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1. Introduction
An important source of lignocellulosic feedstock, targeted by the BECOOL project, are perennial lignocellulosic
crops such as giant reed, switchgrass and tall wheatgrass. These crops are well adapted to grow on marginal
lands unsuited to food crops. Thus allocating these crops to marginal/degrade or abandoned lands constitute
an additional source of dedicated feedstocks without any potential competition or land reduction with
food/feed crops production. In fact, these species are seen as promising feedstocks for advanced biofuels
production, because of their high hemicellulose yield, their positive social benefits, and wide environmental
adaptability (i.e. low input requirements over their productive lifetime, increased biodiversity, soil protection,
landscape improvement, etc.).
In Europe, the research for giant reed and switchgrass as a biomass crops started in the nineties (in the
framework of a number of EU projects) and extended to our days. However, the long-term productivity of
these crops is not well documented mostly because of the limited duration of such research projects (generally
3–4 years), while the putative lifetime of these crops is much longer (between 15-20 years). Furthermore, most
of these studies refer to a single specie under variable treatment factors but not to the comparison of more
species growing under the same growing conditions, so to have an equitable comparison that would allow to
determine which one could be the best feedstock (in quantitative and qualitative terms) for advanced biofuels
production. In fact, switchgrass and giant reed are not grown on a commercial scale, therefore a solid database
with high quality and representative field data for the design, development, and modeling of functional
biofuels value chains is still missing.
The three different perennial crops, giant reed (Arundo donax L.), switchgrass (Panicum Virgatum L.) and tall
wheatgrass (Thinopyrum ponticum (Podp.) Barkworth & D.R.Dewey), were stablished in Greece and Italy (giant
reed and switchgrass) and in Spain (switchgrass and tall wheatgrass).
This study was focused on the perennial herbaceous crops giant reed, switchgrass, and tall wheatgrass that
can be of interest for marginal/idle lands in Europe and Brazil, in order to record long-term data on the
performance and yields of the crops as well as to compare their potential productivities in the environmental
conditions they were growing.

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
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2. Objectives and Approach
Existing stands of perennial lignocellulosic crops under marginal conditions were used. Historical and new data
from annual harvests will be collected to estimate long term yields.




CRES made available field trials on switchgrass and giant reed established in 2004 in a marginal/arid
area in Central Greece.
UNIBO provided giant reed/switchgrass side by side fields established in 2004 in an idle river side land
of 1.4 ha in North Italy.
CIEMAT provided large fields (several hectares) of low input switchgrass established in 2010 and of
low input tall wheatgrass established in 2013 in Spain.

Detailed descriptions of the trials are provides in the chapters 5 - 7 below. The methodology, results and
discussion as well as the separate conclusions of the trials in Greece are described in Chapter 5, the trials in
Italy in Chapter 6 and the trails in Spain are described in Chapter 7.

3. Results and discussion
As field trials were established at different years, following different protocols and measured parameters only
the yields of the crops will be compared and discussed, as a common ground for the field trials in Greece, Italy
and Spain.

3.1 Giant reed
Giant reed was cultivated only in Greece and Italy. In Greece, three irrigation levels were tested: I0=no
irrigation, I1=50% of ET0 and I2=100% of ET0 (fully irrigated). In Italy trials included the same levels of irrigation
and fertilization.
According to the data and reported results described and discussed in the following Chapters 5, 6 and 7,
biomass yields in the first years of the plantation are higher, when the crops are young whereas as the crops
get older the yields tend to decrease substantially.
In general, giant reed performed better in Italy than in Greece. However this is only indicative as the climate
conditions and mainly precipitation (not exceeding 235 mm from March to October averaged over the 19 years
in Greece vs 454 mm from March to October averaged over 18 years in Italy), soil characteristics (sandy-claysilt soils in Greece vs clay-loam soils in Italy), plant densities (1.5 x 0.7 m2 in Greece vs 1x1 m 2 in Italy) were
differentiated.
The highest yields were recorded in Italy, in the 4th year of the plantation reaching 29 tons/ha dry matter
(Figure 3-1). In Greece, the highest yields of giant reed were achieved in the 3rd year with 19 t/ha dry matter
in the fully irrigated plots and remained at these high levels until the 8th year.
Mean yields range over 19 years in Greece was at 7 - 14 t/ha depending on the irrigation level and at 20 t/ha
in Italy over 18 years.
This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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In all environments (Greece, Italy) dry matter yields from the 3rd to the 10th year are over the average figures
and thereafter they are decreasing. Hence, yields from the 3rd to the 10th year in Italy are higher than 20t/ha,
relevant yields in Greece corresponding to fully irrigated plants were over the mean of 14 t/ha, yields
corresponding to medium irrigation were over 11 t/ha. In the dry plots, giant reed yields exceeded the mean
of 7t/ha from the 4th to the 7th year and thereafter yields remained at the level of 7 t/ha almost until the end
of the plantation life.
As mentioned before, irrigation and fertilization affected significantly the yields in all years in Greece. Thus, in
all years among the three irrigation rates statistical significant differences had been recorded (P>0.01). The
differences among the three irrigation rates were quite stronger in the period with high yields (3 rd to 10th
growing periods).

Figure 3-1: Dry matter yields of giant reed cultivated in long term trials in Greece and Italy

3.2 Switchgrass
Switchgrass var. Alamo was cultivated in all environments in Greece, Italy and Spain. In Greece, as in the case
of giant reed, three irrigation levels were tested: I0=no irrigation, I1=50% of ET0 and I2=100% of ET0 (fully
irrigated). In Italy and Spain trials included the same levels of irrigation and fertilization.
According to the data and reported results described and discussed in the following Chapters 5, 6 and 7,
biomass yields follow the same pattern as giant reed, being higher in the first years of the plantation, when
the crops are young whereas as the crops get older the yields tend to decrease substantially.
In contrast to giant reed switchgrass performed similarly in all environments, except for the fully irrigated
plants in Greece that produced the highest biomass quantities. As mentioned in the giant reed case, climate
conditions soil characteristics, sowing densities were different among the field experiments, thus the results
are again indicative.
This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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Figure 3-2: Dry matter yields of switchgrass cultivated in Greece, Italy and Spain
The highest yields were recorded in the fully irrigated plots in Greece in the 3rd year of the plantation reaching
25 tons/ha dry matter (Figure 3-2). In Italy, the highest yields of switchgrass were achieved in the 2nd and 6th
years with 20 t/ha dry matter, whereas in Spain the highest yields were achieved in the 5th year with 17 t/ha
dry matter.
Mean yields over 19 years in Greece were at a range of 7 - 17 t/ha depending on the irrigation level, whereas
in Italy and Spain they were at a range of 13 t/ha over 18 years in Italy and over 9 years in Spain.
Yields from the 2nd to the 8th -9th year were over the mean yields, thereafter they are decreasing in all
environments (Greece, Italy, Spain). More specifically, yields from the 2nd to the 9th year in Greece
corresponding to fully irrigated plants were over the mean of 17 t/ha, yields corresponding to medium
irrigation were over 13-14 t/ha. In the dry plots, switchgrass yields exceeded the mean of 7t/ha and thereafter
yields started to decrease gradually, reaching 2.5 t/ha of dry matter during the last six years of plantation’s
life. Dry matter yields in Italy are higher than 14 t/ha from the 2nd to the 7th year of the plantation and
thereafter from the 13th to 17th year, whereas at the last year they sharply decreased to 6.4 t/ha. In Spain,
yields exceeded the mean of 14 t/ha only in the 4th, 5th and 8th year. During the rest of the years until the 9th
year and apart from the 1st, yields ranged from 11-13 t/ha.
Irrigation and fertilization affected significantly the yields in all years in Greece. Irrigation effect on dry matter
yields was much more pronounced than the nitrogen fertilization that showed quite smaller effects on
switchgrass yields. Thus, the fully irrigated plots gave 2.3 times higher yields compared to the non-irrigated
and non-fertilized ones. The differences among the three nitrogen rates were quite smaller and the fully
fertilized plots gave 23 % higher yields compared to non-fertilized plots.

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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Giant reed vs switchgrass
Averaged over all years, in Greece, higher dry matter yields had been recorded by giant reed (giant reed gave
17% higher yields than switchgrass). The irrigation effect was quite similar for both crops, with similar dry
yields in the dry plots. In the medium and highly irrigated plots the yields of giant reed were quite higher
compared to switchgrass. The non-irrigated switchgrass plots gave quite low yields, low the tiller density and
the plots looked empty. On the contrary the giant reed trial looks more uniform, despite the different
treatments. Giant reed biomass production was almost two times higher than switchgrass.
In Italy, giant reed also demonstrated very high yields during the first years after establishment outperforming
switchgrass that, conversely is able maintain a higher yield stability. The yield gap between the two species
stated to clearly reduce from the 13th to the 17th years. In addition, giant reed was more resilient than
switchgrass during the drought season registered in 2012 (year 9), confirming its better adaptability to drier
environments.

3.3 Tall wheatgrass
The crop was cultivated only in Spain, therefore information on the methodology, results and conclusions are
described only in Chapter 7.

Figure 3-3: Dry matter yields of tall wheatgrass cultivated in Spain
In the first four years of the tall wheatgrass plantation yields were almost 4 t/ha dry matter, with Szavarsi-1
cultivar reaching almost 5 t/ha. In the last three years yields were lower reaching only 2.5 t/ha where Alkar
cultivar performed better with 3.5 t/ha dry matter (Figure 3-3).

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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The low productivity in the last 3 years could be due to the fact that rainfed perennials tend to have shorter
cycles than irrigated ones and also due to the stress of crops because of the exceptionally dry months
(December-March) in 2019. Rainfall kept low in the following years too.

4. Conclusions
In summary, giant reed and switchgrass demonstrated very high yields during the first years after
establishment when the plants were younger, in all environments. Yields remained at high levels and above
the mean figures averaged over the whole life span for almost 10 years for both plants, depending on the
environment, and thereafter started to decline.
Giant reed outperformed switchgrass in Italy while switchgrass conversely was able maintain a higher yield
stability. Moreover the yield gap between the two species stated to clearly reduce in the last five years of the
plantation. In addition, giant reed was more resilient than switchgrass during a drought season confirming it
better adaptability to drier environments.
Averaged over all years, in Greece, switchgrass outperformed giant reed, by almost 17% in dry matter yields.
Irrigation and nitrogen fertilization had a pronounced effect on yields of both crops, with similar low dry yields
in the dry plots.
Although the biomass characterization of tall wheatgrass resulted slightly better, the average yield obtained
for switchgrass was more than three times the yield obtained for tall wheatgrass in Spain. However, it should
be bearded in mind that switchgrass is a C4 species that was grown in a better soil and need warmer
temperatures than tall wheatgrass that is a C3 that was grown without irrigation and with low inputs.

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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5. Long-term field trials of two perennial field trials in central Greece
5.1 Methods and materials

Two field
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(giant reed and
ENTAL
FIELDS
INswitchgrass) had been established in an abandoned
agricultural area in central Greece (Aliartos) in the framework of a previous EU research project [Bioenergy
Y NURSERY
OF ALIARTOS
chains project (www.cres.gr/bioenergy_chains)].
Both trials were established manually in 2002 and conducted
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According to the soil analysis carried out prior to the establishment of the crops (Table 5-1), the soil was sandy,
with sand percentages being around 60% from the surface layer until 40 cm below whereas at deeper layers
(60-80 cm below surface) it increased 80%. The fertility of soil is medium to low while alkalinity is low.

Figure 5-2: View of the Lake Copais before the drainage; the site of the trial (yellow spot) located in the
banks of the former lake.
Table 5-1: Soil characteristics of various soil layer up to 1m depth of small experimental fields in Aliartos.
Characteristics
Silt
Sand
Clay
Soil Type
Electrical Conductivity
pH
Total Calcium
Organic matter
Total nitrogen
Phosphorus (P2O5)
Potassium (K2O)
Magnesium (MgO)
Sodium (Na)
Iron (Fe)
Manganese (Mn)
Bulk density

Unit
%
%
%
μMHOS/cm
%
%
mg/kg soil
mg/kg soil
mg/kg soil
mg/kg soil
mg/kg soil
mg/kg soil
mg/kg soil
g/cm3

0-20

20-40

Soil layer
40-60

60-80

80-100

20
59
21
SL
75
7.65
6
1.27
0.15
2.29
5.7
5.81
4
1.13
1.13
1.44

18
64
18
SL
60
7.8
7.6
1.44
0.14
1.15
3.9
4.57
3
1.13
1.13
1.47

18
62
20
SCL
60
7.8
7
0.94
0.11
1.15
3.6
6.23
2.75
0.88
1.13
1.45

12
69
19
SCL
92,5
7.9
19.2
0.70
0.11
1.83
4.8
9.13
9
1.00
2.25
1.48

8
81
11
SL
65
8
4
0.13
0.06
1.43
3.6
5.40
3.25
0.75
1.13
1.58

The area of the trials used to be grown with cereals but due to low productivity (<2.5 t/ha grains) the area had
been left fallow since 1978. As it is presented in Figure 5-3(e) the outer borders of the site were quite close to
a rocky hill.
This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
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a

b

c

d

Giant reed

Switchgrass

Cardoon

e

Figure 5-3: View of the giant reed rhizomes (a), early stage of giant reed regrowth (b), giant reed trial in
May 2009 (c), young switchgrass plants at the establishment year (d) in June 2002, view of both trials in
July 2012 (e).
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At the establishment year all plots received uniform irrigation and nitrogen fertilization, while a basic
fertilization was applied before establishment (500 kg fertilizer per ha, NPK: 20-10-0). From the 2nd growing
period irrigation and fertilization had been differentiated as planned. Thus, the plots of I1 received 200-220
mm of water during the hot period (May to August) for giant reed and 150-160 for switchgrass. The
corresponding values for I2 plots were 400 to 440 mm and 300 to 320 mm. A drip irrigation system had been
applied that was also used for the nitrogen fertilization (34.5-0-0) every year in the beginning of May.
Each year, switchgrass regrew earlier that giant reed (mid-March vs early April, respectively) (Figure 5-3).
Growth measurements including plant height, tiller density and stem diameter were taken on annual basis at
final harvest in winter after a killing frost (from mid-January to mid-February). Switchgrass was harvested 2-4
weeks earlier than giant reed. Plant height and stem diameter were measured on 10 stems per plot for giant
reed and 20 tillers for switchgrass. The stems/tillers density was measured also at the final harvest in a marked
area of 1 m2 per plot. Biomass yields were estimated annually at the final harvest in a marked area of 4 m2 for
switchgrass and 16 m2 for giant reed. The harvested biomass was weighted and then samples were separated
to stems and leaves and oven-dried at 1050C till constant weight. The dry samples had been used for laboratory
analysis (calorific value, proximate and elementary analysis).
Metrological data (Tmax, Tmin, precipitation) were taken on site (Figure 5-4). During the hot period (May to
August) the precipitation in the field was quite low and in total did not exceed 67 mm (mean of 19 years). The
low precipitation during the hot period in combination with the sandy and shallow soil increased the water
stress to the cultivated crops.

Figure 5-4: Mean meteorological data (Tmax, Tmin, precipitation) in the trials site.
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5.2 Results and discussion
GIANT REED
Growth characteristics
Plant height during the first three years had reached 3 m, started to increase in the fourth year of the plantation
and continue to increase until the 9th-10th year, reaching the maximum height of 6m; thereafter it started to
progressively decrease until the 12th year reaching a mean height of 4.5m and from the 13th year to the 19th
plant height remained stable at around 3.2 m.
The effect of the tested factors on plant height is presented in Figure 5-5. It can be commented that from the
2nd till the 13th growing period plant height was increased along with the increase of both the irrigation and
fertilization rates with irrigation being the most crucial factor that affected plant height. From the 14th growing
season the difference among the three irrigation and fertilization effects on plant height was smaller (apart
from the 16th growing season where the effect of nitrogen rates was pronounced). The non-irrigated plots
followed the same trends but plants were shorter than plants receiving irrigation; until the 12 th year of the
plantation plant heights were almost 100 cm shorter than the mean figures.

N
N

N

Figure 5-5: Effect of irrigation and fertilization rates on giant reed plant height (cm) for 19 years.
The tillers/shoots density (Figure 5-6) was also significantly affected by both factors with irrigation to present
higher significant differences. In the non-irrigated and medium irrigated plots the highest tiller density was
recorded in the 5th growing period and was 6.7 tillers/m2 for I0 and 8.36 for I1. The highest tiller density for I2
This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
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was recorded in the 6th growing period and was 9.1 tillers/m2. In terms of nitrogen rates the highest tiller
density was recorded in the 5th growing period and was 6.9 for N0, 8.4 for N1 and 9 tillers/m2 for N2.
Tiller density in non-irrigated plots is quite lower compared to the other plots (Figure 5-6). Averaged, overall
years the mean tiller density in non-irrigated plots was 4.5, while for the plots of I1 & I2 it was quite higher
with values that didn’t differ significantly (6.4 and 6.6 respectively).

Figure 5-6: Effect of
irrigation and
fertilization on giant
reed tiller density per m2
for 19 years.

Biomass yields
As it is presented in Figure 5-8 the dry matter yields of giant reed were maximized in the 4th growing season
(14.4 t/ha, averaged overall treatments). It can be commented that from the 3 rd growing period and for five
subsequent years the mean dry yields were around 14 t/ha (13.6 to 14.4 t/ha). Thereafter, the yields gradually
declined and at the end of the 12th growing period reached 10.4 t/ha (2014) that was 28% lower than the
celling yields. Thereafter, the yields varied from 7.5 to 8.4 t/ha. It should be pointed out that in this period the
tillers density and the plant height had been also declined as presented in Figure 5-5 and Figure 5-6. Averaged
over all years and treatments giant reed fresh and dry matter yields were 20.4 and 10.2 t/ha, respectively.
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Figure 5-7: View of giant reed plantation at the end of summer
Each year at the final harvest moisture content varied from 58% (2005) to 46% (2020), quite higher compared
to other perennial grasses like miscanthus and switchgrass. It should be pointed out that in order the moisture
content to be reduced each year the final harvest of the crop was arranged quite late in winter from endJanuary to end-February. It should be also taken into consideration that at that time the harvested material
consisted mainly of stems (85-88%).

Figure 5-8: Mean fresh and dry matter yields (t/ha) of giant reed for a period of 19 years, averaged overall
treatments.
The effect of three irrigation rates on fresh and dry matter yields is presented in Figure 5-9. It is quite profound
that the yields had been significantly affected by the water deficit. Thus, in all years among the three irrigation
rates statistical significant differences had been recorded (P>0.01). The differences among the three irrigation
rates were quite stronger in the period with high yields (3rd to 10th growing periods). At the time of dry yields
maximization (2005), the productivity in the dry plots was 7.7 t/ha, while the corresponding values for the
medium and the high irrigation were 15 and 19 t/ha. Thus, when the crop received an irrigation of 200-220
mm doubled its biomass production, while when the irrigation was further increased to 400 to 440 cm the
achieved yields were 2.4 times higher than the non-irrigated plots. Averaged overall years, the dry plots
produced 6.9 t/ha biomass, the plots receiving the medium irrigation 10.5t/ha, while the fully irrigated ones
produced 13.2 t/ha biomass.
This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
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Figure 5-9: Effect of irrigation on giant reed dry yields for 19 years.
In Figure 5-10 the effect of nitrogen rates on dry yields is presented. As it was found for irrigation, when the
fertilization was increased from 0 to 40 and 120 kg N/ha the yields were gradually increased. Averaged overall
years, the dry yields on the unfertilized plots was 7.9 t/ha. When a nitrogen fertilization of 40 kg N/ha was
applied annually the dry yields were increased to 10.2 t/ha (30% increase), while when 120 N kg/ha was applied
the achieved yields come up to 12.5 t/ha (45% increase compared to unfertilized plots). Further research is
needed in order additional nitrogen rates to be tested between 40 and 120 kg N/ha.

Figure 5-10: Effect of fertilization on giant reed dry yields for 19 years.
The effect of each factor (irrigation and fertilization) and their interactions is presented in Figure 5-11. As
expected, overall years, the highest dry yields were recorded in the plots that fully irrigated and fertilized (I2N2;
16 t/ha) and the lowest ones in the plots that left unirrigated and unfertilized (I0N0; 6.9 t/ha; 2.3 times lower
than I2N2). The mean dry yields of the I2N1 and I1N2 were almost the same (13.1 and 13.5 t/ha, respectively).
Moreover, the yields recorded by I1N1 and I2N1 were quite close (10.6 and 10.2 t/ha, respectively).

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
19 | 4

5

BECOOL D1.5 Potentialities of specialist perennial lignocellulosic crops on marginal/ idle lands

Figure 5-11: Mean dry matter yields (t/ha) of giant reed, averaged overall years, per factor (I: irrigation and
N: nitrogen) and interactions (IxN)

Biomass characterization
In Figure 5-12 the calorific value (net and gross, kcal/kg) for both plant fractions (stems and leaves) is presented
per factor in two years 2011 and 2017. The calorific value was slighter higher for the stems than the leaves.
The net calorific value for the stems was 4204 kcal/kg dry matter and for the leaves 4136 kcal/kg dry matter.
The corresponding values in 2017 were 4240 and 4108 kcal/kg dry matter.

Figure 5-12: Gross and net calorific value (GCV, NCV; kcal/kg) of giant reed for both plant fractions in 2011
and 2017
The ash content (%) was quite higher in the leaves compared to stems (Figure 5-13). Ash content in the stems
was 3.1% in 2011 and 2.6% in 2017. The corresponding values for the leaves were 8.4 and 11.5%. Considering
that the leaf fraction represents the 12% of the total harvested biomass, the ash content of the harvested
material is estimated at 3.84 % in 2011 and 3.67% in 2017.
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Figure 5-13: Ash content (%) of giant reed for both plant fractions per tested factor (I: irrigation and N: fertilization)
in 2011 and 2017

SWITCHGRASS TRIAL
Growth characteristics
Switchgrass growth was significantly affected by irrigation and thus the plots that weren’t irrigated produced
shorter tillers that did not exceed 108 cm (mean of 19 years). In the plots that the irrigation was 50% of ETo
the plant height although was lower compared to the fully irrigated plots the difference in the majority of the
years was quite small (162 vs 169 cm; mean of 19 years). Thus, statistical significant differences had been
recorded between the non-irrigated plots where plants remained short, and the irrigated ones (I1 and I2 plots)
from the 3rd growing period and onwards, especially during summers that the precipitation was limited.
Among the three nitrogen rates no significant differences were recorded till the 11th growing period. From the
12th growing period and onwards plant height was affected by the nitrogen fertilization rates and statistical
significant differences were recorded; plant height was gradually increased when the nitrogen fertilization
increased.
Tiller diameter was stronger affected by irrigation compared to nitrogen fertilization (Figure 5-16). The lowest
tiller diameter (mm) was measured in the plots that weren’t irrigated, with a mean diameter of 3.5 mm. On
the fully irrigated plots the mean diameter was around 4.5 mm (28% higher than the non-irrigated plots). In
the most of the years tiller density recorded for the two irrigation rates (50% and 100% of ETo) was similar
(Figure 16). In terms of nitrogen effect on tiller diameter (mm), the highest differences among the three
nitrogen rates were recorded in the 13th growing period, with the fully fertilized plots to have tiller density of
4.5 mm and the non-fertilized ones 4.0 mm.
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Figure 5-14: Effect of irrigation and fertilisation on switchgrass tiller density (tillers/m2) for 19 years

I2N2

I0N0

Figure 5-15: View of switchgrass trial in the middle of a dry summer; the plot of I0N0 in the front is too
short and dry compared to I2N2 plot.
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Figure 5-16: Effect of irrigation and fertilization on switchgrass tiller diameter (mm) for 8 subsequent
years.
Tiller density had been strongly affected by the lack of irrigation and thus the mean tiller density in the nonirrigated plots was 280 tillers/m2, while the corresponding value in the medium irrigated plots were 448
tillers/m2 and 531 tillers/m2 in the fully irrigated ones (Figure 5-17). The effect of irrigation on tiller density was
quite stronger in the years 13th to 19th, when the fully irrigated plots developed 3.5 times more tillers compared
to the dry plots (528 vs 164 tillers/m2; mean of 13th to 19th growing periods). On the contrary, plant density
wasn’t strongly affected by the different nitrogen rates and in the majority of the growing periods the values
among the three rates were similar. As it is shown in Figure 5-17, the highest differences were recorded in the
years 17th to 19th. Averaged overall years, the tiller density in the non-fertilized plots was 402 tillers/m2. The
corresponding values in the medium and highly fertilization plots were 424 and 427 tillers/m2.
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Figure 5-17: Effect of irrigation and fertilization on switchgrass tiller density (tillers/m 2) for a period of 19
years.

Yields
The effect of the two under study factors (irrigation and fertilization) on dry matter yields during the lifetime
of the trial is presented in Figure 5-18. It is quite profound that dry yields were strongly affected by the
irrigation, while the nitrogen rates had quite smaller effects on switchgrass yields. Thus, in the last six years of
the trial the yields in the dry plots were around 2.5 t/ha, while the corresponding values for the medium
irrigated plots varied from 7.5 to 8.5 t/ha (3 times higher than the non-irrigated) and in the fully irrigated ones
from 9 to 10.5 t/ha (almost 4 times higher than the non-irrigated).
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Figure 5-18: Effect of irrigation and fertilization on switchgrass dry yields for a period of 19 years.
Among the three nitrogen rates the lowest yields were always recorded in the non-fertilized plots. The last six
years of the trial dry yields in the non-fertilized plots were around 5 t/ha, while in the medium fertilized ones
ranged from 6.5 to 7.5 t/ha and in the highly fertilized ones ranged from 7.5 to 9 t/ha.
In Figure 5-19 the mean dry yields (averaged overall years) per treatment are presented. The lowest yields (6.2
t/ha), as expected, were recorded in the non-irrigated and non-fertilized plots. The highest yields were
produced in the plots receiving the highest rates of irrigation and fertilization (18.2 t/ha), which was three
times higher compared to the non-irrigated and non-fertilized plot yields. In the dry plots the yields varied
from 6.2 t/ha (I0N0) to 7.7 t/ha (I0N2). In the plots received the medium irrigation the dry yields varied from
11.6 (I1N0) to 15.3 t/ha (I1N2). The corresponding values in the fully irrigated plots varied from 14.3 (I2N0) to
18.2 t/ha (I2N2).
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Larger yield variations were recorded among the three irrigation rates compared to the nitrogen rates. Thus,
the fully irrigated plots gave 2.3 times higher yields compared to the non-irrigated and non-fertilized ones. The
differences among the three nitrogen rates were quite smaller and the fully fertilized plots gave 23 % higher
yields compared to non-fertilized plots.

Figure 5-19: Mean dry matter yields (t/ha) of switchgrass, averaged overall years, per factor (I: irrigation
and N: nitrogen) and interactions (IxN)

Figure 5-20: Gross and net calorific value (GCV, NCV; kcal/kg) of switchgrass for both plant fractions in
2017.
The gross and net calorific value was higher for the stems compared to the leaves (Figure 5-20). Taking into
consideration the fact that the stems represent the 64% of the total switchgrass biomass the net calorific value
averaged overall treatments is estimated at 4222.24 kcal/kg (17.67 MJ/kg).
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Figure 5-21: Ash content (%) of switchgrass for both plant fractions per tested factor (I: irrigation and N:
fertilization) in 2017
The ash content of the switchgrass stems, averaged over all treatments was quite low, 1.438%, compared to
the high ash content of the leaves, 7.787% (5.5 times higher than stems). The ash content of the whole biomass
where the stems correspond to the 64% of the whole harvested biomass can be estimated at 3.789% (Figure
5-21).

Giant reed vs switchgrass
In Figure 5-22 a comparison between the two perennial grasses is made. Averaged over all years, higher dry
matter yields had been recorded by switchgrass (switchgrass gave 17% higher yields than giant reed). The
irrigation effect was quite similar for both crops with similar dry yields in the dry plots. In the medium and
highly irrigated plots the yields of switchgrass were higher compared to giant reed.

Figure 5-22: Dry matter yields comparison between giant reed and switchgrass
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Figure 5-23: Comparison between the two perennial grasses in the last growing period.
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6. Long-term field trial with two perennial grasses in Northern Italy
6.1 Methodology
The objective of this study was to compare the potential and real productivity of giant reed with that of
switchgrass grown alongside under the same environmental conditions.
A field trial to evaluate the long-term perennial grasses (giant reed and switchgrass) yields has been established
on a channel riverbank in Northern Italy (Molinella, Bologna’s province, 44° 34′ N, 11° 47′ E; 5 m a.s.l., Figure
6-2b), in 2004. The area where this trial was established is considered as reclaimed marginal flat land and the
climate is characterized by cold humid winters and hot summers. The experiment was set up in a randomized
complete block design with three replications and a field scale plot of 2250 m2 for each replication (Figure 6-1).

Figure 6-1: Site of the field trials and experimental layouts.
The trial has been established on a flat area between two channels (Botte and Lorgana) on the banks of the
Longana’s one. Poplar was the previous crop for 30 years and it was uprooted in autumn 2003. These two
channels flow parallel and leaves a narrow long area that is unused for agricultural purposes due to its marginal
position. The channels are part of a Consortium for land reclamation, which manage the land by SRC
plantations or by periodically cutting the spontaneous vegetation that grows naturally. The area is a flood plain
that was, indeed, part of large wetlands created by the Reno river which was subjected to reclamation by the
creation of the aforementioned channels. Currently, the nearby cultivation area is dominated by intensive
agricultural management through cultivation of annual crops such as wheat and maize.

This project has received funding from the European Union’s Horizon 2020 Research and Innovation programme under grant
agreement No. 744821
29 | 4

5

BECOOL D1.5 Potentialities of specialist perennial lignocellulosic crops on marginal/ idle lands

a

b

Figure 6-2. a) View of the channel and the banks in the nearby of the experimental area. Picture retrieved
from: https://www.wikiwand.com/it/Canale_della_Botte and b) position in the Northern part of Italy

The soil is clay-loam sub-alkaline (Table 6-1) rich in phosphorus and potassium. The climate is characterized by
cold humid winters and hot dry summers. During the trial (2004-2021), mean annual temperature (Figure 6-3)
was 15.2 °C (19.4 °C, from March to October, intended as the growing season), and rainfall was 690 mm (454
mm, from March to October).
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Table 6-1: Soil characteristics of 0- 50 cm layer in Molinella1
Characteristics

Unit

0-50

Silt

%

51

Sand

%

21

Clay

%

28

pH

7.5

Total limestone

%

18.3

Total nitrogen

mg/kg soil

0.14

Phosphorus (P2O5)

mg/kg soil

12

Potassium (K2O)

mg/kg soil

315

Bulk density

g/cm

3

1.32

1

Nocentini, A., & Monti, A. (2017). Land-use change from poplar to switchgrass and giant reed
increases soil organic carbon. Agronomy for Sustainable Development, 37(4), 1–7.
https://doi.org/10.1007/s13593-017-0435-9.

Figure 6-3: Mean meteorological data (Tmax, Tmin, precipitation) in the trial site.
The seedbed was prepared by ploughing at 30 cm depth, then 44 kg ha-1 of P2O5 were distributed followed by
two harrowing. Switchgrass (c.v. Alamo) was sown at 10 kg ha-1 of seeds on 12th of May, whereas giant reed
(local ecotype) was transplanted on the 5th of July by creating furrows with an inter-row of 1 m, and then giantreed seedlings were laid down within each furrow at the distance of 1 m from each other, resulting in a plant
density of 1 × 1 m. In order to enhance crop emergence an overall volume of 165 mm was applied to
switchgrass and 210 mm to giant reed. An additional fertilization with 100 kg ha-1 of nitrogen as urea was
applied in 2017. No other cultural practices were necessary.
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The potential yield was assessed by manually cutting on a representative area all the plants, weighting, then
drying them to determine the dry matter. Each year switchgrass and giant reed were harvested around
February by manually cutting the stems at 5 cm from the ground on a 6 m2 random sample area. During harvest
the number of stems, height and diameter was recorded. The fresh biomass was weighted, then a sub-sample
was used for dry matter determination by oven-drying at 105 °C to constant weight. The real available biomass
was determined by shredding the biomass mechanically, then windrowing and field drying, baling and finally
weighting the bales before uploading them on a trailer (Figure 6-4 d, e, f). The efficiency in mechanical
harvesting was determined by weighting the bales, then in a sub-sample are the crop residues were collected
for dry matter determination by oven-drying at 105 °C to constant weight.

a

b

c

e

d

f

Figure 6-4: View of giant reed plantation (a), switchgrass standing (b), giant reed rhizomes after harvesting
in 2019 (c), mechanical harvesting with chopper in February (d), windrowing (e), and baling (f).
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6.2 Results and discussion
Biomass yields
Figure 6-5 shows the biomass yields of both species along the years. The yields are higher at the beginning of
the plantation, when the plants were young. As the crops stand gets older, the biomass yields tend to decrease
in both species. In particular, excluding the year of establishment, in 2007 giant reed reached the maximum
value of 29 Mg ha-1 of dry biomass, whereas the lowest was 15.5 Mg ha-1, recorded in 2020, that is when the
crop was 4 and 17 years-old, respectively. Switchgrass most performing year was 2009 (a six-year old
plantation), with 20 Mg ha-1 and the worst was 2012 when only 6 Mg ha-1 were produced. In general, giant
reed produced 42% more biomass than switchgrass over the 18 years plantation, even though from 2014 the
yield gap between the two species is decreasing.
It is worth highlighting the different behaviour occurred in 2012, in which an extremely dry summer (-54 %
precipitation volume and + 2.4 °C from June to August compared to the overall period means) reduced by 12
and 57 % giant reed and switchgrass yields, respectively.
In this light, switchgrass seems to suffer more pronouncedly a severe dry season compared to giant reed. In
addition, switchgrass yield reduction persisted till 2016, a year when it was able to recover its production
potential and maintain it similar to the pre-drought levels (about 15 Mg ha-1). The reasons for such yield recover
and maintenance are not well understood but could be related to the favourable weather conditions and the
N application in 2017.

Figure 6-5: Biomass yield as average of each cultivation year manually harvested (lines), and mechanically
harvested (histograms) for giant reed (blue) and switchgrass (orange).
The efficiency in conventional mechanical harvesting is represented by the histograms in Figure 6-5. In order
to avoid damages to the young plantation no mechanical harvest was carried out in the first couple of years
after establishment. Then in 2012 and 2013 heavy rains before harvesting prevented trafficability to tractors,
whereas from 2020 onwards the biomass harvested has being left on the soil as soil amendment in accordance
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with the new management protocol defined for the experimental field. In any case, the biomass yield collected
with conventional hay machineries equipment resulted in 15 and 11 Mg ha-1, (that is within the average yield
of the 12-year period considered), for giant reed and switchgrass, respectively. Hence, the mechanical
harvesting efficiency was about 70 % of the potential.

Morphological parameters
The plant height trend as presented in Figure 6-6 shows that for giant reed the maximum height is reached in
the second and third year after planting (467 cm), then the trend decreased to 250 cm, which is almost half
the initial values. On the other hand, switchgrass trend is more constant, and the maximum height was reached
in 2018 and 2019 with 241 cm, which is the 26% higher than the overall average. In general, giant reed resulted
always taller compared to switchgrass, even though that with crop aging, the gap is reducing. The plant height
effect on biomass yield is positively correlated both for giant reed (R2 = 0.39) and switchgrass (R2 = 0.42).

Figure 6-6: a) stems height as average of each cultivation year b) correlation between plant height and
biomass yield for giant reed and switchgrass
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The stem diameter was measured along the first 10 years of the plantation (Figure 6-7) and giant reed showed
stems about three times thicker (17 mm) compared to switchgrass (5 mm).
However, Figure 6-8 highlights that switchgrass (460) has 20 times more tillers compared to giant reed (22).
The reduction of stem diameter and tillers number with time does not show a clear pattern, probably because
the dataset is only for the first 10 years of the trial. By focusing on effect of stem diameter on yield, Figure 6-7b
and Figure 6-8b shows that giant reed stem diameter has a positive effect on yields, whereas no interaction is
found for switchgrass.

Figure 6-7: a) stems diameter as average of each cultivation year and b) correlation between stem
diameter and biomass yield for giant reed and switchgrass
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Figure 6-8: a) number of tillers as average of each cultivation year and b) correlation between number of
tillers and biomass yield for giant reed and switchgrass

6.3 Conclusions
In summary, giant reed demonstrated very high yields during the first years after establishment outperforming
switchgrass that, conversely is able maintain a higher yield stability. Moreover the yield gap between the two
species stated to clearly reduce from 2016 to 2020. In addition, giant reed was more resilient than switchgrass
during the drought season registered in 2012, confirming it better adaptability to drier environments. The
morphological trait that has a direct positive effect on yield in bot species is the plant height, whereas stem
diameter was correlated for giant reed and not for switchgrass but the limited dataset to 10 years for stem
diameter and number of tillers at harvest might have played a role.
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7. Long-term field trials of two perennial field trials in Spain
7.1 Methods and materials
Two different perennial crops, switchgrass (Panicum Virgatum L.) and tall wheatgrass (Thinopyrum ponticum
(Podp.) Barkworth & D.R.Dewey), were stablished in Spain with the aim of determining their suitability for
biomass production as long term crops considering their yields, inputs consumption and biomass composition.
These crops require different input intensity for its cultivation as well as different climate conditions as they
also have different photosynthesis metabolism (C4 vs C3). Switchgrass is a C4 perennial grass that requires a
warm climate, irrigation for the majority of the Spanish territory as well as moderate fertilization requirements
while tall wheatgrass is a C3 cool-season grass that can be grown without irrigation in most of the Spanish
agricultural lands and has low fertilization requirements. The election of the place for growing these crops
considered their requirements for a good development being a plot located in the Spanish region of Soria
(NUT3s) selected for tall wheatgrass and another one located in Badajoz region (NUT3s) selected for
switchgrass. Therefore, two plots, each one belonging to a different region, were chosen for the
implementation of these crops. More specific information about the location of these plots, their
characteristics as well as all the other important information regarding the experimental procedures followed
and the results obtained are described in the following sections separately for each crop, while at the end a
comparison between these two crops is drawn.

Switchgrass (Panicum Virgatum L.)
The plot chosen for switchgrass cultivation was in the municipality of Guadajira belonging to the Spanish region
of Badajoz (South-Western Spain) its coordinates are 38 º 51’ 28´´ North and 6 º 40’13’’ West with and altitude
of 220 m ASL. It has a cultivated area of about 0.75 ha and was previously dedicated to herbaceous crops. The
orthophotograph of the plot with the crop under development could be seen in Error! Reference source not
found.

Figure 7-1: Orthophotograph of switchgrass being cultivated in the municipality of Guadajira belonging to
the Spanish region of Extremadura.
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The initial soil analysis performed before switchgrass implantation reviled that soil was poor in organic matter
(< 1%) and loamy with 42% sand, 22% silt and 36% clay as well as and electrical conductivity of 0.104 mS/cm,
a pH 6.66, nitrates of 132 ppm, Olsen phosphorous of 47.78 ppm and ammonium of 7.452 ppm.
The climate corresponds to hot summer Mediterranean with low rainfall. The Badajoz’s fields registered 430
mm of annual average rainfall, with 2013 being the wettest year with 646 mm and 2017 the driest with 284
mm. The average temperature was 16.5 ºC with 44.0 ºC as the highest temperature registered in September
2021 over all the experimental period and -5.0 ºC as the lowest in January 2017. Complete information about
the meteorological conditions registered during the lifetime of the crop can be seen in Figure 7-2.

Figure 7-2 Ombrothermic diagram corresponding to the nearest weather station to Guadajira’s plot
(Badajoz) during the years of cultivation of switchgrass.
The trials were established in spring 2013 under irrigated conditions (sprinkle irrigation). Before sowing, soil
preparation tasks were carried out and N-P2O5-K2O complex fertilizer (9-18-27) was applied at a rate of 200
kg/ha. Sowing was carried out the 18 of June of 2013 with Panicum virgatum cultivar "ALAMO" at two sowing
doses 12 and 20 kg/ha. The phytosanitary treatment was to control broad-leaved weed species
(dicotyledonous plants). The Nitrogen fertilization doses ranged every year between 120 and 200 NFU/ha and
the irrigation water applied was around 4000 m³/ha between May and August. The harvest is usually made
around September-October.
In Figure 7-3 the crop status in May and September of 2018 can be seen.
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Figure 7-3 Switchgrass in Guadajira the 10th of May of 2018 (above photo) and the 12th of September of
2018 at harvest time (below photo)

Tall wheatgrass (Thinopyrum ponticum (Podp.) Barkworth & D.R.Dewey)
The plot chosen for tall wheatgrass cultivation was located in the Spanish region of Soria (North-Central Spain)
its coordinates are 41º 42' 33.44'' North and 2º 22' 46.24'' West with and altitude of 1005 m ASL. It has a
cultivated area of about 1.8 ha. The orthophotograph of the plot with the crop under development could be
seen in Figure 7-4.
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Figure 7-4: Orthophotograph of tall wheatgrass being cultivated in the Spanish region of Soria.
The initial soil analysis performed revealed that the soil was poor in nutrient, with low organic matter and
sandy texture. The texture was 88% of sand, 8% loam and 4% clay with a content of coarse elements (>2
mm) higher than 15% in soil volume. Soils was characterized by low levels of organic matter (< 1%), and low
water and nutrient retentions, indicating potential high losses by leaching. Soils pH was neutral (7.18) and did
not exhibit salinity problems. Soil nitrogen content was 0.03%; the content in phosphorus (P2O5) 10.0 mg/kg;
and the content of the soil in potassium (K2O) was 150 mg/kg.
Climate conditions were those of continental Mediterranean with cold winters, warm summers, and low
rainfall levels. The Soria fields registered 434 mm of annual average rainfall, with 2018 being the wettest year
with 524 mm and 2017 the driest with 351 mm. The average temperature was 10.7 ºC with 36.0 ºC as the
highest temperature registered in July 2015 over all the period and registered in -10.5 ºC as the lowest in
January 2017. Complete information about the meteorological conditions registered during the lifetime of the
crop can be seen in Figure 7-5.

Figure 7-5: Ombrothermic diagram corresponding to the nearest weather station to the plot during the
years of cultivation of tall wheatgrass.
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Three cultivars of tall wheatgrass were sown and grown for 8 years from October 2013 until August 2021. The
cultivars were Alkar, Bamar and Szarvasi-1.

Figure 7-6: Tall wheatgrass in Soria’s plot the 4th of June of 2018 (above photo) and the 7th of July of 2018
at harvest time (below photo)
Plot was fallow before the establishment of tall wheatgrass. It was plowed seven months earlier, then a
cultivator pass was performed in summer, and was sown in October 2013. The seeding dose was 20 kg/ha for
all tall wheatgrass cultivars. A complex fertilizer NPK 8-24-8 (300 kg/ha) was applied for base fertilization in the
establishment year. Base fertilization was applied two days before sowing and buried with a cultivator. In
addition, plots were rolled in mid-March in the establishment year, prior to the application of the top
fertilization. Experimental plots were sprayed in late April for controlling broadleaves weeds with 1 L/ha of 2.4D acid 34.5% + 2-methyl-4-chlorophenoxyacetic acid 34.5%. Nitrogen fertilizer was applied as top dressing
between mid- and late-March every year using calcium ammonium nitrate (27% N) at 300 kg/ha.yr. Crops were
harvested with a mower conditioner from mid-July to early August depending on the year, always when crops
were in the doughy grain stage and leaving 10 cm of stubble to encourage further regrowth. After 5 to 6 days
of field drying, biomass was baled in prismatic bales (< 10% moisture). In Figure 7-6 the crop status in June and
July of 2018 can be seen.
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As tall wheatgrass was cultivated under rainfed regime, the main limiting factor for crop growth under the
experimental conditions described was water availability. Therefore, amount of rainfall between the months
with the highest vegetative activity (from March to June) is crucial.

7.2 Results
Switchgrass (Panicum Virgatum L.)
Figure 7-7 shows mechanical harvest yields, wet and dry as well as the average height (see the right side
secondary vertical axis). It can be observed that the height of the crop (green bars) ranged from 1.3m in first
year to 2.7m in 2020 and the relation between the dry and wet biomass did not vary a lot (45-65%). The first
year of the crop the dry matter productivity (blue bars) was very low (< 3 Mg D.M./ha) because only a few
months were consumed between the sowing and the harvest. The rest of the years the productivity was
maintained between 12 and 17 Mg D.M./ha, with 2017 as the best year. From the yields observed in the last
three years we can assert that they are high enough to ensure that crop cycle was not close to be finished.

Figure 7-7: Switchgrass mechanical harvest yield wet and dry and average height from 2013 until 2021 at
Guadajira’s plot (Badajoz).
Table 7-1 shows the average values of the main parameters used to characterize the biomass quality as solid
biofuel. It can be seen that the nitrogen content of switchgrass was low, which is good, and the net calorific
value was high which is also good.
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Table 7-1: Average values obtained for switchgrass biomass characterization at CEDER-CIEMAT laboratory.
Parameters

Average Figures for switchgrass

Ash (%)

5.2

C (%)

46.7

H (%)

5.9

N (%)

0.37

S (%)

0.07

Cl (%)

0.59

GCVv,0 (MJ/kg)

18.5

NCVp,0 (MJ/kg)

17.4

Tall wheatgrass (Thinopyrum ponticum (Podp.) Barkworth & D.R.Dewey)
Figure 7-8 show average height for each of the three cultivars measured at the moment of harvest as well as
global average for the whole plot. It can be observed that for normal years the heights ranged from 0.9 to 1.5
m for the average of the three cultivars, in 2019 heights were lower because its exceptionally dry period
between December and march. If we compare the height with the yields (see Figure 7-9 and Figure 7-10) it can
be seen that the years were the heights are very low the productivity is also very poor.

Figure 7-8: Tall wheatgrass average height from 2014 until 2021 at Soria’s plot
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Figure 7-9 and Figure 7-10 show mechanical harvest yields, wet and dry respectively, of the three average
cultivars as well as the global average of the three during the experimental period. The wet biomass measure
corresponds to the moment of the cut. It can be observed that the relation between wet and dry was not
constant because humidity variated a lot (20-65%) due to different conditions, mainly meteorological, occurred
the days/weeks before the harvest. It is worth mentioning that the year 2019 the yield was very low, even we
did not harvest Bamar, due to exceptionally dry season (see Figure 7-5). The first four years of the crop were
good in term of productivity with an average yield for the three cultivars of almost 4 Mg D.M. /ha, with the
szavarsi-1 cultivar reaching ≈5 Mg D.M./ha while three last ones were bad with a global average ≈2.5 Mg
D.M./ha where Alkar cultivar performed better with 3.5 Mg D.M./ha. These lower productivity in the last three
years could be because rainfed perennial tend to have shorter cycles than irrigated ones and to the damage
produced to the crops due to exceptionally dry months (December-March) in 2019. Besides, rainfall was not
high the following years.

Figure 7-9: Tall wheatgrass wet biomass mechanical harvest yield from 2014 until 2021 at Soria’s plot

Figure 7-10: Tall wheatgrass dry biomass mechanical harvest yield from 2014 until 2021 at Soria’s plot
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Table 7-2 shows the average values of the main parameters used to characterize the biomass quality as solid
biofuel. It can be seen that the ash content was good (low) for and herbaceous crop as well as the sulfur and
the chlorine content that were also low, which is good.
Table 7-2: Average values obtained for tall wheatgrass biomass characterization at CEDER-CIEMAT
laboratory.
Parameters
Average figures for tall wheatgrass
Ash (%)
C (%)
H (%)
N (%)
S (%)
Cl (%)
GCVv,0 (MJ/kg)
NCVp,0 (MJ/kg)

4
46.8
6.1
0.66
0.01
0.03
18.7
17.3

Crops comparison
Although the biomass characterization of tall wheatgrass resulted slightly better, the average yield obtained
for switchgrass during these experiments (≈12.5Mg D.M./ha) was more than three times the yield obtained
for tall wheatgrass (≈3.5Mg D.M./ha). However, it should be bearded in mind that switchgrass is a C4 species
that was grown in a better soil and need warmer temperatures than tall wheatgrass that is a C3 that was grown
without irrigation (≈400 mm/yr were need for switchgrass) and with lower annual fertilization rates ≈80 NFU
vs 120-200 NFU.
Moreover, in 2019 tall wheatgrass production was negligible due too and exceptional dry season from
December to March that seriously affected the crop. Although, the difference in term of yields is clear the
adaptability of tall wheatgrass to low inputs rain-fed marginal land is an important issue to be considered. In
fact, in a publication developed in the framework of this project it has been demonstrated that tall wheatgrass
is better alternative than rye in terms environmental impacts generated during its cultivation, that is the
winter cereal most commonly grown in the poorer/more marginal lands of many Spanish regions (Ciria et al.,
2020). According to this publication, tall wheatgrass generated a negative global warming potential of -1.9 Mg
CO2 eq./(ha·y) versus the 1.6 Mg CO2 eq./(ha·y) obtained for rye with profitability (gross margin) slightly higher
for the perennial crop as well. The negative GWP value obtained for tall wheatgrass was due to the increase
of soil organic matter produced during this perennial crop cultivation, if this circumstance is excluded from the
analysis tall wheatgrass cultivation generated 0.85 CO2 eq./(ha·y), less than 50% of the figure obtained for rye.
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