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Abstract

An LCA of switchgrass production in the Mediterranean region of Spain is carried out,
from a cradle-to-farm gate perspective. Experimental plots were previously established
in two locations, Moncofar and Orihuela, providing inventory data for 2010-2013. This
allowed for the environmental performance to be evaluated throughout a 4-year cycle,
considering different sources of variability. The functional unit is 1 t of switchgrass (dry
basis) for electricity generation. Besides typical impact categories, blue and green
water consumption impacts are also addressed by using watershed characterization
factors. In 2010, the production in Orihuela is more input-intensive than in Moncofar,
while the biomass vyield is lower, causing greater impacts (959.4 vs. 95.9 kg of CO»-
eq-t? for climate change or 19.1 vs. 4.7 kg of Fe-eq-t* for metal depletion). In the
subsequent years, the yields are higher in Orihuela, hence Moncofar performs worse
for some specific impact categories (43.9 vs. 28.5 CO.-eq-t* or 8.0 vs. 2.4 kg of Fe-
eq-tt in 2011). Due to larger irrigation doses in Orihuela, the blue water impact is
always higher than that in Moncofar (on average, 1243 vs. 277 m? ecosystem-eq.
water-t1). The green water impact is greater in the latter, except for the first year (on
average, 6.9 vs. 53.0 m*® ecosystem-eq. water-t?). Overall, both locations deliver
sufficient greenhouse gas savings throughout the life cycle, in compliance with the EU
requirements for bio-electricity production. However, results show that ad hoc decisions
on crop management are critical to the environmental impact, evidencing the
importance of considering a multi-year LCA approach.

Keywords: biomass, crop management, environmental impact, perennial crops,
variability, water scarcity

1. Introduction

Energy and climate policies around the world have been fostering biomass
consumption in the last decades. Biomass currently represents the most important
renewable energy source in the EU-28, accounting for 64% of the primary renewables
production, although this share is lower in Spain (38%) [1], in spite of the wide
availability of plant based materials [2]. Biomass future expansion depends on
agricultural and technical progress, and policy support [3-5]. In order to prevent
competition for food, recent policies encourage transition from grain to lignocellulosic,
cellulosic, and waste biomass, under the lead of the EU and the United States (US). C4
plants are considered serious candidates for both ethanol production and power



generation [6-8], since these are fast growing species that can succeed in a wide range
of geographic areas. Efficient production of bioenergy from such perennial grasses
requires the choice of the most appropriate grass species for the given ecological
climatic conditions [9]. However, there are limitations that will influence the types of
energy cropping systems that will be sustainable in the future, the main limitation being
the amount of land area and agronomic resources than can be made available for
dedicated energy crops [10].

Switchgrass (Panicum virgatum L.) is a warm-season C4 grass and, as such, is
capable of generating large quantities of biomass, even in resource limited
environments [10]. Due to its high adaptability to different soils and climates,
switchgrass can potentially be grown in cold and warm regions of EU, even under
semiarid conditions [6,9,11,12]. Despite the number of studies analysing the
adaptability and biomass productivity of switchgrass varieties in different geographical
areas [9,11,13,14], the switchgrass cultivation at farm scale has hardly begun in the EU
[15].

Besides the large range of geographic adaptation and the high conversion efficiency
[16], many other reasons are given for using switchgrass for bioenergy production, i.e.
low production costs, potential for carbon storage in soil, high nitrogen use efficiency
and low nutrient requirements, and high water use efficiency [17-19]. This is why
switchgrass and other perennial grasses are generally anticipated positive
environmental impact. Moreover, given the suitability to grow in marginal lands, these
crops are expected to generate lower indirect land use change (ILUC), although further
studies are needed not to underestimate overall GHG emissions [20]. Life Cycle
Assessment (LCA) is considered a robust and comprehensive method to evaluate
these possible environmental benefits as compared to reference fossil alternatives, not
only in terms of GHG savings [21,22] but also in terms of other critical impacts such as
eutrophication or acidification [23-25] or those from water consumption [26,27]. ILUC is,
however, an exception since it is the result of market dynamics triggered by the
displacement of previous food crops and there is no consensus on the methodology to
apply for its quantification. Similarly, [26] point to the need for further research on the
trade-offs between biofuel water and carbon footprints, especially if they are meant to
be produced in water-stressed areas. Studies such as those from [28-30] show that
there is still a great uncertainty on the impacts generated by bioenergy, depending on
the feedstock, edaphoclimatic conditions of the site, and agricultural practices.

In general, higher yields improve the environmental performance of agricultural
products, including bioenergy [31-33]. However, cultivation and management practices
that increase productivity can also increase overall emissions, e.g. increase in fertilizer
rates entails larger GHG emissions from fertilizer production and application [24].
Therefore, an in-depth evaluation of such factors, as well as their interactions, is
necessary to refine agricultural practices to both maximize yields and mitigate impacts
from switchgrass [20]. In this process, it must be borne in mind that agricultural
systems show a significant variability due to the range of farming practices, which can
be affected not only by spatial (region where the crop is carried out) and temporal (crop
age and climate) aspects, but also by the farmer’s personal choices [34,35] and even
technological innovation [36]. Regarding temporal variability, most agricultural LCAs
focus on one year of full production, neglecting the low productive phases due to the
system’s immaturity and to plant senescence [28,37,38], and also changes in annual



crop productivity associated to climatic variability from year to year [35,38]. These
authors highlight the importance of taking the whole life cropping cycle into account
when studying perennial crops, especially in short cycle crops.

The goal of this study was to estimate the environmental impacts from switchgrass
cultivated in two different Mediterranean locations of Spain (both in the region of
Comunidad Valenciana). This is a water-scarce region where bioenergy can be an
interesting alternative to be grown on set-aside land, hence contributing to farmers’
income. This study arises from the project of [39], whose aim was to assess the
performance of different lignocellulosic crops for energy generation by combustion in
that very region. The two locations selected for the present study represent different
edaphoclimatic conditions, which translate, in turn, into differences in terms of water
availability, water use, agricultural practices in general, and biomass productivity. In
order to understand the influence of this variability throughout the cropping cycle, the
impacts were evaluated for four production years, including the crop establishment.
Results were further used to quantify the GHG benefits brought about by the potential
electricity output when considering both temporal and spatial variability in the
agricultural system. The ultimate aim was to identify hotspots in agricultural biomass
production under Mediterranean conditions, as well as options for crop management
optimization in a region where there is little experience on switchgrass cultivation.

2. Methods

The LCA was carried out according to the ISO standards (ISO 14040:2006 and ISO
14044:2006).

2.1. Goal and scope definition

The impact quantification was based on experimental data obtained from February
2010 to December 2013. The temporal scope of the present study is in line with the
duration of the aforementioned project, covering a 4-year cycle [39]. Data was gathered
from experimental plots established in the municipalities of Moncofar (Castellén) (X:
742561.8; Y: 4410136.5) and Orihuela (Alicante) (X: 695011.56; Y: 4198478.3), north
and south of the city of Valencia, respectively. The most important edaphoclimatic
features of the two locations are highlighted in Tables 1 and 2, while meteorological
data for the period is shown in Figure 1.
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Figure 1. Monthly precipitation (mm) —on the bar chart— and temperature (°C) —on the
line chart—in both Orihuela and Moncofar, gathered from the meteorological stations of
Pilar de la Horadada and Nules, respectively [41].



Table 1. Climatic parameters of the two locations where switchgrass experimental plots

were established.

Location

Moncofar Orihuela
Average annual rainfall (mm) 500-600 300-400
Average annual temperature (°C) 15-17 17-19
Cold period length (months) 3-4.5 3-45
Warm period length (months) 1.5-2 2.5-3
Annual reference evapotranspiration (ETo) ) )
(mm) 1,000-1,060 1,120-1,180
Martonne aridity index (Mesd?trgrl;gggan) Arid (semi-desert)
Aridity index: precipitation-potential
evapotranspiration ratio (P/ET) 0.40 025

Table 2. Edaphic parameters of the two locations where switchgrass experimental plots
were established, expressed as mass fraction according to USDA [40].

Moncofar Orihuela

Texture

Sand (%) 57 80

Clay (%) 16 20

Silt (%) 27 0

pH 7.8 8.7
Organic
material (%) 1.0 0.9

In LCA, the system data is related to a functional unit (FU), whose definition depends
on the function performed by the process under study. In this case, the main function of
the agricultural system is to deliver biomass as an intermediate product of electricity
production. Thus, the FU was defined as 1 tonne of switchgrass on a dry basis, from a
cradle-to-farm gate perspective. The mass-based FU is adequate in this case because
the scope is the primary production of biomass [36], while it is easy to comprehend
[33]. Besides, it captures the effect of different biomass yields on the impacts,
according to the goal of the study, which do not only arise from the variability in
agricultural practices. On the contrary, an area-based FU (e.g. 1 ha) is recommended
when focusing on the analysis of land uses; it is especially interesting to compare
biomass cropping systems that entail different species [29,42-44]. It must be pointed
out, though, that a mass-based FU does not reflect biomass quality. This is why data
on the chemical composition of the switchgrass produced in the assessed subplots is
shown in Table 3, in order to contribute to the biomass characterization.



Table 3. Physicochemical characterization of the biomass obtained from the Alamo
cultivar in the two locations, by following ISO EN standards for solid biofuels [45].

Units Moncofar Orihuela Measuring procedure
Ash content (at 550 mass fraction of . . .
and 900 °C) dry biomass 54+04 561 1SO 18122:2015; 18123:2015
C content mass fraction of | 55,05 | 458408 ISO 16948:2015
dry biomass
H content mzss fraction of | ¢, 507 | 59+007 ISO 16948:2015
ry biomass
N content mass fraction of | 50,01 | 042403 ISO 16948:2015
dry biomass
Cl content mzss fraction of | 76102 | 070403 ISO 16994:2015
ry biomass
S content mzss fraction of | 491 0,01 | 0.07 +0.02 ISO 16994:2015
ry biomass
O content mass fraction of | g, 06 | 41641 ISO 16993:2015
dry biomass
Gross calorific value
at constant volume MJ/kg 18.6 +0.4 18.4+0.3 EN 14918:2009
(GCVv,)
Net calorific value at
constant pressure MJ/kg 17.3+0.4 17.1+0.3 EN 14918:2009
(NCVp,d)*

*With 0% mass fraction of water.

The system boundaries define which processes are included in the analysis, hamely:
the production of fertilizers and their subsequent transport to the field; the production of
pesticides and the production of herbicides, including also their transport to the field;
the production of electricity to be used for watering; the use of machinery, implying
diesel production; and the field emissions from the input application. Additionally, since
the carbon fixation of perennial crops is one of their major strengths compared to
annual crops, the carbon sequestration in soil was taken into account.
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Figure 2. Substages included in the system under study for the cradle-to-farm gate
LCA.

The production of capital goods was not included since, according to Frischknecht et
al. [46], its contribution to most of the impact categories is not significant in agricultural
LCAs, with the exception of the cumulative energy demand, not analysed in this case.
Furthermore, it must be noted that, although the use of machinery is seasonal, it was



rented; this implies a more intense use than if it belonged only to one farmer. Indeed,
the study of Sastre et al. [47] demonstrates that the amortization of agricultural
machinery plays a minor role in the life cycle GHG emissions of Spanish biomass.
System boundaries are shown in Figure 2.

2.2. System description

Switchgrass cultivation was carried out in two experimental plots in the mentioned
locations, providing primary data for the life cycle inventory (Tables 4 and 5). Each plot
was divided in 12 subplots of 600 m? for a randomized complete block design with
three replications, corresponding to the study from Maletta et al. [48]. For the LCA, the
cultivar “Alamo” was chosen since it was proved to be the best adapted to Southern
European countries, also able to deliver higher yields, around 20 t ha as reported by
Heaton et al. [6].

Table 4. Experimental data of field operations for switchgrass production in Moncofar.

2010 2011 2012 2013
Ammonium sulphate (mass
fraction of N 21%) (kg ha! 208 417 417
year?)
Glyphosate as active 473
substance (kg ha? year?) )
MCPA as active substance
(kg ha' year?) 2.54 1.97
Fluroxypyr as active
substance (kg ha? year?) 0.76 044 044
Metaldehyde as active 6.67
substance (kg ha year?) '
Water (m? ha! year?) 5,396 4,521 1,458 3,500
Electrlcﬁy flor waFlerlng (GJ 59 43 14 33
alyear?)
Diesel for_1r11ach|_rl1ery (GJ 8.4 59 a1 a1
ha? year?)
Yield* (t ha! year?) 14.31+0.07 | 15.39+2.43 | 16.16 +0.25 | 11.31+0.10

*average data from 3 experimental subplots

Soil preparation was carried out during the first year, prior the crop establishment, by
using a subsoiler attached to a tractor and a rototiller powered by a tractor. Sheep
manure was applied in Orihuela with a drawn dry spreader operated by a tractor.
Manual seeding was carried out in the second half of April 2010 in the two locations,
with a density of 20 kg ha. The space between crop rows was 20 cm and the seeding
depth around 0.25-0.50 cm. Then, ammonium sulphate was manually applied in
Moncofar, while a fertirrigation system with ammonium nitrate was established in
Orihuela. In the following years, the crop regrew in March and harvesting took place
once a year by means of a rotary cutter (Krone TM 2-165 D1) powered by a tractor
(John Deere 2800); specifically, between the end of September and mid-November in
Moncofar, and between the end of October and mid-December in Orihuela. The 1-cut
annual system was chosen because it was proved to deliver reasonably high yields



across Spain (from 10 to 40 t hat) [39]. Once the mowed material was air dried, it was
baled with a squared baler.

Table 5. Experimental data of field operations for switchgrass production in Orihuela.

2010 2011 2012 2013
-1
Sheep manu_rle (kg ha 12,048.20
year?)
Ammonium nitrate (mass
fraction of N 33.5%) (kg ha* 360 125 125 125
year?)
2,4-D as active substance
(kg ha'yearl) 1.88 0.94
Water (m® hat year?) 11,420 8,464 17,413 18,444
Electricity for watering (GJ 17.9 133 27.4 29.0
ha? year?)
Diesel for_lmachTery (GJ 59 48 48 48
ha? year?)
. 25.72 £ 23.15+ 19.16
-1 -1
Yield* (t ha year?) 8.18 + 0.06 0.70 0.47 0.95

*average data from 3 experimental subplots

The yield was measured by taking samples right before harvest by cutting all the
aboveground biomass in 1 m? of soil to a stubble length of 4-10 cm. Cutting and
sampling was performed manually by means of pruning shears to avoid contamination
with soil particles. Three samples were randomly collected from each three replicated
subplots. Each sample was weighed at the moment of harvest and the harvested
material was subsequently introduced in a plastic bag and immediately sent to the
laboratory, where samples were forced air-dried for 48 h at 40 °C. This allowed for dry
matter yields to be estimated.

Technicians considered the type of soil when establishing the fertilization doses (see
Table 2). Soils are loam-clay-sand in Orihuela and sandy-loam in Moncofar.
Fertirrigation with ammonium nitrate was chosen in Orihuela for the whole period. In
Moncofar, ammonium sulphate was again manually applied during the following two
years and no fertilizer was used in the last year because technicians wanted to analyze
the residual effect of N on the last year yield, considering that part of the ammonium
sulphate used is in slow-release form. It must be pointed out that sheep manure was
used in Orihuela before sowing due to the higher percentage of sand; this ensures a
slow release throughout the cropping cycle, besides quick-release N is easily washed
out of the root zone in this kind of soils.

For the purposes of weed control, herbicide application rates were conditional on the
emergence of weeds in each location, which depend, in turn, on the bank of weed
seeds in each subplot. As a result, treatments differed in the two locations: while 2,4-D
was sprayed in Orihuela with a boom sprayer, a treatment with glyphosate was carried
out before sowing in Moncofar. In this location, subsequent treatments in the following
two years consisted of application of MCPA and fluroxypyr with a knapsack sprayer.
Metaldehyde treatments against snails were also carried out in Moncofar in the first
year.



As for irrigation practices, the water came from a well in the two locations but strategies
differed substantially due to the soil type, which determines its water holding capacity.
Technicians opted for a deficit irrigation system (flood irrigation) in Moncofar, while
much greater amount of irrigation water was applied in Orihuela due to the sandy soil,
but using a drip irrigation system in order to reduce deep percolation losses. It must be
pointed out that the differences in field operations mainly arise from the edaphoclimatic
characteristics but also from the fact that previous experiences on this crop are scarce
in Spain. Thus, technicians had to take crop management decisions based on their
practice in other crops of the area.

2.3. Inventory analysis

In this phase of the LCA, all the environmentally relevant data on the stages previously
described were gathered and expressed with respect to the FU. The main data sources
are detailed in the following paragraphs.

Input manufacturing. Data on fertilizer and pesticide manufacturing came from the
database Ecoinvent 3 [49], except for fluroxypyr, for which the method proposed by
Audsley et al. [50] was followed. The emissions originated during manure maturation
and storage were excluded because they were allocated to the manure producer, same
as Nemecek and K&gi did [51]. The distance between the storehouse of the inputs and
the farms was assumed to be 15 km.

Energy consumption for watering. The power needed for watering was computed
according to eq. 1.

E=13[PV pg] (1)

Where E is the electricity, P is the pressure needed to pump the water up including the
pressure in the watering heads, V is the annual volume of water, p is the water density
and g is the gravity acceleration. A 30% increase is applied to consider the electric
yield of the pump and water losses. The depth of the well is 75.0 m for the plot in
Moncofar and 123.6 m for that in Orihuela. A pressure of 30 m of water column in the
irrigation head was considered for drip irrigation. As a result, while 1.57 MJ m™ of water
were needed in Orihuela, only 0.96 MJ m* were employed in Moncofar. The Spanish
electricity mix was the one in Ecoinvent 3 [49].

Table 6. Main technical characteristics of the tractors and implements employed for the
field operations in Moncofar.

Working time (h ha'l) Fuel
consumption | Power (kW) Im_plt;mint
2010 2011-2012-2013 (dmé hd) weight (kg)
Soil preparation: 1.85 - 3.51 117.7 375
subsoiler
Soil preparation: 9.26 - 0.7 117.7 1,005
rototiller
Harvester 7.41 7.41 0.68 73.55 410
Baler 9.26 9.26 0.54 73.55 1,540




Emissions from machinery use. These emissions were calculated from to the power of
the specific tractors employed in each location. To this aim, the process for tractor
operation in GaBi 6.0 [52] was adapted by taking the specific number of hours devoted
to the agricultural works into account. The overall diesel consumption was then
obtained from the hourly diesel consumption for each work. The main features of the
machinery and implements considered are summarized in Tables 6 and 7.

Table 7. Main technical characteristics of the tractors and implements employed for the
field operations in Orihuela.

Working time (h ha') Fuel
consumption | Power (kW) Implﬁmim
2010 2011 | 2012-2013 |  (gm? h?Y weight (kg)
Manure 0.48 - - 13.46 73.55 3,000
application
Soil preparation: | 4 g4 - - 3.59 117.7 375
subsoiler
Soil preparation: | ¢ gg - - 0.94 117.7 1,005
rototiller
Herbicide 4.35 217 ; 15 73.55 665
application
Harvester 7.41 7.41 7.41 0.68 73.55 4,173
Baler 9.26 9.26 9.26 0.54 73.55 1,540

Fate of pesticides. To calculate the fate of pesticides, the method proposed by
Berthoud et al. [53] was followed. The vapour pressure of the active ingredient was
taken from the Pesticide footprint database [54].

Emissions from fertilizers use. The application of fertilizers in the field generates
emissions of NHs, N2.O, NOsand P. With respect to NHs volatilization from manure and
chemical fertilizers, emission factors from EMEP/EEA [55] were used. Direct and
indirect NoO emissions from denitrification were calculated according to IPCC [56].
NOs leaching were calculated based on Nemecek et al. [57]. These authors employ the
SQCB-NO3 model described by Faist-Emmenegger [58], which is, in turn, an
adaptation of a formula developed by de Willigen [59]. For estimating P leaching and
run-off, the procedure proposed by Nemecek et al. [57] was followed.

Carbon sequestration. Since the carbon content in soil at the end of the period of
analysis was not measured, the net carbon sequestration was taken from literature.
Specifically, the average value of 3.75-102 Mg t? year?! of C [24] was considered.
Although the effective soil C sequestration rate greatly depends on the different
conditions of soil, crop, and climate, Cherubini and Jungmeier [24] took the variability in
estimations into account, based on an extensive literature review. Specifically, they
considered a range of 0.2-1.1 Mg ha! year!. Besides, authors assumed that
switchgrass was grown on poor quality soil, which is consistent with our case study.
For the year of the crop establishment, the lowest value of 1.25-102 Mg t* year?! of C
was considered, coinciding with the most unproductive crop stage, according to
Lerkkasemsan and Achenie [60].



Land use change emissions. Switchgrass was planted on arable land, which was taken
as the reference land use. Specifically, the previous crop was artichoke in Orihuela,
while the land had been idle for three years in Moncofar. Direct CO, emissions from
carbon stock changes prior to soil preparation were neglected according to IPCC [56],
under the Tier 1 approach. As for ILUC, the same assumption as that of Sastre et al.
[47] was made: in Spain, switchgrass cultivation for electricity production is very likely
to occur in marginal land and expected ILUC emissions are of minor importance.

2.4. Impact assessment

The ReCiPe method [61] was chosen for the life cycle impact assessment. The
following midpoint impact categories were analyzed, consistent with those identified as
critical by [21]: climate change (CC, 100 years; kg of CO;-eq.), metal depletion (MD, kg
of Fe-eq.), fossil depletion (FD, kg of oil-eq.), terrestrial acidification (TA, kg of SO,-
eq.), freshwater eutrophication (FE, kg of P-eq.), ozone depletion (OD, kg of CFC-11-
eg.), and photochemical oxidant formation (POF, kg of NMVOC-eq.). On the other
hand, ecotoxicity (ET) and human toxicity (HT) were calculated following the USEtox
method [62], expressed in comparative toxic units, CTUeco and CTUh, respectively.

Additionally, the impacts of freshwater consumption were assessed by taking both
green and blue water into account. Blue water denotes consumption of any surface and
groundwater and, in the case of agricultural production particularly, irrigation water.
Green water, in contrast, is precipitation and soil moisture consumed on-site by
vegetation. To assess the impact of blue water consumption or freshwater ecosystem
impact (FEI, m® ecosystem-eq. water), the method proposed by Hospido et al. [63] was
followed, based in turn on the midpoint indicator defined by Mila i Canals et al. [64].
The impact derived from green water consumption (green water impact, GWI, m?
ecosystem-eq. water) was estimated according to Nufez et al. [65], under the
productive scope. Both methods are detailed in the Electronic Supplementary Material
(ESM).

3. Results

Impact results for each year of the production cycle in the two locations are presented
in Figure 3; the contribution of each substage is equally shown. In Orihuela, the first
year of cultivation clearly represents the highest values for all the impact categories.
This is mainly due to the high dose of fertilizers, manure and water used, as combined
with lower yields; the mean yield was then 43% lower than that in Moncofar. Impact
values in Orihuela show an increasing trend for the period 2011-2013, in tune with the
declining vyields; the toxicity-related categories are an exception to this, since no
pesticides were applied in the last two years. In Moncofar, the highest fertilizer doses
are reported for the second and third years. The second one translates into greater
impacts for those categories to which the fertilizer production makes a substantial
contribution. This is the result of the lower yield, relative to the third year, as combined
with the higher input intensity (i.e. fertilizers and water). Note that the yields obtained
after the first year are between 43% to 69% higher in Orihuela than in Moncofar, which
is detrimental for the environmental profile of the switchgrass produced in the latter
location.
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Figure 3. Impact results for the crop's entire production cycle in the two locations (per
1t of switchgrass, dry biomass). a) Climate change (CC), b) fossil depletion (FD), c)
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On a year-to-year comparison, impacts are usually greater in Orihuela mainly due to
differences in watering. There are some exceptions though, besides GWI, which will be
further described below, in the context of the methodology applied. Specifically, for
2010, ET and HT are 73% and 86% lower in Orihuela relative to Moncofar, respectively
(Figures 3h and 3i). In 2011, all the impacts are lower in Orihuela except for FE, POF
and TA (Figures 3c, 3f and 3g). This is essentially due to the high yield obtained in the
second year for this location. On the contrary, for the rest of the crop cycle, impact
results are better in Moncofar, except for MD and ET in 2012; in this case switchgrass
cultivation in Orihuela generates 55% and 97% lower impacts, respectively (Figures 3d
and 3h). In order to discuss these differences further, the relative contribution of each
life cycle stage to the overall impact is examined.

As could be expected, the input application is the substage contributing the most to FE,
ET and HT (Figures 3c, 3h and 3i); specifically, it accounts for more than 83.5% of the
aforementioned impacts in Moncofar and between 53.5% and 92.3% of these in the
case of Orihuela. As for FE, this is due to direct P emissions from the use of fertilizers
(as will be discussed in section 4), while ET and HT are mainly generated by emissions
from pesticide and herbicide application. The cultivation of switchgrass in Moncofar is
particularly intensive in the use of such chemical compounds, especially in 2010. This
is due to the high presence of weeds before the crop establishment, since the land had
been idle for a long time. Hence, the herbicide production makes a notable contribution
to ET in the first two years of the crop cycle in this location: around 9.8% in 2010 and
4.8% in 2011. The herbicide production is responsible for 9.7% of the OD in 2010 as
well. In the case of Orihuela, this substage accounts for around 17.5% of ET in 2010
and 2011, since the overall impact is much lower relative to that in Moncofar.

The fertilizer production makes a significant contribution to the following impact
categories in both Moncofar and Orihuela: CC, FD, MD, OD, POF, and TA (Figures 3a,
3b, 3d, 3e, 3f, and 3g). Specifically, this substage represents between 12.2% and
35.8% of the overall CC in the two locations; it must be noted that no fertilizers were
applied in 2013 in Moncofar. The greatest impact share of the fertilizer production
substage is observed for MD; it accounts for more than 87.1% of the impact in
Moncofar for the period 2010-2012, and for between 59.0% and 86.5% of the impact in
Orihuela. The contribution of the fertilizer production to FD and OD is also substantial
in the two locations (between 44.0% and 91.8% in Moncofar; between 11.4% and
51.3% in Orihuela). In general, these proportions are lower in Orihuela due to the
influence of watering, which is definitely a decisive substage in this location. This is the
result of the larger irrigation needs as combined with the greater depth of the well,
which entails larger electricity consumption to pump the water. As a result, watering is
the most influential substage for this location in the impact categories FD, OD, POF
and TA, accounting for up to 88.0% of the impacts. Impacts from machinery use are
negligible since most of the agricultural works are not mechanized (except for
harvesting and baling). However, the contribution of this substage to POF is
remarkable, mainly in the first year, due to the soil preparation techniques.

The carbon footprint is largely influenced by the carbon uptake of the crop. Under the
approach selected, it takes a constant value (in terms of Mg of CO. per tonne of
switchgrass) throughout the crop cycle in the two locations, except for the first year. As
a result, the carbon sequestration substage makes the greatest contribution to CC for
the period 2011-2013 in Moncofar (between 43.1% and 70.8% of the overall impact)



and in Orihuela for 2011 (45.3%). For the rest of the years, the carbon sequestration
contribution is only smaller than that of watering.

As for water impacts, the potential damage of blue water consumption is between 1.6
and 11.6 times higher in Orihuela than that in Moncofar. This is due not only to the high
irrigation water consumption (secondary axis of Figure 3j), but also to the high
characterization factor of the Segura basin (1.445 vs. 1.035 m® ecosystem-eq. water
per m® of irrigation water, as described in the ESM). The latter indicates that the water
withdrawals in this watershed exceed availability to a greater extent than in the Jucar
one. The highest FEI in Orihuela is obtained for 2010, given the low biomass yield,
although the blue water consumption per ha is higher in 2013 (see Figure 3j). In
Moncofar, 2010 is the year for which both blue water consumption (m?® ha') and FEI
(m?® ecosystem eq. per tonne of dry matter) are the highest. The second largest value
of FEI is calculated for 2013, influenced by the yield decrease. The largest differences
between the two locations are calculated for 2012, in which the irrigation dose is
around 12 times larger in Orihuela.

With regard to GWI (Figure 3k), values are higher in Moncofar except for the first year.
This arises from the difference in green water consumption between switchgrass and
the reference crop (citrus), represented by the dGW parameter (for further information,
see section S1 in the ESM). A positive value for dGW means that switchgrass
consumes more green water (m?3 ecosystem eq. per tonne) than the reference crop and
the other way round. In 2010, the monthly evapotranspiration (ET) of switchgrass was
higher in Moncofar, since the plants were slightly taller in the early stages (probably
due to the less extreme conditions as compared to Orihuela). On the contrary, the ET.
of the citrus was higher in Orihuela, due to the higher average temperatures. Note that
citrus consumes green water in larger amounts than switchgrass does in terms of litres
per ha, with greater differences in Orihuela. However, when taking the vyields into
account, the biomass yield in Orihuela was much lower than that in Moncofar, while the
citrus yields were very similar according to MAGRAMA [66]. This is why, under a
productive scope, the GWI is greater in Orihuela for the first year. In 2011, the ET. of
switchgrass was again higher in Moncofar than in Orihuela. Since the ET. was higher
for citrus than for switchgrass, the dGW parameter is negative in the two locations and
lower in Orihuela due to the aridity conditions.

In the medium-term and final stages of the crop, the plant has reached the maximum
height. As a consequence of the more extreme conditions, the switchgrass’ ETin 2012
and 2013 was higher in Orihuela, as happened with the citrus in the previous years.
However, according to the GWI calculation method (see the ESM), the green water
consumption of switchgrass is given by Pr’ in most of the months, being especially low
in Orihuela. This means that there is less green water available in Orihuela due to the
higher average temperatures and less rainfall. When compared to the reference crop,
dGW is larger in Moncofar, also because the yields are lower for both switchgrass and
citrus.



4. Discussion
4.1. Factors influencing impact variability

Results from this study confirm that outcomes from switchgrass LCAs may radically
change depending on the growth phase of the plant, local conditions, and agricultural
practices. These two case studies represent two different crop management plans for
the switchgrass production in two locations of Comunidad Valenciana that correspond
to two different watersheds. Agricultural practices can be very diverse, even in the
same region, since variables such as soil type, are more likely to conform to ecological
boundaries such as watersheds [25]. Boone et al. [36] emphasise the need for specific
data on soil type, as fertiliser use is determined by the location, while fertiliser
emissions are influenced by local edaphoclimatic conditions. Furthermore, in perennial
crops, not accounting for unproductive phases may lead to misleading results, as
happens in most of the LCAs, which focus on a full production year [28,38]. Once
established, switchgrass may take 3 years to come to its full production potential,
reaching an average annual yield of 16 t ha™ in European settings [22]. In this case, the
environmental performance of switchgrass has been analysed throughout a 4-year
cycle, also capturing yield variability by means of a mass-based FU. The main factors
contributing to impact variability are further discussed below:

Temporal variability: The third year, that is 2012, can be taken as the full production
stage in both Moncofar and Orihuela. Nevertheless, the yield obtained in Orihuela for
that very year is much higher than other values in the literature for both North American
and Mediterranean conditions [6,11,22]. This is the result of more intensive agricultural
practices, especially for the crop establishment; indeed, in Orihuela, the highest yield is
obtained right the second year (26 t hal). Although the study of Alexopoulou et al. [11]
is based in Southern Europe, authors assessed biomass production by using low-input
techniques. However, crop establishment usually implies intensive soil preparation
practices and pre-seeding fertilization, especially when marginal land is employed
[17,24].

Variability of the production site/spatial variability: As has been said, soils are basic in
the two locations (pH>7.8). Despite the fact that strongly basic soils might have limited
availability of mineral elements [9], conservative criteria were followed when
establishing fertilization plans, in accordance with Berg [67]. The highest values
correspond to the first year in Orihuela (245.0 kg N ha'), where soils are sandy (Table
2), and to the second and third years in Moncofar (87.6 kg N ha). Boone et al. [36]
also report larger resource consumption in sandy soils. Sheep manure was chosen in
Orihuela since it ensures a slow release throughout the cropping cycle, besides quick-
release nitrogen is easily washed out of the root zone in sandy soils. Although using
manure has significant CC implications due to N.O emissions, it reduces emissions
from the production of fertilizers; these make a major contribution to CC in 2010 in
Orihuela (Figure 3a). Thus, partially relying on organic fertilization may be a good
alternative for the switchgrass establishment in sandy soils.

On the other hand, in the Mediterranean region, water availability may be strongly
limited, depending on local or regional circumstances [30]. In this study, CFs for water
use impacts were calculated at the watershed level. This spatial differentiation is
important in a region where switchgrass is necessarily produced under irrigation. Note



that water availability can become a crucial consideration for the establishment of
bioenergy crops in the short run [68].

Variability in management practices: As has been seen, farmers’ personal choices play
obviously a key role in the environmental performance. It must be borne in mind that a
specific agronomic decision (e.g. increase fertilization rates) is very likely to affect the
system response in the subsequent years, making the difference in short crop cycles.
For instance, weedy species may increase with N fertilization [44]. This reinforces the
need for addressing temporal variability, which influences both agricultural practices
and yields at the same time, generating synergies in the LCA results. For perennial
long-cycle crops, it is recommend collecting annual average inflows and outflows over
a period of at least four years [37]. The present study estimates the impacts for a 4-
year crop cycle, under a chronological approach [28]. However, considering longer
lifetimes (>10 years) is advisable, in order to investigate long-term productivity and
address key site factors, such as [11,22,23,25] did.

Unfortunately, the interpretation of results when more than one year is considered can
increase the difficulty linked to multiple outcomes interpretation. A single score can
greatly facilitate the dissemination of results. In perennial tree crops, the impacts of the
crop establishment can be distributed over the life span of the plantation [29,38,44]. In
this way, the longer the life spans, the lower the contribution of the soil preparation, etc.
However, in our case study, this establishment share would be significant, especially in
Orihuela, given the magnitude of the impacts in the early stages and the length of the
switchgrass cycle considered. Hence, using the average of the impact for all the years
of the cycle can be a good approach for a simplified comparative assessment. Average
results are shown in Table 8; it can be seen that the difference Orihuela minus
Moncofar is positive for all the impact categories except GWI.

Table 8. Average impact results (per ton of dry biomass) for the 4 years of the
switchgrass cycle in the two locations.

Moncofar Orihuela
Climate change (kg of CO2-eq) 13.05 314.22
Fossil depletion (kg of oil-eq.) 26.73 74.07
Freshwater eutrophication (kg of P-eq.) 0.20 0.27
Metal depletion (kg of Fe-eq.) 5.13 7.25
Ozone depletion (kg of CFC-11-eq.) 7.81E-06 1.83E-05
Photochemical oxidant formation (kg of 0.28 1.13
NMVOC-eq.)
Terrestrial acidification (kg of SO2-eq.) 0.45 211
USEtox, Ecotoxicity (CTUe) 10.63 2.37
USEtox, Human toxicity (CTUh) 7.22:107 7.20-108
FEI (m® ecosystem-eq.) 277.0 1243.3
GWI (m?3 ecosystem-eq.) 53.0 6.9




4.2. Viability of switchgrass in the studied areas

Specifically, Directive 2015/1513, amending Directive 2009/28/EC —commonly known
as Renewable Energy Directive (RED)—, requires that 20% of the gross final energy
consumed in the European Union (EU) comes from renewable sources, in order to
meet the EU’s climate change and energy sustainability goals. The new RED, currently
being prepared by the European Commission, is expected to reinforce this commitment
for the period 2020-2030.

Switchgrass produced in these locations would be ultimately diverted to electricity
production by combustion and hence must fulfil the RED’s sustainability criteria,
mirrored in [69]. Specifically, electricity production from switchgrass should generate
GHG savings of at least 60% in new installations from 1 January 2018, as compared to
a fossil reference. In order to calculate life cycle emissions, the system boundaries
should be extended so that conversion of the biomass fuel to electricity is included. To
this aim, GHG emissions from the biomass transport and subsequent combustion were
taken from Sastre et al. [47,70], for being based on Spanish conditions. Authors
considered a 25 MWe combustion plant, with a conversion efficiency of 29.5%. The net
calorific value at constant pressure (NCV,q) of the switchgrass was taken from Table 3.
GHG savings were calculated relative to a fossil fuel comparator [69], without
considering the carbon uptake, and are shown in Table 9.

Table 9. GHG savings (%) generated by electricity from switchgrass from the two
locations, in an average Spanish combustion plant [47]. An emission intensity 198 g of
COz-eq. MJ? of electricity has been considered for the fossil fuel comparator [69].

2010 2011 2012 2013
Moncofar 84.0% 80.0% 85.2% 92.7%
Orihuela -6.0% 81.3% 73.5% 67.0%

The 2018 GHG saving requirement is largely met if switchgrass from Moncofar was
employed, regardless the year of the cycle in which the feedstock is produced.
Electricity from switchgrass cultivated in Orihuela also meets the target except for the
year of the crop establishment, for which the highest input intensity is reported. This
implies that the feedstock obtained from this stage should be diverted to other uses,
ideally able to generate revenues for the producer (e.g. forage production) apart from
that of soil conservation. In any event, switchgrass from these two locations can
certainly be a suitable alternative to produce electricity under the management
practices proposed. The fact remains that further management optimization is always
desirable for the purposes of sustainability, also taking the economic dimension of it
into account.

Efforts should focus on genotype selection in order to increase yields, without
increasing fertilizer doses [36]. However, innovation plant breeding would bring further
impact variability to be assessed. It is equally important to optimize irrigation systems,
given the influence of the water supply on the biomass yield variability throughout the
production cycle [71]. In this sense, fertirrigation can help to ensure a regular supply of
water, provided that the flow is conveniently adjusted. Such these decisions are crucial



for consolidating the potential for perennial grasses to deliver greater GHG savings
than annual crops; even than wastes such as wheat straw. According to Sastre et al.
[47], the cultivation of winter cereals in Spain alone causes between 27 and 43 g of
COz-eq. MJ? of electricity, depending on the region; the agricultural production of
wheat straw generates around 50 g MJ* [70]. Based on our results, the cultivation of
switchgrass in Moncofar generates between 11.5 and 36.7 g of COz-eq. per MJ?! of
electricity, while it generates between 34.2 and 62.4 g of CO»-eq. per MJ* of electricity
when it is produced in Orihuela (only for the “eligible” years). Emission factors allow for
different feedstocks to be compared.

Similarly, the environmental performance of the electricity from switchgrass can be
compared to wind generated electricity and to that from natural gas, as best-case and
worst-case scenarios in Spain, respectively [70]. Besides CC, TA has also been
considered for the analysis and emission factors for the reference processes have
been taken from Ecoinvent 3 [49], as the electricity comparators. In this case, the
results from Butnar et al. [72] have been used, in order to estimate overall life cycle
emissions from switchgrass electricity production under Spanish conditions. Figure 4
shows the outcomes from the comparative analysis, based on CC and TA values for
switchgrass cultivation in 2012, as the year of full production.

TA (mg SO2-eq./MJ) E

CC (g CO2-eq./MJ) FJ

0 100 200 300 400 500 600 700

B Wind-generated electricity (Spain)

@ Electricity from natural gas (Spain)

D Electricity from switchgrass-Orihuela 2012 (Spain)
# Electricity from switchgrass-Moncofar 2012 (Spain)

Figure 4. Climate change (CC) and terrestrial acidification (TA) emission factors, in
terms of g of COz-eq. MJ* and mg of SOz-eq. MJ?, respectively, for four options for
electricity production in Spain.

It can be seen that, in terms of CC, the option with the lowest emission factor is wind-
generated electricity, as could be expected. Bio-based electricity production generates
a 74.5% and 88.9% reduction in the carbon footprint relative to electricity from natural
gas when switchgrass from Orihuela and Moncofar is used, respectively. The CO;
emissions factors are, in this case, 40.1 and 17.4 g of COz-eq. per MJ2, respectively;
these values are consistent with those previously obtained based on [70]. When it
comes to TA, though, the environmental performance of electricity from switchgrass is
even worse than that of the one produced from natural gas. Specifically, SO, emissions
factors are 99.8% and 19.4% higher than those of electricity from natural gas. This
demonstrates that other impacts besides CC should be addressed when evaluating the



sustainability of irrigated bioenergy crops. Processes such as watering and fertilizer
production can be decisive for impacts typically associated to agricultural production,
such as acidification.

When compared to LCA results for other geographic locations, switchgrass cultivation
under Mediterranean conditions may generate greater impacts. Smeets et al. [22]
obtained emission factors around 6.4-7.5 g of COz-eq. per MJ* for the cultivation stage
alone, while these are calculated at 26.4 and 49.6 g of CO»-eq. per MJ? for Moncofar
and Orihuela, respectively, in 2012. As for TA, the values reported by Sinistore et al.
[25] are around 0.1 g of SOz-eq. per MJ%, while these are in the range 6.4-102-1.17-10°
1 g of SO,-eq. per MJ* for Moncofar and 0.17-0.82 g of SO,-eq. per MJ* for Orihuela.
These differences arise from the variability in management techniques. Although N
fertilization rates in literature (75-125 kg ha* of N) [22,73] are similar to those applied in
Moncofar, no irrigation water was used in those two case studies. Switchgrass
production in Orihuela implies a much more intensive agriculture in the use of both
fertilizers and water.

Furthermore, there are also differences in the way that land conversion is addressed in
the literature. As has been said, Sastre et al. [47] considered marginal land as the
reference land use scenario in Spain while Sinistore et al. [25] considered a
conventional corn—soybean in the American Midwest. Not surprisingly, the net GHG
saving is substantial if switchgrass is grown in former arable lands, although it is
slightly negative to positive if switchgrass replaces permanent grassland [20]. Some
authors also argue that the impact of switching green water from other uses should be
better addressed as a land use change impact [74]. In this case, considering an area-
based FU would be recommended, which captures multi-functionality of agricultural
systems; this allows for several options of land uses and agricultural practices to be
compared without the interference of yields. This is why, when comparing different soil
types, the results obtained with a mass-based FU must be carefully interpreted.

Finally, switchgrass expansion can cause ILUC if it comes at the expense of arable
crops, hence the importance of its adaptability to marginal lands. Nevertheless, most of
the authors did not consider ILUC for being out of the scope and due to uncertainties in
measurements [20,25]. On the contrary, Schmidt et al. [30] considered ILUC but not
carbon sequestration because it is also subject to great uncertainties arising from
variability in both soil and climate properties and agricultural practices as well. In this
case study, carbon sequestration figures have been estimated from literature, where
they are frequently expressed in terms of kg ha of C. This entails a simplification of
the real mechanisms underlying carbon fixation by photosynthesis. Better estimates of
carbon sequestration in the two locations would increase results reliability, given the
contribution of this substage to the carbon footprint (Figure 3a). These should be
ideally obtained by performing soil tests before the implantation of the crop and after
the last harvest, since carbon sequestration should be correlated to the crop’s
belowground biomass productivity [20], which in turn depends on the aboveground
productivity, that is, yields.



5. Conclusions

An LCA has been performed on switchgrass cultivation in two Mediterranean locations
of Spain (Comunitat Valenciana), where there were no previous experiences on this
crop. Results show that ad hoc decisions on the crop management are critical for the
environmental performance. Those agricultural practices aimed at increasing biomass
yields can indeed lead to increased impacts, as happens in the case of Orihuela. In this
location, the year of the crop establishment generates the greatest impact values for all
the analysed impact categories. However, the yields subsequently obtained contribute
to the environmental footprint reduction in the rest of the crop cycle. Although impacts
are contingent on the farmers’ decisions in this regard, a mass-based FU is
recommended to capture synergies from intensification. In this way, LCA can provide
robust estimates on whether higher yields or less intensive practices are desirable from
the environmental point of view.

Results prove that decreased GHG emissions may come at the cost of increasing other
impacts such as those greatly influenced by the production of fertilizers and watering
(e.g. MD, OD, TA, etc.). This is exactly the case for toxicity-related impacts; both ET
and HT are the highest in Moncofar for the first two years, for which the rest of impacts
are very low as compared to those in Orihuela. It must be noted that CFs for toxicity
impacts are subject to great uncertainty because methodologies are still under
development; hence, HT and ET results have to be regarded with care. This
emphasizes the importance of analysing other impact categories besides CC when
evaluating the environmental sustainability of bioenergy feedstocks. The quantification
of water use impacts is of high interest in the Mediterranean region of Spain, where
water is a limited resource. In the same way as for green and blue water, it would be
advisable to develop CFs at regional level for impact categories such as TA, FE or
POF. These issues underline the importance of considering local aspects and case-
specific conditions in order to understand the actual environmental benefits brought
about by energy from biomass. Biophysical models that predict biomass productivity for
different levels of nitrogen fertilization and nutrient use efficiency would be extremely
helpful for the selection of production practices, in combination with LCA.

In addition to spatial variability and variability in management practices, impact results
are subject to temporal variability. The frequency and intensity of the input application
in perennial short-cycles can vary considerably from year to year, as well as the yields.
This is why applying a multiyear perspective, in accordance with the putative lifetime of
these crops, is strongly recommended to provide more accurate environmental results
for perennial systems optimization. The bioenergy production represents a challenge
for farmers in achieving high yields by means of long-term sustainable practices. In this
study, LCA is proposed as a tool to assist farmers in the development of more
sustainable farming systems, provided that their inherent variability is captured.

When intended for electricity generation, switchgrass must deliver substantial GHG
savings throughout the life cycle. Under the proposed management plans, the
feedstock produced in both Moncofar and Orihuela would be eligible for electricity
generation in the EU, ideally after the full production capacity is reached. One of the
greatest uncertainties involves the estimation of ILUC effects, which can reduce the
GHG benefits from bioenergy. Switchgrass cultivation in marginal lands can contribute
to minimize indirect emissions, provided that yields are high enough for the cost-



effectiveness of the impact reduction relative to conventional energy sources. Further
LCA case studies can also be of great support in the sustainability assessment of
Mediterranean biomass feedstocks, with the ultimate goal of establishing certification
schemes.
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