

species were compared by LSD Test (Table 30). Qutle first year, methane
production of the species ranged from 563 to 292than The two following years
methane yield increased, ranging from 31 to 70&/hanand from 1666 to 10617°fha.
In 2013 all species had lower yields, with the g@tioen of A. donaxandM. x giganteus
varying from 901 to 15679 #ha.

The SH and MH ethanol yields 8f donaxC. riparia, M. x giganteusandS. x uplandicum
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were later assessed with a two-way ANOVA. Interactiyear-harvest was not
significant for all the speciesA. donaxand S. x uplandicumhad no significant
differences among year nor harvest, whi{lz riparia and M. x giganteushad
significantly higher yields through MH (Table 31. donaxgave the best result every
year, going from almost 3000 to more than 1500(ha) statistically different from all
other species, followed Hyl. x giganteugfrom 1360 to 5750 fitha) andH. tuberosum
(4156 to 5823 riiha). These results were related to the high bisnyisds of these
species.
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Figure 25 BMP of the studied species biomass, expged as ml of methane in standard conditions of
temperature and pressure per g of volatile solidsQH4strf g VS ). BMP values are net of methane
produced endogenously by the inoculum (Marchetti etl., 2013, modified). AL: A. lappa, AD: A.
donax, CA: C. acutiformis, CR: C. riparia, GM: C. G. maxima, HT: H. tuberosus, IP: |. pseudacorus,
MG: M. x giganteus, PA: P. arundinacea, SU: S. x uplandicum, SS:S. sylvaticus
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Table 30 Mean methane yields per hectare of the stied species in 2010, 2011, 2012 and 2103. Diffdrégiters indicate significant differences at P< @5

by LSD test.
Methane yield (n? CHu/ha)
: 2010 2011 2012 2013
Species
mean s.d. mean s.d. mean s.d. mean s.d.
A. lappa 580 253 ef 4092 553 bc 2040 1377 cd
A. donax 2922 1913 a 7007 4797 a 10617 6176 a 15679 2291 a
C. indica - -
C. acutiformis 563 117 b 1819 478  def 1696 278 ¢ 798 228 cd
C. pseudocyperus - -
C. riparia 877 75 b 2683 415 cd 1666 1133 ¢ 1055 230 cd
G. maxima 899 257 def 1941 879 bc
H. tuberosum 4156 1046 Dbc 5823 2162 b 2743 575 Cc
I. pseudacorus 849 449 b 1818 460 def 1363 420 C 901 80 cd
L. salicaria - -
M. X giganteus 1360 162 b 5750 822 ab 4810 2665 bc 5379 2822 b
P. arundinacea 31 20 f -
S. sylvaticus 662 105 b 615 104  def -
S. x uplandicum 704 88 b 2211 323 cde 3448 4778 bc 459 210 d

-: not determined.
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Table 31 Comparison of single harvest event (SH) dnmultiple harvest events (MH): mean methane
yields of the studied species in 2011 and 2012. Wa$ are not net of methane produced endogenously

by the inoculum.

Methane yield Methane yield (m3 CH4/ha)
Species (m® CH4/t DM) 2011 2012
SH MH SH MH SH MH
A. donax 131 196 9204 10860 16865 12074
C. riparia 201 250 2809 3833 839 3508
M. X giganteus 124 153 6160 9232 3201 10134
S. x uplandicum 157 144 2407 2412 6095 1619

Ethanol and methane energy comparison

After the two laboratory trials on ethanol and naetd production, an energy comparison
was conducted on the energy content of the twostygdebioenergy produced by the
studied species. Thus the response of species vedisated energetically in term of

ethanol or methane production, expressed as GJ/abivafterwards as GJ/ha.

Materials and methods

The ethanol and methane energy outputs per hestare calculated by multiplying the
biomass yields with the calorific value of ethanol methane, as in Bauer et al. (2010).
Specifically 1 Nni of methane corresponds to 39.79 MJ (Beitz andriiitt1987) and 1
kg of ethanol to 26.8 MJ (KTBL, 2005).

Results and discussion

Energy yields reflected the corresponding ethandlmmethane yields. For both, the annual
mean range increased from 2010 to 2012 and decimélde last year, apart frow.
donaxandM. x giganteugTable 32). Thus in 2010 ethanol energy outputgedairom
10 to 95 GJ/ha and the following years from 1 t@,Z8m 10 to 334 and from 10 to 508
GJ/ha. Regarding methane, the ranges sequence2fitthto 2013 was 26-116, 1-279,
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54-422 and 18-624 GJ/hA. donaxand M. x giganteugjave the best results for both

transformations and all years.

A more immediate comparison can be seen in Figarevbere 2010-2013 mean energy
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output of species that received both types of lallooy processing are reported.
Furthermore they were analysed by a two-way ANOYéntthe LSD test was applied
for the means separation to show significant diffiees. Methane transformation was
significantly higher than the ethanol one (P< 0.(pecies were significantly different
at P< 0.001, while interaction species-transforamatiad no significant differencé.
donaxgave the highest mean energy output (327 GJ/Hallgwed by M. x giganteus
(146 GJ/haly) andH. tuberosum(106 GJ/haly). The lowest results were showrSby
uplandicum (17 GJ/haly) andC. acutiformis(60 GJ/haly). Even though ethanol and
methane yields were lower than values reportechén literature, energy outputs per
hectare were generally comparable regardingonaxandM. x giganteusdue to their
high biomass production in this experiment. In effseveral authors reportéd donax
energy output varying from 240 to 600 GJ/haly, &hdx giganteusrom 180 to 350
GJ/haly (Cosentino et al., 2008; Mantineo et @Q09. Of course data obtained here
were lower than %Lgen. biofuels output, which can reach 800 GJ/Fa/pugarcane for
example (Larson, 2006). But it is worth noticingtttthe energy efficiency, which is
expressed by the ratio between the entire energiersbof biomass yield (output) and
the energy utilised in the cropping system (inpistjpower in £' gen. biofuels (from 1 to
5) than in 2% gen. ones (that can also reach 50) (Angelini .e2805; Cosentino et al.,
2007; Sims et al., 2010).



Table 32 Comparison of energy yields obtained frorathanol and methane for the studied species from 20 to 2013.

Ethanol energy yield (GJ/ha)

Methane energy yield@J/ha)

. 2010 2011 2012 2013 2010 2011 2012 2013
Species
mean s.d. mean s.d. mean s.d. mean s.d. mean s.deam s.d. mean s.d. mean s.d.

A. lappa - - - - - 23 10 178 34 81 55
A. donax 95 62 227 156 344 200 508 74 116 76 279 191 422 246 624 91
C. indica 31 6 - - - - - - -
C. acutiformis 22 5 71 19 67 11 31 9 22 5 72 19 67 11 32 9
C. pseudocyperus 21 8 - - - - - - -
C. riparia 32 3 99 15 62 42 39 9 35 3 107 16 66 45 42 9
G. maxima - 27 8 59 27 - - 36 10 77 35 - -
H. tuberosum - 43 11 60 22 28 6 - 165 42 232 86 109 23
l. pseudacorus 26 14 55 14 41 13 27 2 34 18 72 18 54 17 36 3
L. salicaria - - 10 6 10 2 - - - -
M. X giganteus 37 4 158 23 132 73 148 78 54 6 229 33 191 106 214 112
P. arundinacea - 1 1 - - - 1 1 - -
S. sylvaticus 10 2 9 2 - - 26 4 24 4 - -
S. x uplandicum 26 3 82 12 127 153 17 8 28 4 88 13 137 164 18 8

- not determined.
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Figure 26 Comparison of energy yields obtained fronethanol and methane: mean value 2010-2013 of

the studied species. ADA. donax, CA: C. acutiformis, CR: C. riparia, GM: C. G. maxima, HT: H.
tuberosus, IP: |. pseudacorus, MG: M. x giganteus, SS:S. sylvaticus, SU: S. x uplandicum

Conclusions

Overall both ethanol and methane trials obtainegetoyields (138 kg ethanol/ t DM and
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140 n? CHystef t VS ) than the maximum values found in the dtare, which varied
from 300 to 450 kg ethanol/t DM and from 276 to 680CHuste/ t VS (Patzek, 2006,
Quintero et al., 2008; Pin et al., 2008; Davila-Ganet al., 2011; Bauer et al., 2010;
Chandra et al., 2012; Di Girolamo et al., 2013)t,Bvhen reported on a per hectare
scale, their yields were considerable, especialhyAf donaxandM. x giganteuswhich
reached mean values of 3.87 t ethanol’ha and 905€Hstef t VS, and 3.12 t
ethanol/ha and 4325 3nCH4(5Tp1 t VS, respectively. Consequently these two sgecie
also had the highest mean energy outputs, 360 Gdvi#a donaxand 172 GJ/hd. x

giganteusrespectivelyA. donaxthus gave the best result on energy yield.



The energy comparison also showed that methaneautsuggze energetically higher than
ethanol ones and demonstrated thatlonaxand M. x giganteuseven if showing low
ethanol and methane yields, are the most suitabléné transformation.

Regarding harvest management, dvlyx giganteushowed a positive reaction to multiple
harvests in both cases.

Further analysis, particularly the environmentapatts from production, transport and
transformation might give an additional key to camgp the ethanol and methane
production scenario for the studied species. Bigt ltlhs to be evaluated by Life Cycle

Assessment studies and the scope of this reseaashtavcompare the species and
provide initial data.
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4 Environmental assessment on Veneto scale



Introduction

This chapter describes an environmental assesghanwvas conducted, focusing on the N
balances in the soil under different crops. Asestddy Dobermann (2001), nitrogen
budgeting approaches are often applied to valuateuaderstand nitrogen use efficiency
and cycling by mass balance. One of the most progispecies, in terms of biomass
yield and energy output, was chosen among all il cultivated in the growth boxes
in Chapter 2. Since on average omy donaxrecovered all the N applied and also
adsorbed it from the soil, as reported by Borinakt(2013), M. x Giganteuswas
selected. This species was compared with maZssa (MaysL.), being the most
widespread crop in the North-East of Italy and & keop for intensive agricultural
production (Grignani et al., 2007). The aim of gtedy was to assess the N leaching of
the two crops at different N levels, with partiqukttention to the Nitrates Directive
limits and derogation (EEC, 1991, Official Jourwélthe European Union, 2011), and
consequently to investigate what the best use fefrfNizer was in this context.

Material and methods

In order to obtain potential yields with differearhount of nitrogen, B. x Giganteusand a
Z. Maysnitrogen response curve were created from thechidich-Baule equation
(Frank et al., 1990):

Y=Bo [1 - exp(B1 (B2 + N))] (7)

Where Y is crop yield (t DM/haly), N is applied noigen (kg N/haly) and thf are
parameters. The model parameters for the responseesc were calibrated by
minimizing the residual sum of squares, using teadealized Reduced Gradient (GRG)
Nonlinear Solving Method (Frontline Systems, Inagline Village, NV, USA). For the
Miscanthus response curve, yield data were takem four trial (Cf. Chapter 2) and

from Lewandowski and Schmidt (2006) while for theire one, they were extracted
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from Giardini et. al (1997). The latter trial waarged out on the same Experimental
farm as our trial.

The SimDen 2.0 model (Vinther, 2005) was then usedimulate total denitrification
(Ngen and NO emissions (N, at different amount of nitrogen input in the sdihe
model was set as follows:

a) Soil type: Clay loam soil (soil type 8: 25-45% cld+45 silt and 10-75% total
sand), according to the Italian experimental s@l texture (Cf. Table 1);

b) Nitrogen Input: Animal manure/slurry N - surfacephed and incorporated, because
of the simulated use of slurry;

c) Pre-history with respect to input of organic matberprecipitation: High - High
precipitation or organic matter level, due to tage annual amount of wastewater
distributed on the crops.

Afterwards the N leaching was calculated by masanoa as follows:

NLzNin'(Nup"'Nden"'Neer (8)

Where N is N leaching, I is N input by slurry, i, is N uptake. The latter was obtained
multiplying yield data by mean N content, from ¢0r53%, cf. Chapter 2) and Giardini
et. al (1997) (1.3%)) trials, for Miscanthus and reaiespectively.

Subsequently N leaching was expressed for theeeiBneto Region. The area devoted to
Miscanthus was assumed to be the Non-cultivatedicAgmral Area, i.e. Total
Agricultural Area (TAA) minus Utilized AgriculturalArea (UAA) (ISTAT, 2010),
corresponding to 31867 ha, while maize area wasnasd to be the area currently
cropped with maize, i.e. 247927 ha (ISTAT 2013)reehdifferent fertilization levels
were then compared:

1. Fy: 170 kg N/ha — limit imposed by Nitrates Directifee vulnerable zones (EEC,
1991);

2. F»: 250 kg N/ha — higher limit allowed on the Pad#iain by Nitrates Directive
derogation for crops with high N demand and longngng season (Official Journal

of the European Union, 2011);
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3. Fs: 340 kg N/ha — limit imposed by Nitrates Directif@ non-vulnerable zones
(EEC, 1991).
Finally different amounts of N were allocated framaize to Miscanthus to assess the

consequences in terms of N leaching and crop vyield.

Results and discussion

The N response curves reported potential yieldsioable by slurry fertilization of from 50
to 400 kg/ha (Figure 27) and then allowed thenstoreate the corresponding N leaching
to be estimated. In our simulationoitcurred for both crops with fertilizations higher
than 150 kg/ha (Figure 28). In the three fertili@atscenarios maize Naried from 7.3
to 107.3 kg N/ha (Table 33). Thus going from 17@#4® kg N/ha of fertilization, N
became almost 16 times higher. These values mightelgligible when expressed per
hectare but total Ncorresponded to 2128 t N in When reported on Veneto scale and
reached 30000 t N in the case gf(fFable 34). It is worth mentioning that, even inp F
with the lowest N\, cultivating M. x Giganteuson Non-cultivated Agricultural Area,
could allow to be spread almost 5000 tons of Nitmim biomass suitable for bioenergy
(255000 t DM ca.) in Veneto Region, with minimal IBaching. Consequently the
possibility to grow Miscanthus in non-cultivateceas might be taken into account as a
possibility to manage slurry and complement agrangroduction.

Furthermore, removing gradual quantities of N fronaize and allocating them to
Miscanthus, it was possible to see the consequendesns of Nl and yield (Table 35).
Since kwas best scenario in our simulation maizgewere reduced of increasing 5 kg
N/ha quota from 170 kg N/ha to 130 kg N/ha, assigrihese allocation to miscanthus.
Obviously maize yields decreased with the reductibMi, so to maintain productivity
higher than 8 t/ha maize;\should be at least 150 kg N/ha. Thus it was pessibsee
that allocating part of maize;No Miscanthus allowed to be produced up to 20 tha
biomass suitable for bioenergy. Consequently thrskie considered an environmentally

good use of N both for N leaching and bioenergypse.
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Figure 28 Maize and Miscanthus N leaching at diffeent N inputs

Table 33 Maize and Miscanthus N leaching in the thae different scenarios IE 170 kg N/ha, k: 250 kg
N/ha, Fs: 340 kg N/ha

N, (kg N/ha)

Species
Fi F Fs
Maize 7.8 49.8 107.3
Miscanthus 57 49.7 110.0
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Table 34 Maize and Miscanthus N input, N leachingrad yield in the three fertilization scenarios. k: 170 kg N/ha, k: 250 kg N/ha, R: 340 kg N/ha

51 F Fs
Species  Surface % of TAA Nin NL Yield Nin NL Yield Nin NL Yield
ha % t N tN t DM/ha t N tN t DM/ha t N tN  tDMzh
Maize 247927 24.6 42148 1946 8.7 61982 12343 10.9 84296609 12.5
Miscanthus 31867 3.2 5417 182 21.3 7967 1585 26.1 0833 3504 29.8

Table 35 Maize and Miscanthus N input, N leachingrad yield in different allocations.

Nin NL Yields

allocated removed allocated allocated . . . .

to Maize from Maize to Miscanthus to Miscanthus Maize Miscanthus Maize Miscanthus

kg N/ha kg N/ha tN kg N/ha kg N/ha kg N/ha t DM/ha t DM/ha
170 0 0 0 8 ~0 8.7 0.0
165 5 1240 39 3 ~0 8.6 6.8
160 10 2479 78 ~0 ~0 8.4 12.2
155 15 3719 117 ~0 ~0 8.2 16.6
150 20 4959 156 ~0 ~0 8.0 20.2
145 25 6198 194 ~0 6 7.8 23.0
140 30 7438 233 ~0 21 7.7 25.3
135 35 8677 272 ~0 50 7.5 27.1
130 40 9917 311 ~0 82 7.3 28.6
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Conclusion

In this simulation maize and Miscanthus resultethaagng similar N leaching response at
different N input. According to the obtained data, best minimize N losses the
maximum amount of N input should be 150 kg/hahtidd be mentioned that, even in
this lowest fertilization scenario, cultivatingl. x Giganteuson Non-cultivated
Agricultural Area, could allow almost 5000 tons fto be spread and more than
255000 t of biomass suitable for bioenergy obtaimedeneto Region, with minimal N
leaching. Consequently the possibility of growingsé&nthus in non-cultivated areas
might be taken into account as a possibility to agen slurry and complement
agronomic production.

In addition, allocating part of maize;;No Miscanthus allowed up to 20 t/ha of biomass
suitable for bioenergy to be produced, reducingzenai leaching.

Furthermore these data lay the basisvbrx GiganteusN leaching for a potential future

Life Cycle Assessment dealing with its cultivation.
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5 General conclusions

104



Fourteen plant species were evaluated in growtled®dom 2010 to 2013. During the trial
they were studied to obtain data on their suitgbibn biomass production and
phytoremediation. These plants were perennial ghduexperimenting might provide
more exhaustive conclusions, but from the dataioéda the following observations can
be made.

In general, the biomass characterization variedrgnspecies, but results were similar to
those reported in the literature, while biomasddgievere higher than what reported by
other authors, when both available.

Overall A. donaxgave the best result, even if it was not very pobde in ethanol or
methane transformation. This dominance was duetstchiige potential in biomass
production which allowed it to reach very high meegy production per hectare. It was
also the only one which recovered all the N appéad also adsorbed it from the soil.
Also M. x Giganteushowed remarkable results but lower than giant oeexs.

Regarding percolation water, lower TN, B and PQ-P median contents were found
comparing the initial and the final data during teeperiment. On the contrary TP
showed higher and more variable concentration k820

But at the same time, through the environmentadéssseent, it was possible to see how
different amount of fertilization can impact on éathing.

Consequently further analysis, particularly on émeironmental impacts from cultivation
to ethanol/methane transformation might give adddl interpretation keys to assess the
production of bioenergy from. donaxirrigated by slurry. Thus data obtained in this
dissertation might put the basis for a potentitlife Life Cycle Assessment dealing with

this bioenergy scenario.
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