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Abstract: A three-year experiment was carried out in Central Greece to assess the use of different
tillage practices (Conventional, Reduced, and No tillage) for seedbed preparation, in a double
cropping per year rotation of irrigated and rainfed energy crops for biomass production for first- and
second-generation biofuel production. A life cycle assessment (LCA) study was performed for the
first year of crop rotation to evaluate the environmental impact of using different tillage practices,
identifying the processes with greater influence on the overall environmental burden (hotspots) and
demonstrating the potential environmental benefits from the land management change. LCA results
revealed that fertilizer application and diesel fuel consumption, as well as their production stages,
were the hot-spot processes for each treatment. In the present study, different tillage treatments
compared using mass- and area-based functional unit (FU), revealing that reduced tillage, using strip
tillage for spring crop and disc harrow for winter crops, and no tillage treatment had the best
environmental performance, respectively. Comparison between the prevailing in the area monoculture
cotton crop with the proposed double energy crop rotation adopting conservation tillage practices,
using mass and energy value FU, showed that cotton crop had higher environmental impact.
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1. Introduction

The potential environmental benefits of bioenergy derived from renewable biomass sources have
been the subject of research the last years. Dedicated energy crops have the benefit of providing specific
ecosystem services (e.g., C sequestration, biodiversity enhancement, Greenhouse Gas(GHG) emissions
mitigation, enhancement of soil quality), the value of which are dependent on the particular bioenergy
production system and the reference land use that it displaces [1]. A life cycle assessment (LCA) study
offers a clear and comprehensive picture of the flows of energy and materials used as well as waste
and emissions released through a system and gives a holistic and objective basis for comparisons.
LCA quantify the potential environmental impacts of a product system over the life cycle, help to
identify opportunities for improvement, and indicate more sustainable options where a comparison is
made. It is widely accepted by the scientific community that LCA is one of the best methodologies to
assess both the environmental burdens of biofuel production, and also identify the opportunities for
environmental improvement [1].

A great number of studies have dealt with the energy used and the environmental burden of
bioenergy production systems using diverse approaches. For example, Mann and Spath [2] published
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a comprehensive LCA research of a biomass (from almond trees) gasification combined-cycle power
system. They found that carbon closure, defined as the carbon percentage in the biomass recycled in
the power plant, was almost 95%. A zero-net CO2 process is represented by a 100% carbon closure.
Since tree growing needs CO2, the use of biomass power could reduce the net amount of CO2 added to
the atmosphere for each produced electricity unit. Sensitivity analysis showed that the amount of C
sequestration into the soil considerably affected C closure (ranged from 83% to 200%); an outcome also
supported by other sensitivity cases, where if soil C was not chanced the carbon closure would be
more than 94%. IEA performed a great number of LCA research studies, revealing a net improvement
of GHG raging 60–120% when using first- and second-generation biofuels compared to conventional
transportation fuels [3]. Likewise, other studies revealed similar results [4,5], while going beyond
the benefit of reduced GHG emissions, several LCA studies on different thermochemical processes of
lignocellulosic biomass (for 2nd generation biofuels) revealed the process having the best performance
regarding GHG impact [6]. All the previous and other research studies helped to comprehend the
potential environmental impacts and the energy balance of bioenergy systems. On the other hand,
several studies indicated significant GHG emissions originated by bioenergy agriculture systems,
thus abating the intended mitigation [7,8]. Therefore, the significantly different outcomes generated
controversial views among scientists, policy makers, and the public.

Given the variety of processes leading to bioenergy, and the controversial discussion of their
‘net benefit’, several studies have already been undertaken using LCA methodology to analyze the
processes in detail, in order to know which biofuels have more or less environmental impacts [9,10].
Most LCAs found that when biofuels, like bioethanol and biodiesel, replaced conventional diesel and
gasoline in transportation, a significant net reduction of fossil energy consumption and GHG emissions
was achieved [3,11,12]. In several LCA studies additional to GHG emissions, other impacts were
examined, like local air pollution, acidification, eutrophication, ozone depletion, land use, etc. [13,14].
It was then indicated that site specific assumptions could influence the magnitude of the environmental
burden when more impact categories than just GHG and energy consumption included, showing that it
is not easy to draw simplified conclusions. Studies evaluating environmental issues, like acidification,
eutrophication, ozone depletion, land use, etc., concluded that most, but not all, biofuels substituting
fossil fuels would lead to increased negative impacts to environment [15,16]. This concerned mainly
energy crops where, among others, an intensive use of fertilizers (compounds based on N and P)
and pesticides were performed, causing contamination of water and soil resources, while important
emissions were neglected like nitrous oxide (N2O), from feedstock production [8,17]. Therefore,
it should always be acknowledged that the positive impacts on GHG emissions (from fossil fuels
replacement) may carry a cost in other environmental areas, so that a much more careful analysis is
needed to understand the trade-offs in any particular situation.

Management decisions, except biomass crop, could also determine the overall environmental
impact of a bioenergy production system. Kulak et al. [18] reviewed several LCA studies evaluating
the ratio of production to environmental impact in a low-input eco-efficient cropping system They
stated that low-input cropping systems introduced to reduce the environmental impacts, in most
cases, have benefits that were offset by lower yields. Also, they claimed that sustainable management
regimes that increase yield could improve further the eco-efficiency. Finally, they concluded that highly
eco-efficient cropping systems require application of optimum instead of minimum quantities of external
input that either could reduce or increase environmental impacts per product unit. Nemecek et al. [19]
investigating eco-efficiency of crop rotations using LCA suggested that eco-efficiency can be improved
by reducing N fertilization to non-legume crops, by the same N amount that is gained from the
introduction of legumes in a crop rotation. They concluded that diverse crop rotations with reduced
N input is a promising way to reduce the environmental impacts of intensive arable crop rotations.
Furthermore, the diversification of management practices in field, i.e., reduced or no-tillage, and residue
management have been under investigation for influencing the environmental impacts during the
production cycle [20–22]. Malhi et al. [20] in an eight-year crop rotation study found that retaining crop
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residues along with no-tillage practice, improved some soil properties and also had better environmental
behavior, since the higher amount of N fertilization in conventional tillage resulted in increased amount
of N losses through nitrous oxide -N (N2O-N) emissions. Cropping system can influence CO2 and N2O
emissions by affecting the quality and quantity of crop residue returned to the soil [23]. N fertilization
typically has a stimulatory effect on N2O emissions [24], but a variable effect on CO2 emissions [25].
Management practices can also indirectly affect GHG (CO2, N2O, and CH4) emissions by altering
soil temperature and water content [26]. Tillage can reduce soil water content through increased
evaporation, whereas no-tillage can conserve soil water and reduce temperature because of decreased
soil disturbance and increased residue accumulation at the soil surface [27]. Goglio et al. [21] used
LCA to evaluate the environmental impacts of three cropping systems characterized by different
external input levels in crop rotation production system and found that the highest output–input
ratios and the lowest impact for the selected impact categories was achieved by the lowest external
inputs to the system. The environmental performance of two cropping systems, single and double
crop per year (two crops in sequence) combined with different cultivation practices (conventional
tillage, minimum tillage, and no tillage) were analyzed by Bacenetti et al. [22]. The environmental
analysis showed that for both cropping systems the environmental burdens were mainly due to crop
fertilization (in particular, N application, primarily via organic fertilizers) and mechanization of field
operations (diesel fuel emissions). The single crop system had better environmental performance
for all the impact categories evaluated except for acidification and eutrophication, while these two
categories had lower values in the double crop system due to fewer fertilizer applications and higher
total yield. Also, the comparison among tillage cultivation practices showed that reduced and no
tillage practices resulted in better environmental performance, compared to conventional soil tillage.
The reduction of the environmental load was mainly due to lower diesel fuel consumption and it was
higher in the double crop system, where soil preparation was carried out twice a year. Küstermann
et al. [28], in a long-term field experiment in Southern Germany, examined the effects of soil tillage
and fertilization on resource efficiency and GHG emissions. The results showed that the benefit of
reduced soil tillage over conventional was a lower consumption of diesel fuel (reduced by 35%) and
fossil energy (by 10%), and an increase in C sequestration and N soil accumulation. However, among
reduced tillage treatments, when there was a significant decrease in yield, N and energy efficiency
were reduced and also yield-related GHG emissions were increased. In another study, the relative
benefits of using land for bioenergy production over 40 years compared with the use of the same land
for C sequestration (e.g., forest) [29]. Results showed that a combination of high yielding crop species
and efficient fossil fuel substitution by the biomass produced, made the bioenergy crop option more
preferable. In contrast, low efficiency in fossil fuel replacement, independent of crops’ growth rate,
meant that land was better to be used for C sequestration (e.g., forest). Cherubini and Stromman [30]
in a review paper concluded that bioenergy production should be preferred over C sequestration if
biomass, from high-yielding plantations, was produced and converted efficiently to bioenergy. Thus,
this bioenergy could displace GHG-intensive and low-efficiency fossil energy over a number of years.

The present study describes a simplified environmental impact research using the LCA
methodology. The LCA was performed for one year of double crop system using different tillage
practices compared to the monoculture cotton production prevailing in the area. No other relevant
studies have been performed so as to offer a comparison of the existing cropping system with an
innovative crop rotation system under reduced tillage cultivation. More specifically, LCA was used in
order to:

• Evaluate the environmental profile of the different tillage practice used in a specific crop rotation
system for biomass production.

• Identify the stages of the system that presented higher environmental impacts (i.e., hot-spots identification).
• Demonstrate if there were any environmental benefits from the land management change (LMC),

transformed from a monoculture cultivation of half year (e.g., cotton crop) to a crop rotation
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system with double cropping per year to keep soil covered all year round combined with reduced
or no-till.

2. Materials and Methods

2.1. Experiments

The present study analyzed data originated from the first of the three-year research project focusing
on environmentally friendly biomass production. During this project, several experiments were carried
out to assess the effect of the proposed cropping practices to soil fertility, environment, energy,
and economic balance. Primary data in the present LCA study were derived from the experiment
dealt with crop rotation system of irrigated and rain-fed energy crops, while using conventional
and conservation tillage practices Conservation tillage concern reduced tillage practices (without soil
turning) in several depths, as well as no tillage practice. In Figure 1, the production steps of the five
different tillage systems used (treatments) are shown:

1. Conventional tillage (CT): Seedbed preparation for sunflower as spring crop using ploughing
at 25–30 cm and two passes of a disk harrow at 7–9 cm. For winter crop, one ploughing at
25–30 cm, two passes of a disk harrow at 7–9 cm, and two passes of a light cultivator at 6–8 cm for
seedbed preparation.

2. Reduced tillage I (RT I): Seedbed preparation using a heavy cultivator at a depth of 20–25 cm and
one pass of a disk harrow or a light cultivator for each crop.

3. Reduced tillage II (RT II). Seedbed preparation before planting sunflower using strip tillage,
where only a part of soil is cultivated while the other is not disturbed. A strip tillage machine
developed in the laboratory of Farm Mechanization was used for spring crops. Primary and
secondary tillage carried out by a disk harrow at 6-8 cm for the winter crops. A total of three passes;
two passes for weed destruction and initial soil disturbance and one for seedbed preparation
before planting the crop.

4. Reduced tillage III (RT III) with one pass of a rotary cultivator at 10–15 cm for primary tillage,
and a second pass with disk harrow for the spring crop and one pass of rotary cultivator for
winter crop.

5. No-tillage (NT). Direct planting using a no till pneumatic drilling machine for winter crops and a
pneumatic drilling machine for spring row crops.

The rest of cultural practices were homogeneously applied, i.e., planting date, fertilizer rates,
and irrigation water quantity, for all the five treatments in order to achieve the same conditions in
all plots for comparison. It should be noted that having applied the same inputs in all plots even
in those with lower yields, that action favored conventional tillage treatment with the higher yields.
The same applies for the time of sowing, as reduced tillage or no tillage could have been sown earlier.
In all treatments, except no till, sowing was carried out by conventional pneumatic planting or drilling
machines. For no till plots, a pneumatic no till drilling machine and a pneumatic no till row crop
planting machine was used. Fertilizer was applied by a drilling machine to achieve accurate and
homogeneous application rate. Irrigation was applied by a traveler irrigator with a gun sprinkler for
seedling emergence and drip irrigation system was installed thereafter that offered better application
homogeneity. Harvesting of the seed producing crops was carried out by a plot combine harvester
of 1.50 m width harvesting the middle two rows of the plots. For the other crops, a hay harvesting
machine was used. Therefore, the measured yield should reflect the characteristics of a normal harvest
condition in field, where whole plant was removed for biomass production that will eventually be
used for 1st- and 2nd-generation biofuels.
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Figure 1. Flowchart depicting the five experimental treatments.

2.2. Life Cycle Analysis

The goal of the study was to perform a multiple impact category LCA following the ISO standards
for LCA 14040 [31] and 14044 [32] as close as possible. The LCA was performed for one year of a
double cropping per year rotation of irrigated and rainfed energy crops using different tillage systems
and compared to the monoculture cotton production prevailing in the area. The software SimaPro 8
(PRé Consultants, Amersfoort, Netherland) was used to analyze the characterization step of the life
cycle impact assessment (LCIA).

The main objective of the present study was to compare the environmental profile of the
different agricultural practices in a crop rotation system used for biomass production. The ultimate
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aim was to reveal and compare the environmental impacts of using different tillage practices for
seedbed preparation (conventional and conservation tillage) in an innovative crop rotation system,
combining winter and spring crops, in order to achieve a continuous over the years soil coverage
of the field. Crop residue management and land use management changes, from monoculture
(using conventional tillage and, in most cases, burning or removal of the residues) to a crop rotation
using conservation tillage (reduced and no-till tillage) were also issues under consideration in the
current study. The reference scenario of the monoculture conventional crop corresponded to the
cotton cultivation.

2.2.1. System’s Functions and Functional Unit

The functional unit (FU) is an important step of any LCA, since it provides the reference to which
all other data in the assessment are normalized. In many LCA studies of agricultural production
systems, the FU is the area (e.g., 1 ha). Nevertheless, the mass-based FU is prevalent in LCA studies
of agricultural systems, since it takes into account the important element of productivity. In the
present study, a mass-based FU was defined as the 1 kg dry matter of biomass production at farm gate.
This means that the LCA study is a cradle-to-gate study, which means that it includes all the processes,
the input used, and emission released until the biomass is harvested at the farm.

2.2.2. System Boundary

The study under analysis was a cradle-to-gate study, meaning an assessment of a partial life cycle
of a product, from the extraction of raw materials (cradle) up to the production of the product, at the
farm, “gate”. In the current study, the phase of the “gate” was the biomass production in the field,
including the whole aboveground plant part of the plant in its entirety. Thus, all emissions and resource
uses during biomass production and the supply chains of all inputs were included (e.g., fertilizer
production from raw materials and fertilizer application equipment, production, maintenance, etc.).
It is pointed out that the CO2 uptake of the plants was included, but reported separately, because the
carbon is released as CO2 when the biomass is used for generating energy, which nullifies this positive
effect. The CO2 captured in the soil due to land use change was also included and reported separately.
Seed, fertilizer, and herbicide production were also included and the agricultural practices of soil
seedbed preparation, sowing, irrigation, harvesting, baling, loading bales, and, finally, transporting the
biomass at the field temporary storage area. In the case of capital goods (or ancillaries), the production,
use, and maintenance phase of the machinery were analyzed, as well as the farming infrastructure
(e.g., buildings, irrigation infrastructure, etc.), its production, use, and maintenance. The environmental
impacts of field operations by human labor were not considered, as well as the transportation of human
labor to the field. All the processes included to the cradle-to-gate analysis are presented in Figure 2.
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2.2.3. Inventory Analysis

The data used to make the inventory were collected from one year of a three-year crop rotation
(Table 1). Crop rotation used energy crops with double crops per year, one rain fed and one
irrigated, in order to keep the soil covered all year round and simulate the conditions that will be
created when second-generation biofuels will be adopted. Three categories of data were used in
this study: The foreground data, the background data, and the semi-specific data. The attributional
modelling approach will also be used here for compiling the inventory of the system under study.
The foreground data concerned the primary data from the energy crop cultivation and were obtained via
questionnaire-based interview during the growing seasons. These foreground data included amounts
of all the crop production input/inflows categories—fertilizers, machinery, irrigation, fuel consumption,
and transportation of agro-chemicals from the production site to the store and from the store to the
farm. These data were highly detailed data when different production inputs within an input category
was used, e.g., N ammonium nitrate and N in urea for N fertilizers.
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Table 1. Life cycle inventory: Inputs–outputs biomass production for both crops: Sunflower and
oat/vetch. Cultivation period: One year—spring 2012 to winter 2013.

Inputs CT * RT I RT II RT III NT

Resources
Precipitation (m3/ha) 6300 6300 6300 6300 6300

Land Transformation (m2) 10,000 10,000 10,000 10,000 10,000
Land Occupation (m2) 10,000 10,000 10,000 10,000 10,000
Energy in biomass (MJ) 240,300 219,420 271,800 224,460 209,160

Carbon dioxide. in air (kg) 19,778.3 18,026.7 19,981.72 18,035.96 17,161.21
N2 fixation (kg) 78.47 72.87 86.8 63.28 71.05

Materials/Processes
Tillage Treatments in Kg of fuel consumption

a. Plough (kg) 81.6 x ** x x x
b. Heavy cultivator (kg) x 44.22 x x x
c. Rotary cultivator (kg) x x x 55.74 x

d. Strip (kg) x x 28.45 x x
e. Medium cultivator (kg) 29.6 x x x x

f. Disk harrow (kg) 28.8 12 17.97 6 x
Sowing/Fertilising (fuel consumption) (kg) 21.6 22.29 22.29 22.29 21.6

Sunflower seeds (kg) 6.24 6.24 6.24 6.24 6.24
Oat/Vetch seeds (kg) 230 230 230 230 230

Fertilisers
a. N (all types) (Kg) 179.9 179.9 179.9 179.9 179.9

b. P2O5 (kg) 106.65 106.65 106.65 106.65 106.65
c. K2O (kg) 106.65 106.65 106.65 106.65 106.65

Herbicide application (fuel consumption) (kg) 0.998 0.998 0.998 0.998
Herbicides (kg) 2.88 2.88 2.88 2.88 5.88
Irrigation (m3) 3870 3870 3870 3870 3870

Transportation of inputs to field (fuel consumption) kg 0.45 0.45 0.45 0.45 1.996
Transportation of inputs to agriculture store(tkm) 2777.67 2777.67 2777.67 2777.67 2786.7

Harvesting (fuel consumption) (kg) 14.4 14.4 14.4 14.4 14.4
Baling (fuel consumption) (kg) 12.44 12.44 12.44 12.44 12.44

Bale loading pieces (p) 48 44 54 43 42
Transfer to side (fuel consumption)(kg) 5.4 5.4 5.4 5.4 5.4

Outputs
Biomass in Kg of dry matter 13,350 12,190 15,100 12,470 11,620
Emissions to air, water, soil

* CT = Conventional tillage; RT I = Reduced tillage I, using heavy cultivator; RT II using strip tillage; RT III using
rotary cultivator; NT = No-tillage. ** x: no treatment.

The background data concerned all the information about the inputs production stage from raw
material including the machinery and infrastructure production and all the operations under specific
conditions. These data were taken from the Ecoinvent database, cut-off (also called recycled content)
system model version 3.1 [33]. The semi-specific data concerned data coming from the Ecoinvent
background database adapted for the conditions of the present study.

In the farm machinery input category, the processes from the Ecoinvent data like, “Tillage,
ploughing”, “Tillage rotary and spring harrowing”, “Tillage chiseling and rotary cultivator”, “Sowing”,
“fertilizing by broadcaster”, “Baling”, and “Transfer to side” were adapted to the data of the study,
mainly for fuel consumption. All the other characteristics of the machines, like tractor, agricultural
implement, shed production and maintenance, etc., remained the same as in the background data.
This semi-specified farm machinery process was used as input for all the machinery use phase of
the present study. For the fertilizers and herbicides application the background data were used,
where different amounts of inputs within the input’s categories were distinguished, e.g., for N
fertilizers N from urea was used, ammonium sulphate, and ammonium nitrate, while for pesticides
the pesticides’ unspecified production and active ingredient compounds were used. Also, for the seed
production, the background data were used. The irrigation process was adapted from the Ecoinvent
database ‘Spanish irrigation market’ process, using the Greek conditions for irrigation, and a ground
well for pumping water as a source. Energy use for pumping included electricity-powered pumps,
which were modelled with country-specific datasets using the country’s electricity consumption mix
and from diesel-powered pumps, generic data were used (diesel market ‘Europe, without Swiss’).
Regarding transportation from the place of production to the point of sale, global freight process from
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the background Ecoinvent database was used. The herbicides were assumed to have been produced in
European countries and came to retail points by lorry. Likewise, the fertilizers were assumed to either
have been produced in EU or the raw materials were extracted in European countries and came to
Greece by lorry. Transport passenger car was used as semi-specific process for the transportation of the
fertilizers and pesticides from the agri-store to the field.

The inputs of water from precipitation, the land occupation, the land transformation, the C captured
as CO2 from the crops, and the N2 formed in the rhizobia of the cover winter crop, were considered
inputs from natural resource (resource use type of elementary flows) meaning materials that had been
drawn from the environment without previous human transformation or interventions that affect land
dependent ecosystems. These resource uses cannot be categorized like the inputs from other human
activities. Precipitation was taken from weather data of the closest weather station. The fixed N2

produced in the rhizobia formations of the winter crop was taken from literature, where it accounted for
70% of the N uptake for Oat/vetch mix crop [34]. The CO2 fixation from the atmosphere was estimated
from the C-content in dry matter multiplied by the stoichiometric factor 44/12, based on the assumption
that the C in the biomass is completely sourced from the air. The CO2 bound from atmosphere was
represented in the datasets as the exchange with the environment “carbon dioxide, in air”.

For land transformation, which is a change from one land use type to another as a result of a
human activity, we used the area of 1 ha, the area required to produce the biomass of crops of the
present study. For land occupation (occupied area multiplied by time), the resource flow occupation
“occupation arable” was chosen to represent the cultivation of energy crops. It should be noted that
the two cultivations, spring crop and winter crop, occupied six and a half and five and a half months,
respectively, completing a whole year of cultivation.

The quantitative data of product output in the present study were defined as the kg dry matter of
biomass produced in one ha and one year of cultivation. In the analyzed cropping system, the biomass
and the seeds were collected together, so the agricultural harvesting work included the collection of
the whole aboveground plant mass.

The emissions from the different agricultural practices into the environment (water, air, and soil)
were estimated using the appropriate equations and emission factors (EF) (Table 2).
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Table 2. Life cycle inventory—emissions.

Inputs CT RT I RT II RT III NT Emission Factors/Parameters Equation used

Outputs: Emissions

a. Emission to air

Water m3 9981.35 9981.35 9981.35 9981.35 9981.35 ETc = ETo × Kc

Ammonia (kg) NH3 13.1 12.28 12.96 11.81 12.19

NPK − N = 0.04 kgNH3 − N/kgN
AS − N = 0.08 kgNH3 − N/kgN

Urea − N = 0.15 kgNH3 − N/kgN
Conversion: NH3 − N to NH3 = 1.21

kgNH3/kg NH3 − N

NH3 = kg N × EF × 1.21

Nitrous oxide or Dinitrogen
monoxide N2O (kg) 4.64 4.40 4.53 4.20 4.39

NH3 EF = 0.01 kg N2O − N/kgNH3 − N
NO−3 − N EF = 0.0075 kg N2O − N/kg

NO−3 − N
N2O EF = 0.01 kg N2O − N/kg N

Conversion: N2O − N to N2O = 1.57 kg
N2O/kg N2O − N

N2O = 1.57 × kg N (f + r) × (direct EF N2O + indirect
EF NH3 × NH3 − N + indirect EF NO−3 × NO−3 − N)

f = fertilizer, r = rhizobia

Nitrogen oxides, NOx (kg) 1 0.9 1 0.9 0.9 NOx EF = 0.21 kg NOx/kgN2O NOx = 0.21 V × kg N2O

CO2 fossil (kg) 114.83 114.83 114.83 114.83 114.83 1 kg of Urea − N = 1.57 kg CO2 CO2 = kg Urea − N × 1.57

CO2 land transformation (kg) x 1367 1766 1430 2266 ∆CMineral = (SOC0 − SOC(0 − T))/D

b. Emission to water

Water m3 187.65 187.65 187.65 187.65 187.65 (Irrig + precipit) − ETc = GroundWater

Phosphate (PO4
3−) (kg) 0.07 0.07 0.07 0.07 0.07 Constant value of PO4

3− for a land use
category = 0.07 kg/ha/a

Pgw = Pgwl × Fgw (Nemeck and Schnetzer 2012
Pgwl = average P leached to ground water,

Fgw = correction factor for fertilisation by slurry

Nitrate NO3
− (kg) (leaching) 60.3 67.81 34.9 48.52 75.95

c. Emission to soil

Herbicides (kg) 2.88 2.88 2.88 2.88 5.88
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2.2.4. Impact Assessment

LCIA is aimed at understanding and evaluating the magnitude and significance of the potential
environmental impacts of a product system [32]. Impact assessment phase was analyzed with respect
to the methods used to quantify the impacts in different stages of the cause-effect, endpoint, and
midpoint methods. Midpoints are used for a more specific and detailed analysis, whereas endpoints
are useful to communicate the results obtained to broader audience. Typically, for an ISO-compatible
study, results are presented at the midpoint level.

The ReCiPe midpoint (hierarchist) method was used in this study as the default method and
IMPACT 2002+ midpoint as the second method to verify the robustness of the results. ReCiPe method,
endpoint, and midpoint do not contain a water scarcity indicator, thus the regionally specific Pfister
et al. [35] water scarcity method was also used. The two methods have the option to explore the
results at endpoint. This analysis was added to the interpretation of the results for the selection
of relevant impact categories. The results of a product LCA with an endpoint method can show
the relative contribution of the “midpoint categories” to human health, ecosystems, and resources.
Categories that have insignificant contribution to these endpoint categories are left out of the results
at midpoint. It should be noted that emissions of fossil CO2 can be determined accurately, but the
CO2 emissions/uptake from land transformation are difficult to be measured or calculated with much
precision and are very uncertain. This is the reason that we reported them separately. The kinds of
CO2 emissions described here are:

• Fossil-based C emissions: C originating from fossil fuels that are used for producing and
transporting agricultural inputs, for fueling the tractor, and from application of urea fertilizer.

• C emissions or uptake due to land transformation: Directly related to the crops.
• CO2 uptake by the crops: CO2 that is stored in plants as they grow, while the carbon taken up is

released again when the biomass is used for generating energy, which nullifies the positive effect.

It should be pointed out that all the practices and materials used for completing the inventory
were grouped in the impact assessment in groups representative of the data included. In the present
energy crops study, the groups were: (1) Biomass production, (2) fertilizer production, (3) operations,
(4) energy/fuel production, (5) capital goods, (6) seed production, and (7) pesticide production.

3. Results

3.1. Endpoint Method

The results of the Impact Assessment using the ReCiPe endpoint method combined with the
Pfister et al. [35] method for scarcity in water are presented in Figure 3 for all the treatments of the
study. In the endpoint level, the impact categories are aggregated into three endpoint categories:

(a) Damage to human health (HH),
(b) Damage to ecosystem diversity (ED),
(c) Damage to resource availability (RA).

Figure 3 shows that the RT II (Disk harrow/strip tillage) treatment of the energy crop study had
better performance compared to other treatments in the three areas of protection (AoPs), meaning that
it was the least harmful treatment, according to the adapted ReCiPe endpoint method.

The results of the analysis per impact category are presented in Table S1. The purpose of the
endpoint calculations was to determine the most important impact categories for the study by selecting
those categories that contribute to the environmental impacts more than 1% of the total contribution
for the present energy crops study per endpoint category. This is a helpful step to determine which
impact categories are distinguished in the midpoint level, where a more detailed and specific analysis
is applied. Thus, Table S1 presents the impact categories, where if a threshold of 1% is applied,
then only seven impact categories remain in the endpoint level of the ReCiPe method: Climate
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change, human toxicity, particulate matter formation, agricultural land occupation, metal depletion,
fossil depletion, and water scarcity.
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3.2. Midpoint Method

The most important impact categories distinguished from the endpoint level analysis are the
categories that will further be analyzed in the midpoint level analysis. The results of the impact
assessment using the adapted ReCiPe midpoint method (combined with Pfister method) are presented
in the Table 3 and in Figures 4 and 5.

Table 3. Impact assessment results for each treatment of the energy crop study; using ReCiPe midpoint
1.11 + Pfister et al. [35] water method.

Impact Category Unit CT NT RT I C RT II S RT III R

Fossil CO2 eq kg CO2 eq 0.498 0.508 0.507 0.409 0.502
CO2 eq from land

transformation kg CO2 eq 0.000 −0.195 −0.112 −0.117 −0.114

CO2 uptake kg CO2 eq −1.524 −1.522 −1.524 −1.521 −1.520
CO2 eq Fossil + Land

transform kg CO2 eq 0.498 0.313 0.395 0.292 0.388

Human toxicity kg 1.4-DB
eq 0.046 0.049 0.047 0.038 0.047

Particulate matter
formation

kg PM10
eq 0.001 0.001 0.001 0.001 0.001

Agricultural land
occupation m2 0.839 0.958 0.915 0.739 0.895

ater depletion m3 0.201 0.230 0.220 0.177 0.215
Metal depletion kg Fe eq 0.049 0.045 0.046 0.039 0.048
Fossil depletion kg oil eq 0.119 0.116 0.118 0.095 0.116
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Figure 4. Comparison among the different tillage treatments to most important impact categories using
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that of Fossil CO2 and CO2 from Land transformation, using FU 1 kg of dry biomass.

CO2 emissions are presented in two categories separately due to the high uncertainty of calculating
CO2 from land management transformation. The values of CO2 uptake were almost the same for all
the treatments, having a negative sign (Table 3) due to binding of CO2 from the atmosphere to the
biomass. As it was explained earlier, there is no advantage of CO2 uptake at all, because at the use
phase of agricultural products (which it is not included in the system boundary of the present study)
the entire CO2 uptake is lost to the air again due to combustion or digestion later in the life cycle of the
product. In particular, in the use phase, when biomass will be investigated as a substitute for fossil
fuels, as far as CO2 emissions is concerned, the potential benefits will then be revealed. Thus, due to
this nullifying effect, the CO2 uptake impact category will not be further analyzed. CO2 from land
transformation has also a negative sign (Table 3, Figure 4). This means that C was sequestered into the
soil for all the tillage treatments except of the conventional treatment. It is worthwhile to mention



Sustainability 2020, 12, 6978 14 of 24

that the biggest reduction at the CO2 levels of the atmosphere was made by No Tillage treatment.
Fossil CO2 values (Figure 4) were at the same level for all the tillage treatments of the study (higher
yield was combined with higher energy inputs or lower yield with lower energy inputs) except RT II
(strip tillage), which was lower than the rest, probably due to the higher biomass production and the
lower energy inputs.

In all the impact categories, the analysis showed that RT II S (strip tillage) treatment had lower
percentages in the environmental impacts compared to the other tillage treatments of the study.
The variations presented by impact categories for the rest experimental treatments were due to the
yield variations among the treatments. It should be mentioned again that the analysis concerned the
environmental impacts derived from one year of full cultivation with two successive crops, the spring
2012 sunflower and the winter 2013 oat/vetch crop. Also, it should be noted that the same inputs were
used for each experimental treatment (materials and practices) except for the tillage practice. Therefore,
the amount of fertilizer and irrigation water was the same. Only herbicide application was different
among the treatments in the spring crop, where only in the No Till treatment was applied for seed
bed preparation. The experimental design resulted in a handicap for the No-tillage and for some RT
treatments, due to the reduced biomass production. Nevertheless, in Figure 5, the NT treatment is very
close to RT II S treatment, concerning the total amount of CO2 emitted in the atmosphere. This result
mean that the low biomass production of the NT treatment was compensated by the decrease in fuel
consumption (reduced by 71% compared to CT) presenting a similar performance with the RT II S
treatment as far as CO2 emissions is concerned.

The environmental profile of each tillage treatment of the energy crop study is presented in
Appendix A (Figures A1–A5) for all the tillage treatments. Each graph depicts the contribution of each
process group to the most important impact categories for the study. All the emissions of substances
to air, water, and soil from the biomass production phase in the different tillage treatments were
represented by CT, RTI, RTII, RTIII, and NT biomass group. The biomass production phase was
almost exclusively responsible for the emissions in the Agricultural land occupation category and
CO2 from land transformation. These results were due to land use for specific period, during growth
cultivation and to the C sequestration in soil from land management change of use, respectively.
Also, biomass production group covered a part of Fossil CO2 category with similar percentages
(23–25%) in all tillage treatments, and a part of Particulate matter formation ranged 25–29% also for
all the tillage treatments. The biomass production phase had no contribution to Human toxicity,
meaning that production phase was not responsible for emissions included in this impact category.
The diesel consumption in tractor uses, gasoline consumption in transportation, and electricity use
in irrigation were represented from the Operation in the graphs. As it is depicted mainly in the
Water Depletion impact category and consequently in Particulate matter formation and Fossil CO2,
the operations showed significant contribution, with CT tillage treatment having higher amounts
in Particulate matter formation and Fossil CO2 (17% and 10%, respectively), while the lowest was
recorded in No-tillage treatment (7% and 4%). The agricultural machinery production and maintenance
of all the equipment and machinery used were included in the Capital goods group and had an
important contribution percentage in the majority of the impact categories in all the treatments.
Contribution analysis showed that the three most contributing processes were biomass production
(CT = 23%, RTI = 33%, RTII = 33%, RTIII = 33%, No Till = 34%), the irrigation (11% in all treatments),
and agricultural machinery (CT = 10%, all RT = 8%, NT = 9%).

3.3. Comparison with Monoculture Cotton Crop Using Different Functional Units

The results of the crop rotation system with two successive crops in one year is compared with
the prevailing monoculture cotton crop system. The same adapted ReCiPe midpoint method was used
for this comparison following the steps of the impact assessment analysis conducted earlier. Thus,
an existing cotton production process with data originating from USA was analyzed initially with
ReCiPe endpoint method, to distinguish the most important impact categories, and afterwards with
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adapted ReCiPe midpoint method. The endpoint analysis revealed as most important the same impact
categories with the energy crops studied plus the Terrestrial ecotoxicity, mainly due to many pesticide
usage in a cotton cultivation. The cotton crop is a multi-output process (cotton fiber and cotton seed)
that had been under economic allocation. The results coming from midpoint analysis are presented in
the Table 4.

Table 4. Impact assessment results cotton production, using ReCiPe midpoint 1.11 + Pfister et al. [32] water method.

Impact Category Unit Total Cotton Fibre {US}|Cotton
Production|Alloc Rec, Adapted

Cotton Seed {US}|Cotton
Production|Alloc Rec, Adapted

Fossil CO2 eq kg CO2 eq 1.533 1.226 0.307
Human toxicity kg 1.4-DB eq 0.211 0.169 0.042

Particulate matter formation kg PM10 eq 0.004 0.003 0.001
Terrestrial ecotoxicity kg 1.4-DB eq 0.100 0.080 0.020

Agricultural land occupation m2 4.204 3.363 0.841
Water depletion m3 0.492 0.393 0.098
Metal depletion kg Fe eq 0.105 0.084 0.021
Fossil depletion kg oil eq 0.382 0.306 0.076

Agricultural systems are multi-functional needing more than a single FU to be adequately
described. Thus, three FU was proposed by Nemecek et al. [36] that consider important aspects of
agricultural production:

• Land management function: Describes the cultivation of land with the hectare× year. This function
could minimize the environmental impacts in terms of area and time, while maintaining
agricultural production.

• Productive function: Agricultural activities aim at producing food, feed, or biomass for other uses
(bioenergy, renewable materials). The goal is to minimize the environmental impacts in terms of
product units (e.g., impact per kg of dry matter (DM) or MJ of energy produced).

• Financial function: From the perspective of the farmer, income is the main motivation for
agricultural production. The FU of impact per euro is measured with different economic indicators.

In the present study, the first two functional units will be used in the comparison of the two
cropping systems, cotton monoculture and biomass crop rotation. In Figures 6 and 7, the impact from
using a FU of 1 kg of dry biomass and 1 MJ, and in Figure 8 using FU of 1 ha, are presented.
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Figure 7. Comparison of environmental impacts to most important impact categories between cotton
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It is clear that the monoculture cotton crop had a bigger environmental impact than the energy
crops when the FU is 1 kg of biomass production or 1 MJ. It should be noted that cotton yield was very
low compared to the yield of the two energy crops. Nevertheless, the purpose of cultivating energy
crops was to produce biomass for combustion or other transformation process. Cotton crop production,
though, had different use purpose. Thus, the comparison using FU 1kg of biomass production
cannot interpret the results correctly, due to different end products between the two cropping systems.
Additionally, when the mass-based FU 1 MJ was used then we had the same end use, that is energy
from crops (biomass combustion) and the results were also the same (higher percentages in all impact
categories for all the treatments in the cotton crop). On the other hand, when the FU used for the
impact assessment analysis is 1 ha (Figure 8), the end use is also the same, the comparison of land use;
but this is a not a life cycle analysis anymore.
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The comparison depicted in Figure 8 shows that No tillage treatment had the best environmental
performance in relation to the total CO2 emissions, and better environmental performance in the
most impact categories compared to other treatments in the energy crop study. It should be kept in
mind that cotton is cultivated one year, growing in the field for half year. The energy crops in the
present study were cultivated for one year, growing in the field the whole year (double crop/year).
This means that many of the agricultural practices are doubled, i.e., machinery use, fertilizer amount,
while irrigation was applied only for spring energy crop but with three times more irrigation water
than cotton crop (Water depletion). Thus, Metal and Fossil depletion, as well as CO2 emissions and
Particulate matter formation, had increased values compared cotton crop with FU 1ha. However,
Human toxicity had small variations among cotton crop and biomass production, since this impact
category represented background processes and is almost always dominated by waste treatment of
coal power plants and coal mining. Also, Agricultural land occupation was almost the same for all the
crops, since the land use is 1 ha. One issue that should be highlighted is that the increased values in
the related to fertilization impact categories (CO2 emissions and Particulate matter formation) was
merely due to the inclusion of the rhizobium symbiotic crop (oat/vetch) in the crop rotation of the
energy crop study. The amount of biological nitrogen fixation had been accounted in the total amount
of synthetic nitrogen applied in the present study. This additional amount of N may end up increasing
the related environmental emissions, i.e., (N2O, NH3 and NO3), as other studies have found. Tuomisto
et al. [37], in a cropping system used in Spain, introduced grain legumes into low-input crop rotation
with sunflower, leading to an increase in most of the environmental impacts considered, since no
mineral fertilizer was replaced in the process.

4. Discussion

A large amount of site specific data was collected for all inputs and agricultural practices taking
place in the present energy crop study. The most important emissions from the field (N2O, NOx, NH3,
CO2) were calculated based on the collected and available data according to the most recent scientific
insights for conducting agricultural LCAs (Table 2). Potential limitation in the present study was the
one-year analysis, which may result in inaccurate calculation of carbon changes in soil. It should be
kept in mind that ∆SOC (difference in soil carbon) is difficult to be determined and may increase the
uncertainty in the analysis. If more years of data will be available then a more accurate assessment of
the tillage effect to the SOC will be made. Another potential limitation, concerning the comparison
of the tillage treatments, could be the use of the same inputs like, fertilization, herbicide application,
and irrigation (spring crop). However, the diversification of the inputs in relation to the tillage treatment
according to the expected yield, which is generally lower in no till and the reduced tillage (except disk
harrow-strip tillage reduced tillage treatment), could influence the outcome in a way that the results
could not be attributed to the tillage practice. Finally, one more limitation of the study could be the
use of the specific cotton production process, which is not a full representative of a cotton production
system in the area of Thessaly. However, given that there are no other relevant studies, this could offer
a comparison between the existing cropping system and the proposed innovative crop rotation.

The impact categories contributing most to the total environmental impact according to the impact
assessment analysis were Climate Change (mainly CO2 and N2O emissions), Human toxicity, Particulate
matter Formation, Agricultural land occupation, and Water, Metal, and Fossil depletion (Table 3).
The results from the adapted midpoint method for each treatment (Appendix A, Figures A1–A5)
showed that background processes (i.e., groups of fertilizer, energy/fuel, seed production, and capital
goods, attributed to background processes) were almost exclusively responsible for the impacts of
Human toxicity (this impact category is almost always dominated by waste treatment from coal
power plants and coal mining wastes), and Metal and Fossil depletion impact categories (because
the mineral and fossil resource extraction take place in the mining processes). Regarding the Fossil
depletion impact category, it should be clarified that fossil resources were needed for production
and transportation of agricultural inputs and for machinery production. The foreground processes
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were represented by biomass production and operations groups. The biomass production group
(including all inputs, land use, and agricultural practices required for biomass production) was
responsible for a substantial amount of Fossil CO2 emissions (CT = 23%, RTI, II, III = 24%, NT = 25%;
Appendix A, Figures A1–A5), mainly due to fertilization. Also, it was exclusively responsible for CO2

emissions from land transformation (resulting from land management change) and Agriculture land
occupation categories. Biomass production group had a quite large participation in the Particulate
matter formation (CT = 25%, RTI, III = 27%, RTII = 28%, NT = 29%; Appendix A, Figures A1–A5),
also due to fertilizer applications, but a small contribution to Water depletion. Water depletion impact
category is attributed to the operation group mainly due to energy (electricity) needed for pumping
the water. Also, operation group (including fuel and electricity consumption) contributes to Fossil
CO2 (CT = 10%, RT I, III = 7%, RT II = 6%, NT = 4%; Appendix A, Figures A1–A5), and to Particular
matter formation impact categories (CT = 17%, RTI, II = 11%, RT III = 12%, NT = 7%; Appendix A,
Figures A1–A5), revealing the contribution of fuel consumption and the machinery exhaust gases,
respectively, to Fossil CO2 and Particulate matter impact categories. In Tables S2–S11, the inventory
substances’ emissions are presented for Fossil CO2 and Particulate matter formation impact categories,
and only for foreground processes, resulting from the primary data of the study in groups of Biomass
production and Operation. Fossil CO2 and Particulate matter formation impact categories depict the
use of fertilizers. For all the tillage treatments, N2O emissions to air from Fossil CO2 category, and NH3

emissions to air from Particulate matter formation category were totally responsible for the impact
to the environment of the Biomass production group. Also, CO2 fossil emission to air from Fossil
CO2 category and the N2O from Particulate matter formation category were totally responsible for
Operation group impact to the environment. Thus, fertilization was revealed to be the main driver
for environmental impacts followed by fuel consumption during the biomass production for all the
treatments. These results agree with the recent LCA study of Nemecek et al. [19], where, in an LCA
eco-efficient crop rotation with crop combination study, they found that N management was the key
driver for the environmental impact, revealing a strong correlation between them. They suggested
that diverse crop rotations with reduced N inputs are a promising way to reduce the environmental
impacts of intensive arable crops. Furthermore, Becenetti et al. [22], in a similar study to the present
study, analyzed the environmental performance of three different tillage practices—conventional
tillage, minimum tillage, and no tillage—of two cropping systems (single crop system: Only one crop
cultivated in one season and double crop system: Two crops grown in sequence) in cereal production.
They found that the fertilizer application and diesel consumption and production were the main
processes with the greater influence on the overall environmental burden.

When tillage treatments were compared, the results with ReCiPe endpoint and midpoint methods,
respectively, revealed that the RT II S (Reduced Tillage II using strip tillage) treatment presented the
best environmental performance compared to all the other tillage treatments in all the important impact
categories. This result is in agreement with several studies [22,28,38,39]. However, the differences
in the methodology and the way the “Reduced” and “No Tillage” agricultural practices are defined
(even the conventional tillage found to use other than ploughing machinery) makes it difficult to have
identical results. In a general perspective, though, it is highlighted that with respect to conventional
tillage, reduced tillage and no tillage could achieve better environmental performances [22,28,38,39].
The reduction of the environmental load was mainly due to lower diesel fuel consumption and secondly
to other inputs like fertilization, water, and seed use. Moreover, Küsterman [28], after conducting a
more thorough research, revealed the benefits of reduced tillage over conventional in relation to lower
consumption of diesel fuel (reduced by 35%) (direct input of diesel fuel and electricity) and fossil
energy (by 10%) (indirect input of fossil energy), as well as to C sequestration and N accumulation
in the soil. When two different reduced tillage treatments were compared (a chisel plow 18 cm and
8 working depth), the key factor for better environmental impacts was yield. They stated that the
significant decrease in yield reduced the nitrogen and energy efficiency and raised yield-related GHG
emissions in comparison to other treatment. Similar results were also found in the present study,
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where the comparison among the RT (chiseling, disk harrow/strip, rotary cultivator) treatments showed
that RT using strip tillage had lower CO2 emissions compared to other due to higher yield. Generally,
RT II (disk harrow/strip) presented the lowest emissions in all impact categories due to highest yield
(15.1 t/ha) and the reduced fuel consumption compared to CT (reduced by 48%). It should be noted that
NT treatment had the lowest fuel consumption compared to CT (reduced by 71%). However the lowest
biomass production of this treatment was responsible for its medium environmental performance.

An important issue that should be highlighted concerns the C accumulation in soil. The carbon
soil depletion is an extremely important factor for GHG emissions of cropping systems [28].
Numerous investigations reported using methods of no or conservation tillage supported C sequestration,
while conventional tillage led to soil organic carbon (SOC) decline and CO2 released to the
atmosphere [28,29,40]). In the present study, the highest SOC reserves were obtained in NT treatment,
followed by RTII (disk harrow/strip), RTIII (rotary), and RTI (chiseling). SOC reserves were inversely
correlated to the tillage intensity and the depth of soil disturbance. The lowest SOC levels were in
the CT ploughed treatment. However, annual SOC changes are relatively small compared to the total
SOC pool. According to Körschens [41], long-term field experiments (minimum of 10 years) should
be arranged in order to detect differences in humus content. The annual changes in C content are
spatial variable and generally small. In addition to this, Baker et al. [42] stated that errors may occur
in sampling depth, sample preparation, and laboratory analyses, concluding that “Studies that have
involved deeper than 30 cm sampling generally show no C sequestration benefit for conservation tillage,
often show more C in conventionally tillage systems”. In the present study, samples were taken from a
maximum soil depth of 30 cm, which suggests that the significant effects of tillage on the SOC reserves
were taken into account (soil depth of 0–30 cm is the depth that the majority of the studies consider in
their experiments). The measured ∆SOC in the present study concerned an intermediate measurement,
and another measure of SOC will take place at the end of a three-year experiment resulting in more
precise calculations of ∆SOC, revealing more accurate effects of tillage treatments to the SOC.

The comparison among the tillage treatments revealed that reduced tillage (RT) II disk harrow
(DH)/strip tillage (STR) treatment resulted in the best environmental performance compared to all the
other tillage treatments in all the important impact categories. RT II DH/STR treatment used a strip
tillage machine for seedbed preparation before planting spring crops. For winter crops, primary and
secondary tillage was carried out by a disk harrow at 6–8 cm. RT II DH/STR treatment had the
highest yield (15.1 t/ha) and at the same time a substantial decrease in fuel consumption compared to
conventional tillage (CT) (reduced by 48%). Therefore, RT II S presented the lowest emissions in all
impact categories per kg biomass produced. It should be noted, though, that no tillage (NT) treatment
had the lowest fuel consumption compared to CT (reduced by 71%) but produced the lowest biomass
and ended with a medium environmental performance. The tested double cropping rotation system
for biomass production compared to the prevailing in the area cotton crop using conventional tillage
presented reduced environmental impact in all categories when a mass-based functional unit (FU) was
used (Figure 7). That is, when the mass-based FU was used (1 kg DM or 1 MJ), the monoculture single
cotton crop had higher environmental impact than the energy crops. However, when a comparison
between monoculture cotton crop system and a crop rotation system of energy crops was made using
different FU for the LCIA analysis, the results could be interpreted differently. Therefore, when 1 ha
of a cotton crop cultivation was compared with 1 ha of the tested energy crops, cultivation using
reduced input levels, as it was cotton crop, had better environmental performance in almost all impact
categories except CO2. This means that when comparing cropping systems based on yield production
(mass-based FU), the system with higher production has better environmental impact profile, as in our
case of study. On the other hand, when area-based FU was used, yield is no more the key driver of the
comparison. Productivity per hectare is an important parameter that influences the impact per unit of
the product. Productivity is also related to the amount of inputs that is used. Using hectare as the
FU does not take the productivity into account. Then, the amounts of inputs used are considered the
key issue. However, this is not an LCA analysis anymore, since LCA is a product-based method of
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assessment. It is clear that the productivity of crops is the most important factor for the production
of food, and thus humans’ survival, and in this factor the LCA is based. Additionally, when FU was
1 ha, NT treatment had the best environmental performance in relation to the total CO2 emissions
between the two cropping systems, but also presented better environmental performance among the
tillage treatments of the energy crop study in the most impact categories. NT treatment using direct
planting with a no till pneumatic drilling machine for winter crops and a pneumatic planting machine
for spring row crops resulted in reduced fuel consumption compared to CT (reduced by 71%) and the
other tillage treatment. It is clear from the results that a land use change from cotton monoculture to
crop rotation for energy crops (which can also be animal feed) could be beneficial for the environment
when considering yield. The area-based analysis gave some advantage to cotton monoculture but did
not take into account the productivity that is a prerequisite to cover human needs. From this point of
view, no till or reduced tillage biomass production gave the best overall results.

Monoculture cropping system have been the dominant cropping system in the tested area for a long
time. Adopting an innovative double crop rotation system of energy crops, using conservation tillage is
aimed to improve the environmental and economic performance of the cropping system, while leading to
more sustainable cultivation by improving soil organic matter content, i.e., C sequestration, decreasing soil
erosion, reducing fertilizer use by using N-fixing legume crops, and finally, reducing pesticides inputs
by restricting pest presence and damage, using crop rotation. Many environmental research studies
have focused on the environmental profile of specific crops [9,22], while a substantial number was
concerned with the environmental impacts from different agricultural practices or different cropping
systems [21,22,38,39]. Crop residue management and land use management changes, from monoculture
(using conventional tillage and, in most cases, burning or removal of the residues) to a crop rotation
using conservation tillage (reduced and no-till tillage) were also issues under consideration in the current
study. The reference scenario of the monoculture conventional crop corresponded to the cotton cultivation.
Planting winter cover crops can compensate of some disadvantages (i.e., soil organic carbon levels and
soil erosion) occurring when removing crop residues in energy crops. Cover crops also permit crop
residues to be harvested without adverse effects to the environment, like soil erosion. Thus, utilization of
crop residues and winter cover crops can improve the eco-efficiency of the cropping systems [11]. In the
present study, an LCA methodology was used to support the experimental results, revealing the benefit of
lower environmental impact when adopting the proposed such novel cropping system.

5. Conclusions

In the present study, a crop rotation combined with reduced or no tillage treatment and presented
as a possible solution to initially substitute the monoculture cropping system prevailing in the area
and secondly to alleviate the effects of whole biomass (whole crop or crop residues) removal from
the field as expected to happen with second-generation biofuels production. An LCA methodology
was adopted to assess the environmental implication of a new technology in agriculture, which is
conservation tillage agriculture, and also to evaluate the environmental benefit of introducing an
innovative double crop rotation per year system. The LCIA characterization results used primary data
of one year, including two successive crops—spring and winter crops. The main conclusions emerged
from the present LCA study are summed up below:

• When the cropping system was analyzed concerning inputs and outputs, the fertilization was
the main driver for environmental impacts followed by fuel consumption during the biomass
production for all the treatments.

• When the different tillage practices were compared, RT II S treatment presented the best
environmental performance (lowest emissions per kg biomass produced) compared to all the
other tillage treatments in all the most important impact categories.

• When the mass-based FU was used (1 kg DM or 1 MJ), the monoculture single cotton crop had
higher environmental impact than the energy crops.
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• When the area-based FU was used (1 ha) No tillage treatment had the best environmental
performance in relation to the total CO2 emissions between the two cropping systems, as well as
presenting better environmental performance among the tillage treatments of the energy crop
study in the most impact categories.
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