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Abstract: In the last years the greenhouse effect has been significantly intensified due to human
activities, generating large additional amounts of Greenhouse gases (GHG). The fossil fuels are
the main causes of that. Consequently, the attention on the composition of the national fuel mix
has significantly grown, and the renewables are becoming a more significant component. In this
context, biomass is one of the most important sources of renewable energy with a great potential
for the production of energy. The study has evaluated, through an LCA (Life Cycle Assessment)
study, the attitude of alfalfa (Medicago sativa) as “no food” biomass alternative to maize silage (corn),
in the production of biogas from anaerobic digestion. Considering the same functional unit (1 m3

of biogas from anaerobic digestion) and the same time horizon, alfalfa environmental impact was
found to be much comparable to that of corn because it has an impact of about 15% higher than corn
considering the total score from different categories and an impact of 5% higher of corn considering
only greenhouse gases. Therefore, the analysis shows a similar environmental load in the use of
alfalfa biomass in energy production compared to maize. Corn in fact, despite a better yield per
hectare and yield of biogas, requires a greater amount of energy inputs to produce 1m3 of biogas,
while alfalfa, which requires less energy inputs in its life cycle, has a lower performance in terms
of yield. The results show the possibility to alternate the two crops for energy production from an
environmental perspective.
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1. Introduction

The raising concern regarding climate change, pollution and depletion of fossil resources has led
to a large interest in the use of renewable energy and consequently research related to biomass crops.
The global carbon cycle is massively impacted by humans through the changes in land use and the
combustion of fossil fuels. By 2050, increase of the human population to more than 9 billion people
and sustained global economic growth will require 50% more fuel and CO2 emissions cuts of 80% to
maintain political, social, fuel and climate security [1,2]. The United Nations Conference on Climate
Change (Paris 2015) reached an international agreement to keep the rise in global average temperature
well below 2 ◦C and to aim to limit the increase to 1.5 ◦C [3]. These reductions will have to be made
in the face of rising global energy demand [4]. Energy based on renewable materials is considered
a possible solution, with the 2020 European Union Climate & Energy Package directives [5] setting
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the target of achieving a 20% share of energy from renewable resources by 2020, including biogas
produced by anaerobic digestion (AD) of agricultural feedstocks [6].

For this reason, the attention on renewables within the national fuel mix has significantly grown
(in Italy, there was a steady decline of fossil component, from 93.8% in 1990 to 81.3% in 2013).

Energy from bio-renewables such as biomass crops has become an alternative to fossil fuels with
claims of sustainability and capacity of C storage, however debate has arisen concerning issues such as:

1 competition of land use between food and energy destination;
2 sustainability of bioenergy production, in fact agriculture uses greenhouse gas (GHG) -emitting

methods, machinery and fertilization etc. in cultivation, harvesting, storage and transport [7].

Agricultural practices are relevant to global GHG budget, as agroecosystems contribute to 14%
of global anthropogenic GHG emissions [8], biomass production therefore does not come without a
carbon footprint and only forest land accumulates more carbon than it emits. However, bioenergy
produced in a proper manner can be used in a relevant quantity, but it has to be derived from feedstock
obtained with much lower life-cycle greenhouse-gas emissions than traditional fossil fuels and with
little or no competition with food production [9]. Bioenergy chains managed sustainably are suggested
as strategies to mitigate GHG in general [10] and particularly in agriculture [11].

To avoid food competition several studies reach the conclusion to grow biomass crops on degraded
lands abandoned from agricultural use [12–15], this will also reduce the long term carbon debt and
biodiversity loss due to direct and indirect land clearing. Land that does not store large amount of
carbon but still allows a decent yield of biomass is recommended for carbon gain in the bioenergy chain.

In addition, the choice of the plant species is very important. In fact, cropping systems vary
according to the plant life cycle, yields, feedstock conversions efficiencies, nutrient demand, soil carbon
inputs, nitrogen losses etc. all having influence on the management operations [16]. Non-food plants
are obviously preferable, but also perennial plants or double crops (or mixed cropping system) are
advisable to reduce clearing of land and carbon loss [12,17–19] increasing also biodiversity and several
ecosystem services [20,21].

In general, a modern bio-based energy chain is expected to first, access sustainable feedstock,
second, reduce the industrial carbon footprint, third, implement economically advantageous processing
chains and fourth, start a bio-based innovation cycle [22]. Potentially this holds true for one of the
main bioenergy chain: biogas production.

Biogas consists of methane (CH4) and carbon dioxide (CO2) with traces of other impurities, such as
hydrogen sulfide (H2S), ammonia (NH3), and water vapor produced by anaerobic digestion which is a
dual-purpose technology for treating complex biomass wastes that converts organic matter into biogas.
Biogas has been used to produce electricity using combined heat and power (CHP) systems. Purified
methane from biogas has also been upgraded to compressed ‘natural’ gas (Bio-CNG) or liquefied
‘natural’ gas (Bio-LNG) for transportation fuels [23,24]. Raw or purified biogas can also be upgraded
into liquid fuels via biological or thermochemical conversion methods [23]. The digestate residue
contains large amounts of nutrients (e.g., nitrogen and phosphate) and can be used as a fertilizer [25,26].

European production of biogas has expanded rapidly in the last years. More than 16,000 ktoe
of oil equivalent were produced by biogas in the EU in 2016, which is approximately 8% of the total
primary energy produced by renewable energies in the EU. The average growth rate was a relevant
17% per year in biogas capacity in the EU in the period 2005–2015 which is currently reduced to 1% [27].
Germany is the largest producer of biogas, not only in Europe but also at the global level. In 2016
Germany had 10,971 AD plants with a total installed electrical capacity of 5 GWel [28], which generated
33.7 TWh [29]. Italy holds the second place at 9.3 TWh of electricity produced by 1555 AD plants
with a total installed capacity of 1171 MW [30]. The majority of the plants are fed with agriculture
feedstock (e.g., dedicated maize) [30]. Financial incentives promoted the rapid expansion of biogas
plant installations in Europe, being a feed-in-tariffs (FiT) scheme available in 29 countries [31]. In Italy
electricity generators using biogas produced in AD plants smaller than 1 MW were initially paid
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280 €/MWh generated, later incentives were reduced and payments for utilization of heat and other
coproducts were introduced [30,32].

However biogas can still represent an interesting source of income for farmers and it is worth
investigating the potentiality of bioenergy/biogas chains in regions where agricultural properties are
fractionated and are mostly located in hilly areas of limited fertility such as in central/southern Italy
where farmers are facing more stringent conditions to produce an income [19,33]. In such areas the
presence of marginal land is more recurrent and this stimulates the adoption of low-input crops with
scarce competition with food sector. Alfalfa is well adapted in central Italy and it requires very modest
or limited amount of inputs in terms of fertilization, irrigation, pest control. Most of all due to its ability
to fix nitrogen it is less dependent upon nitrogen fertilizer and therefore more economically sustainable
and environmentally friendly. Indeed the N cycle has a significant impact on the energy balance and
production of greenhouse gases. The fossil fuel energy required to produce N used in bioenergy
production can account for a significant portion of the total system energy requirements. Thus, reducing
the amount of nitrogen fertilizer can significantly increase the energy balance (net production) of the
system. Perennial forage crops such as alfalfa can have lower requirements for N than an annual crop
like corn, thereby reducing the fossil fuel energy requirement [34]. Lower N use also reduces the
emission of N2O, a potent greenhouse gas [35,36].

Nowadays Life Cycle Assessment (LCA) is the methodology of common use to evaluate products,
processes and services from an environmental perspective, the general guiding principles for this
analysis can be found in ISO 14040 [37] and ISO 14044 [38]. LCA allows the evaluation of the
environmental drawbacks associated with a product by identifying natural resources consumption
and emissions to environmental compartments, providing opportunities to attain environmental
improvements (analyses on LCA and agriculture can be found in [39] and more recently in [40]).

A number of publications is available concerning LCA studies of agricultural systems in general
and also related to different energy crops and energy chains. Interestingly Fusi and colleagues, report
a recent survey of 26 LCA studies found in literature (till March 2016) related to biogas with very
different goals, life cycle impact assessment (LCIA) methodologies, feedstocks, and geographical
regions covered [41].

In the present work we compare two main crops grown in central Italy in traditional agricultural
systems, such as maize and alfalfa; maize being also evolved into a major energy crop and alfalfa still
being traditionally used as forage. We aim to investigate the possibility to replace, in biogas production,
the most common bioenergy crop, corn, with an alternative crop, alfalfa, which requires a lower energy
input. Maize (Zea mays) is an annual herbaceous and it is one of the most important cereals worldwide,
cultivated in tropical and temperate regions, in the latter case with a spring-summer cycle. In temperate
regions maize silage was used as a forage with medium-term storage characteristics, however with
the spread of biogas plants, e.g., in Europe, maize silage has also become a major source of energy
biomass. The same has happened to maize grains that are currently used both as a feedstuff and as a
raw material for bioethanol production (http://www.yara.co.uk/crop-nutrition/crops/maize/key-facts/
maize-markets/).

On the contrary alfalfa, Medicago sativa, is still most commonly used as a forage crop, however it
is becoming an increasingly studied crop for bioenergy production worldwide [42].

Due to its perennial growth habit it has a significant contribution in protecting water and soil
resources, enhancing soil fertility, and sequestering soil carbon. Because of biological nitrogen fixation,
alfalfa usually requires no nitrogen fertilizer, and can provide all of the nitrogen required for the
following grain crop. The biomass yield is potentially high and the forage can be fractionated into
protein-rich leaves and cellulose-rich stems to create two product chains. The stems can be used for
production of energy by fermentation to ethanol or gasification to produce electricity [43].

In general, we are seeking to establish a model based on sustainable crops, with lower energy
inputs, to create new sources of income supporting local livestock farming realities. The agricultural
and livestock sector in Italy, in fact, is the one that collects the most potential for the production of
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methane. In particular, in the last years, the Italian biogas sector has had a significative exponential
growth increasing from 50 plants before 2000 to and 3.3 MW installed to 1555 plants and 1171 MW
installed more recently [30].

2. Materials and Methods

The energy performances of maize and alfalfa were compared in terms of biogas production.
The impact associated with the use of each crop was evaluated with an LCA study. The study was
carried out through the SimaPro (System for Integrated Environmental Assessment of Products) version
8 software (PRé Sustainability, Amersfoort, Netherlands).

2.1. Life Cycle Assessment Methodology

Life Cycle Assessment (LCA) analysis is a method which evaluates the interactions that a product
or a service has with the environment, considering its entire life cycle. The guidelines used for
the LCA analysis are the ISO 14000 series standards on the environmental management systems.
In particular, the main references are the UNI EN ISO 14040:2006 Environmental management—life
cycle assessment—principles and framework and the UNI EN ISO 14044:2006 Environmental
management—life cycle assessment—requirements and guidelines.

The LCA covers the entire life cycle of the product, considering the extraction and acquisition of
raw materials, the manufacturing and production of materials and energy, the end of life treatment
and final disposal (http://lcarifiuti.net). The technique uses a relative approach, structured around a
functional unit, which defines the object of the study. All data are then related to the functional unit,
as well as, all inputs and outputs and, consequently, the environmental impact value [44].

In order to facilitate the identification of the input and output elements of a product system, it is
divided into a series of unit processes, connected by flows of intermediate products and/or waste to
be treated.

A LCA study is divided into the following main phases [45]:

- Goal and scope definition: the scope, including the system boundaries and the LCA detail level,
depends on the subject and the intended use of the study.

- Life Cycle Inventory (LCI): in this phase all inputs and outputs related to the studied system are
identified. The LCI is a fundamental step to achieve the study’s objectives.

- Life Cycle Impact Assessment (LCIA): the purpose of LCIA is to provide additional information
to facilitate the assessment of the LCI results, in order to reach a better understanding of their
environmental significance.

- Life Cycle Interpretation: the interpretation of the life cycle results is the final stage of the LCA
process, in which the results of an LCI and/or an LCIA are summarized and discussed, according
to the defined objective and the scope, as a basis for conclusions, recommendations and decisions.

2.2. Case Study and Selected Biomass Crops

The study examined the life cycle impact of one cubic meter of biogas from corn and alfalfa crops,
following the UNI EN ISO 14040 and UNI EN ISO 14044, which regulate the LCA procedure.

The case study selected is a farm located in central Italy, which can be considered an interesting
case to establish a biogas plant fed with locally produced biomasses and sewage.

The farm covers 1000 hectares occupied by woods, pastures and meadows and arable flat land in
the Municipality of Città della Pieve. The climatic parameters (2007–2017) as recorded by a regional
control unit near the farm are typical of hilly areas of the region (average annual precipitation: 813 mm;
yearly average temperatures: minimum−8.5, maximum 37.5; monthly mean rainfall 68 mm). The arable
land is cultivated according to traditional criteria of agricultural rotations with wheat, sunflower and
different crops to provide all the forage for livestock: alfalfa, corn, sorghum and triticale silage. Because
of the current water shortage due to persistent variability in climatic conditions, and because of the
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presence of livestock sewage and pastures, it is an interesting case to implement a biogas production
based on low input crops. Our first approach is to evaluate the environmental impact of two crops
with very different tillage/cropping requirements.

In the present LCA evaluation maize and alfalfa whole plant silage was considered as feedstock
for biogas production.

2.3. System Boundaries

The system boundaries have been defined following a methodological approach that considers the
history of the product from “birth” to the company gate, i.e., considering the raw materials extraction,
the materials production and their use. The downstream processes were not considered.

Specifically, the study has considered the following unit processes:

- Soil occupation,
- Plowing,
- Harrowing,
- Sowing,
- Fertilization,
- Weeding,
- Irrigation,
- Forage harvest,
- Nitrogen fixation.

The case studied farm is still performing traditional tillage operations with a first intense tillage
(harrowing) followed by a secondary tillage operation (harrowing) to smooth the soil surface and
establish a suitable seedbed.

Not all these units belong to the life cycle of corn and alfalfa. In particular, nitrogen fertilization,
weeding and irrigation are not necessary for alfalfa cropping in the case studied and in general in
conditions typical of Central-Southern Italy. On the contrary, nitrogen fixation ability does not belong
to the maize life cycle.

The use of a nitrogen-fixing species in cropping systems reduces the need for nitrogen fertilizers
and improves the efficiency of nitrogen use, because the biologically fixed nitrogen is bound to the
organic matter and for this reason is less susceptible to the chemical transformation and the physical
factors that lead to its volatilization and dispersion.

It can be said that the alfalfa crop in rotation with other species, leads to a greater efficiency of
nitrogen utilization than the monoculture of the same. Succeeding crops benefit from the nitrogen
fixation advantages and, for this reason, they will not be considered within the alfalfa life cycle.

Supplemental Materials Table S1 shows the unit processes considered in the study for each crop.
In consideration of the difficulties of modeling perennial cropping systems and that they are

normally treated as annuals (see [46] for a review), and because corn is an annual crop and alfalfa has
an average lifespan of four years, in order to have comparable results, all the input data and processes
have been introduced considering a useful life of four years. Specifically, for maize cultivation the
operations introduced in the first year have been repeated also in the second, third and fourth year.
For alfalfa only forage harvest and nitrogen fixation have been considered in the second, third and
fourth year.

Figure 1 synthesizes both maize (A) and alfalfa (B) crop system boundaries.
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Figure 1. System boundaries of (A) maize (annual crop) and (B) alfalfa (poliannual crop).

2.4. Functional Unit

The analysis has been developed to evaluate the production of energy from vegetable crops through
the use of anaerobic digestion (Anaerobic digestion is a biological process by which a complex organic
substrate is transformed into biogas, consists mainly of methane (55–75%), carbon dioxide (30–45%)
and in minor components, such as nitrogen, hydrogen, ammonia, hydrogen sulfide, and organic
final stabilized products. Degradation occurs in one or more reaction spaces, called digesters, in the
complete absence of oxygen and generally heated) (AD) process [47].

Even if the functional unit used in many LCA studies of energy crops is the area of the cultivated
ground or the mass of biomass [48], this solution didn’t seem the most appropriate for our study
because the chosen biomasses have very different yields per hectare and biogas yields.

For this reason, the functional unit selected is one cubic meter of biogas (1 m3
N). All the collected

data were then normalized on the basis of this unit.

2.5. Data Collection

The data were collected through the use of a template given directly to the farm management,
all the information about the energy and material flows relate to 2015.

The farmer has described the different materials and the quantities used during the process,
as well as, the energy consumptions and production during the year. Specifically, he provided the
following data: types of agricultural machinery employed and relative powers, fertilizers used, water
consumption, energy and lubricating oil machinery requirements, seeds used.

The following unit measures were taken into account: liters for the fuel consumption; kilograms for
the use of fertilizers, seeds, lubricating oil and fixed nitrogen; cubic meters for the water consumption;
horsepower for the equipments. For the quantity of nitrogen fixed from the soil, the value has been
defined according to [49], assuming an average value because nitrogen fixation is different according to
the type of soil. Starting from the collected data, it was possible to build the inventory and, subsequently,
the different unit processes which compose the system.

For the impact assessment, the yields per hectare of the two investigated crops have been taken
into consideration and obtained directly from the farmer, while the biogas potentials were derived from
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average ratios of experimental tests made by an Italian company, Agroinnovazione Srl, specialized
in the servicing of biogas plants. As reported in Table 1 the production of one hectare of cultivated
maize was about 20 tons of dry matter and for one hectare of alfalfa it was 3.4 tons in the first year.
Alfalfa yield increases in subsequent years, assuming a value of 8 tons/ha in the second and third year,
up to 4.5 tons/ha in the fourth year. Furthermore, one ton of organic dry substance of maize is able to
generate 650 m3 of biogas.

Table 1. Yields of maize and alfalfa.

Maize
Alfalfa

1st Year 2nd–3rd Years 4th Year

ton DS/ha 20 3.4 8 4.5
% of OS 95% 90% 90% 90%

m3 of biogas for ton ODS 650 530 530 530

Alfalfa, instead, has a lower yield equal to 530 m3 of biogas for one ton of organic dry substance.
The input provided by the investigated farm are shown in Table 2 and have been referred to one

hectare of crop.

Table 2. Input material flows.

Maize Alfalfa Power Tractor Machine

Occupation 1 ha 1 ha

Plowing
220 Hp Quadrivomere plowFuel 50 L 50 L

Lubricating oil 0.5 Kg 0.5 Kg

Harrowing
110 Hp Rotating arrowFuel 15 L 15 L

Lubricating oil 0.2 Kg 0.2 Kg

Sowing

85 Hp Seeder
Fuel 10 L 10 L
Lubricating oil 0.2 Kg 0.2 Kg
Seed 20 Kg 50 Kg

Fertilization

80 Hp Fertilizer spreader
Fuel 15 L 5 L
Lubricating oil 0.1 Kg 0.1 Kg
N fertlizer 220 Kg 15 Kg
P fertilizer 80 Kg 150 Kg

Weeding

170 Hp SprayerFuel 45 L
Lubricating oil 0.1 Kg -
Glyphosate 4 L

Irrigation

400 Hp IrrigatorFuel 40 L
Lubricating oil 0.3 Kg -
Water 400 m3

Forage harvest
400 Hp Specific machine for

the type of cropFuel 40 L 40 L
Lubricating oil 1 Kg 1 Kg

From the above values and the different yields in term of biogas production, it was possible to
perform the analysis of environmental impacts associated to the production of 1 m3 of biogas from the
crops analyzed. Ecoinvent database was used for the data definition into the Simapro software [50].
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2.6. Theory/Calculation

The Method

In the present study the impact was assessed through the following two methods as in other
agricultural LCA analysis [51,52]:

- “Eco-indicator 99” [53];
- IPCC 2013 GWP 100y [54].

Eco-Indicator 99 Method

The Eco-indicator 99 method has been developed by the Dutch PRé (Product Ecology Consultants)
on behalf of the Dutch Ministry of Environment; it allows to aggregate the results of an LCA into
easily understandable and usable quantities or parameters, called Eco-indicators (Eco-indicator 99
2000). To allow a more multifaceted representation of the results, it has been thought in three distinct
versions, each of which represents a certain type of people.

The distinctive features of the three archetypes considered in the model are described below:

- Individualist (I): is a person free from any bond; in his view, everything is provisional and subject
to negotiation.

- Egalitarian (E): has a strong attachment to the group, but not to his charges; not recognizing
differences of role, it makes ambiguous relationships within the group often sparking conflict.

- Hierarchist (H): it is a person who has strong ties both with the group and with its rules; creates a
strong stability, favoring the control actions on themselves and on others.

The method of the designers recommends the use of the hierarchical version as the default for the
evaluation within the calculation codes. This perspective is the one which is a major chord with all
other models. The term “environment” is identified with three types of damage:

1 Human Health: under this category we include the number and duration of diseases, and life years
lost due to premature death from environmental causes. The effects included are: climate change,
ozone layer depletion, carcinogenic effects, respiratory effects and ionising (nuclear) radiation.

2 Ecosystem Quality: under this category the method includes the effect on species diversity,
especially for vascular plants and lower organisms. The effects are: ecotoxicity, acidification,
eutrophication and land-use.

3 Resources: under this category it includes the surplus energy needed in future to extract lower
quality mineral and fossil resources. The depletion of agricultural and bulk resources as sand and
gravel is considered under land use.

Each category of damage is in turn divided into impact categories, as shown in Table 3.

Table 3. Impact and damage categories for Eco-Indicator method.

Carcinogens substances (DALY)

Human Health (DALY)

Respiratory effect (organic) (DALY)
Respiratory effect (inorganic) (DALY)
Climate change (DALY)
Ionising radiation (DALY)
Ozone layer depletion (DALY)

Ecotoxicity (PAF·m2
·yr)

Ecosystem Quality (PAF/PDF)Acidification/Eutrophication (PDF·m2
·yr)

Land use (PDF·m2
·yr)

Minerals (MJ Surplus) Resources (MJ Surplus)
Fossil fuels (MJ Surplus)
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Each category of damage has its own unit of measurement:

- DALY: This indicator expresses the number of Disability-Adjusted Life Years (DALYs), or the
weight of an infirmity due to a disability or premature death attributable to each disease.
To quantify the damage done to human health we must consider a scale that is able to measure
the health of the population

- PDF·m2·yr/PAF·m2·yr (PDF: Potentially Disappeared Fraction, PAF: Potentially Affected Fraction):
the authors of the method chose to consider the change in the number of plant species present in
a territory such as biological indicator of health of the ecosystem and, therefore, the associated
measurement unit representing the decrease (Disappeared) or damage (affected) of the number of
species (expressed in the form of fraction) for the area and for the time.

- MJ Surplus: it is defined as the difference between the energy currently required for the extraction
of a resource and that one indispensable in a future moment. The surplus is estimated as that will
be needed to extract 1 kg of material in the moment in which the consumption of that material
will be five times that extracted before 1990. The choice of the factor N = 5 is totally arbitrary.

After the characterization, the method calculates the damage assessment, and then damages due to
the impact categories are multiplied for the factor 1, to be included in their respective categories of
damage, except that due to Ecotoxicity that is multiplied for the factor 0.1.

The normalization makes the damages found in the phase of characterization homogeneous,
with the goal of making the three impact categories comparable for the evaluation of the damage.
Normalized damages are “weighted” and summed to obtain a single indicator of damage. In practice,
the values of the normalized effects are multiplied by the weight of evaluation factors, related to
the various categories of damage, and added together to obtain a single value, the “Eco-indicator”
(in points or milli-points, mPt), which expresses the impact associated through a final environmental
index. In brief Eco-indicator 99 is an endpoint method, where eleven impact categories are grouped
into three damage categories, weighted and then aggregated into a single index, which represents the
overall environmental load. A thousand points (kPt) represent the environmental impact of an average
European inhabitant [52].

IPCC 2013 GWP 100y method

The “2013 IPCC GWP 100y” impact assessment method allows to extrapolate immediately the
impact associated with the category of interest.

The IPCC (Intergovernmental Panel on Climate Change) has compiled a list of values of the GWP
for different exposure times (20, 100 and 500 years), based on the experiences of scientists around the
world. GWP factors related to short period (e.g., 20 years) provide an indication of short-term effects
of greenhouse gases on the climate, while GWP relative to longer periods (100 to 500 years) are used to
assess the cumulative effects of these gases on the long-term global climate.

For the objectives of a study on the life cycle, it seems preferable to consider the broader possible
exposure, but since the increase of the integration time, the uncertainty on the estimated values,
are universally used the potential of integrated 100 years (GWP100a).

GHG emissions are measured in mass and converted to equivalent CO2 emissions using global
warming potentials (Global Warming Potential) to 100 years (GWP100) (IPCC, 2014). The GWP is
calculated by adding the emissions of GHG, multiplied by the appropriate factors GWP100 [55].

IPCC GWP 100y calculates the greenhouse effect damage. The only considered impact category is
then the Global Warming 100a expressed through kg of equivalent CO2.

In brief the IPCC 2013 GWP 100y is a midpoint method and expresses environmental impacts in
terms of the emission of GHG, with the resulting environmental impact represented in kg CO2-eq. This
method comprehends the anthropic contribution plus the natural variability of the climatic system [52].
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3. Results

Impact Assessment

The phase of LCIA (Life cycle impact assessment) converts the data previously processed in the
LCI phase (materials and their related processes) in potential environmental damage. Specifically,
the harmful effects on health and environment produced by the analyzed crops in their life cycle,
have been evaluated and quantified. The level of detail, the most significant impact categories to be
investigated and the methodologies used are dictated by the objective and the scope of the study.

The following are the results of the current LCA study through the Eco-Indicator 99 (H) method
using SimaPro software.

In order to reproduce the different operations that take place in the field for maize and alfalfa
crops, different sub-assemblies were defined [50]. All input flows were introduced as normalized on
the functional unit (1 m3 of biogas). Then, the sub-assemblies were connected to rebuild the entire life
cycle. The sequence was repeated for both crops.

Because of the different lifespan of maize and alfalfa, as already mentioned, all the input data and
processes have been introduced considering a useful life of four years.

Regarding maize, Figure 2A shows the different contributes to the total impact for each year
according to the Eco-indicator method [53]. Relevant categories are fossil fuels and respiratory
inorganics, as reported in other scenarios and calculation methods.
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For example, the importance of diesel fuel requirement for the production of their functional unit
(one ton of biomass of different maize cultivars) for energy purpose is highlighted by González-García
and colleagues [56].

Considering the single year (the total impact can be obtained multiplying the impact by 4),
Figure 3A and Supplemental Materials Table S2 show the impact for each unit process that can be
considered for maize cultivation.
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(mPt) in the first year (B).

The results for each impact category are expressed in milli-point (mPt, i.e., 1000 mPt = 1 Pt) in
accordance with the Eco-Indicator method (the higher the impact the higher the score).

The impact is almost entirely due to the fertilization phase (12.76 mPt, 63%). In particular, for
fertilization, the highest score is recorded in the Fossil Fuels category (6.37 mPt). It is also important to
consider the contribution of the fertilization process to the Respiratory Inorganics category (4.6 mPt).
Respiratory effects result from emissions of inorganic substances to air. Weeding represents the second
relevant contribution to the total impact (9%). The score, in this case, derives from the production
process and the use of glyphosate. Chemical weeding results among the relevant factors that contribute
to several impacts also in [57].

For alfalfa crop, because there are very few inputs after the year of establishment, the impact in
the 2nd–3rd–4th years is significantly lower than in the first year. The distribution of the impact in four
years is shown in Figure 2B.

The breakdown of the total impact between the single impact categories for the time period
considered is reported in Supplemental Materials Table S3.

To evaluate the contributions of the various process inputs to the total score, the following data
were extrapolated: the score for each impact category and process in the first year (planting year);
the score for each impact category and process in the second year (equal to the third year in terms
of operations) and those in the fourth year. Results of the first year are reported in Figure 3B and
Supplemental Materials Table S4.

Supplemental Materials Table S4 shows the results expressed in milli-Point for the different impact
categories referred to the first year. Because the majority of the cultural practices occur in the first
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year, the total impact is 81.26 mPt, higher than the annual amount of maize. The greatest contribution
is associated with the fertilization phase. Following, sowing produce a lower environmental load
(27%). The fertilization constitutes the 44% of the total impact (35.83 mPt), contributing primarily to the
Respiratory Inorganics category. The greater contribution to the total impact of sowing phase is due
to the Land Use category with crop seeds production process. The same process (seeds production)
constitutes the greatest contribution also in the other impact categories for the sowing phase, especially
Respiratory Inorganics and Fossil Fuels. For plowing and forage harvest (13.6% and 11% of the total),
the use of agricultural machineries, and consequently of diesel for specific operations, cause a major
impact on Respiratory Inorganics and Fossil Fuels categories.

For the second year, as well as the third year, the results are shown in Figure 4A and Supplemental
Materials Table S5.
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Figure 4. Alfalfa’s impacts in the second-third year (A) and in the fourth year (B) in milli-Points (mPt).

There are no particular operations with the exception of forage harvest that determines a score
of 3.84 mPt. In this case, the entire contribution is due to the prodution and use of fossil fuel and
lubricating oil for the machinery employed. For this reason, the main impact categories involved are
Fossil Fuels category (46.6% of the total score) and Resp. inorganics category (41.4% of the total).

Impacts associated with the last year of alfalfa life, when it has again a decline in production,
are shown in Figure 4B and Supplemental Materials Table S6.

In this case, the impacts are comparable to those of the second and third year, with the difference
that in the last year of life cycle, the alfalfa has a decline in terms of yield and consequently a low
increase of the total environmental load.

The comparison between the two crops is reported in Figure 5 and Supplemental Materials
Table S7, during the mentioned time frame (4 years). The characterization phase, compares the
impacts (expressed in relative percentage) of one cubic meter of biogas from maize and alfalfa for each
impact category.

The contribution to the environment is different for alfalfa and maize depending on the different
impact categories. In particular, alfalfa has a better performance in Carcinogens, Radiation, Ozone
Layer, Ecotoxicity, Minerals and Fossil Fuels.

Considering the single point phase (Figure 6, Supplemental Materials Table S8), it is possibile to
estimate the total score, i.e., the environmental impact, for the evaluated crops.
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Considering the whole life cycle of alfalfa, one cubic meter of biogas from maize crop produces
a total environmental impact approximately equal to 85% of one cubic meter of biogas produced
by alfalfa.

In general the two crops produce not too different impacts according to the input flows that are
considered. In fact, maize has a total impact of 81.14 Pt while alfalfa of 95.72 Pt.
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At the same time the distribution of the impact considering each category is also very similar.
In particular, the Carcinogens category is responsible for about 3% of the total load for maize; for alfalfa,
the same category has an impact on the total score which is slightly lower, 1.7%. Respiratory inorganics
category shows, the same situation: for alfalfa the contribution to the total amount is about 39.9%;
for corn it is 37.44%. Fossil Fuels category also contributes in a considerable way for both crops. In this
case, as for the Resp. inorganics category, the contribution on the total amount is 35.21% for the alfalfa
and 47% for corn. The biggest difference is due to the Land use category: the contribution of this
category to the total is much higher for alfalfa than maize.

In Figure 7 and Supplemental Materials Table S9, the comparison between the 2 crops, in terms of
damage categories, is shown.
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Only for Resources category alfalfa has an impact of 88% compared to that of corn, for the other
categories the impact is higher.

The following tables and images (Figure 8A,B and Supplemental Materials Tables S10 and S11)
show the analysis results, expressed in kg CO2 eq per functional unit, according to the IPCC 2013 GWP
100y method.

In the characterization phase, the substances that affect a particular category of environmental
impact, are multiplied by a factor which expresses its contribution. The outcome of the process is then
shown in a scale from 0 to 100%. To evaluate the contributions of the various process inputs to the total
score, the following data were extrapolated: the impacts associated to the first year (planting year) for
maize and those of the first, second year (equal to the third year in terms of operations) and fourth
year for alfalfa.

These results show the contribution of the total impact values for each agricultural phase.
In particular, fertilization phase is responsible for 56% of total CO2 emitted into the environment. In this
phase, the largest contribution to GHG emissions comes from the production and use of fertilizers,
which alone emits about 0.095 kg of CO2 eq in the atmosphere.

A similar result was obtained through the Eco-indicator method for the Climate Change category
with a score of 0.94 for the fertilization (61%) out of a total of 1.53 mPt.

To identify the cause of the total load, it is necessary to determine the most relevant unit processes
that impact into the environment.

In the first year of alfalfa, fertilization is the responsible for most of the emissions of GHGs,
as shown in Figure 8B and Supplemental Materials Table S11. This is largely due to the P-fertilizer
production (0.25 Kg of CO2 eq) and N-fertilizer (0.04 Kg of CO2 eq) and to a lesser extent from the use
of the agricultural machine intended for the purpose.
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Forage harvest being the only operation in the years after the first, has a total impact of 0.0324 kg
CO2 eq in the second and third year, and 0.0574 kg CO2 eq in the last year of alfalfa’s life cycle.

The equivalent CO2 is a unit of measurement that allows to weigh different GHG emissions with
different climate-changing effects.

Corn impacts approximately only 5% less than alfalfa in terms of greenhouse gases (Figure 8C
and Supplemental Materials Table S12).

The amount of emitted CO2 is a single indicator and, although it proves useful to indicate an
important climate impact, it does not represent alone the overall environmental impact of a product.Processes 2020, 8, x FOR PEER REVIEW 15 of 21 
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4. Discussion

The comparative analysis of the environmental impact of corn and alfalfa was performed
considering 1 m3 of biogas by LCA methodology. LCA analysis is subjected to uncertainty and
variability, however it is currently the most accurate, comprehensive and rapid tool to assess the
environmental impacts within a biological system [58]. LCA was used in the current study to compare
the impact assessment for biogas production from two different crops: the most widely used maize
crop and alfalfa. The results show a comparable total impact using alfalfa in comparison with maize.
By considering the same functional unit (1 m3 of biogas from anaerobic digestion) and the same time
horizon, 4 years, the results show that corn has an environmental impact which is around 85% the
alfalfa impact using Eco-indicator method. The impact rises to 95% that of alfalfa if the IPCC method
is considered.

In the case of Eco-indicator method, corn and alfalfa result to have differences in the score of
environmental indicators. Major maize’s impacts can be explained with a greater energy demand for
maize cultivation opposed to alfalfa which requires lower energy inputs. However, alfalfa presents a
lower yield per hectare and a lower production of biogas referred to the unit of dry matter than maize.

Considering the first year of maize crop, the greatest contributions to the environmental impacts are
due to the fertilization (63%) and the weeding processes. In particular, for the fertilization, the negative
contribution derives from the production and use of fossil fuels and nitrogen and phosphorus fertilizers.

For the alfalfa crop, in the same year, the contribution to the total score is composed in a different
way: the fertilization contributes about 44% of the environmental load; sowing and plowing contribute
to 27 and 13.6% respectively.
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The sowing phase, both for maize and alfalfa, has the major impacts in the following
impact categories:

- Carcinogens;
- Resp. inorganics;
- Acidification/Eutrophication;
- Land use;
- Fossil fuels.

In the second, third and fourth years, the impact for the maize crop is the same as in the first year,
while, for alfalfa crop only the forage harvest phase is repeated, therefore, as shown in Figure 2, it is
responsible for all the impact.

In general the most significant impacts category for both crops are represented by respiratory
inorganics i.e., respiratory health risks resulting from winter smog caused by emissions of dust, sulphur,
and nitrogen oxides to air. The second most relevant impact category is fossil fuel, that can be related
to the amounts of fossil fuels used in the agrochemicals production and in crop related operations
involving machinery. The mentioned main categories are most relevant in other similar studies on
LCA for plant crops [51].

According to our results, it can be concluded that alfalfa succeeds in reducing some impacts
thanks to the lower energy consumption (for example in water used for irrigation) and its capacity, as a
multiannual crop, to survive for several years (there are no particular operations to be conducted in
the years after the first one). Perennial forages are indeed currently proposed as second generation
biofuels [35]. In contrast, its lower agricultural yield, contributes in a negative way for some indicators.
As shown in Figure 7, the two categories Human health and Resources highlight opposite impact
conditions that balance each other passing from the characterization phase to the normalization phase.
Thus, the main difference between the two crops is given by the Ecosystem quality category which
includes the Land Use category characterized by a greater impact for alfalfa. However, in the present
case, the impact on Land Use was assessed as less significant as the calculation developed with SimaPro
does not take in to account the fact that alfalfa is used in marginal areas, therefore not suitable for other
types of crops without changing the intended use of the land that remains agricultural, which could
generate problems for the farmer due to run-off effects, the presence of harmful animals as well as
lack of income. Moreover, it is to be considered that alfalfa is a nitrogen fixing plant, which directly
provides to the soil some of the components that are needed for its growth and maintenance. The most
relevant aspect of alfalfa nitrogen fixation is that the symbiotically fixed nitrogen can be provided to a
crop intercropped or in succession. Unfortunately, there are no current protocols in LCA analysis to
take into account the contribution of alfalfa nitrogen fixation to the reduction of fertilization needs for
following crops and also the amendment ability of alfalfa for soil quality. However, due to fixation,
alfalfa requires a lower quantity of nitrogen during the fertilization phase. The reduced amount of
nitrogen -based fertilizer in input can be considered as an indirect index of the nitrogen fixing ability.
The contribution of fertilization in eutrophication/acidification (Figure 2) is present only in the first year
unlike what happens for corn. The contribution is also due to phosphorous-based fertilizers which in
some way hide the nitrogen-fixing properties of alfalfa.

The worst alfalfa behavior occurs during the first year when the yield is the lowest in its life;
the scenario is improving in the following years, when alfalfa yield increases and the only operation
that is performed is forage harvest.

The most recent worries about global warming have stimulated the application and the
improvement of anaerobic digestion process for the production of biogas, which is a renewable
and versatile energy source. It can be used for the production of heat and electricity, and fuel
for transportation.

Therefore, those crops that have a strong power for energy purposes are of particular interest.
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At the same time, we cannot underestimate the impacts associated with the great energy
consumption required to cropping systems.

5. Conclusions

We conducted a preliminary environmental analysis of the cultivation of two plant species (alfalfa
and maize) with the aim to find an energy crop with lower impacts than the more widely cultivated
species such as maize itself.

Based on our results of LCA analysis, the environmental impacts of alfalfa are shown as very
reasonable therefore alfalfa can be considered as a sustainable crop in agricultural scenarios where
maize cultivation is not an option (ex. lack of irrigation possibility). Medicago sativa is a low energy-input
crop which can grow in poorer environments compared to maize. Moreover, since it is a nitrogen-fixing
plant, it is able, to reduce nitrate leaching and runoff, improve soil organic matter, and lower the need
for fertilizer N on succeeding crops. Alfalfa may also be used to reduce excess N that is cycling on
farms thus helping remediation of contaminated soil and water [49]. For this reason, alfalfa could be
suggested as a biomass crop with a decent environmental impact in marginal lands able to support
small farms and sustain local income and reducing also the competition of biomass crops for fertile soil
more amenable to food crops cultivation [59]. Interestingly alfalfa has been recently evaluated with an
LCA analysis as a bioethanol producing crop [60]. Economic convenience related to each bioenergy
value chain (e.g., biogas) needs to be assessed according to relevant parameters (e.g., feed-in-tariffs).
However, they should be sided by considerations related to environmental advantages of using
low-impact crops that are not captured in market prices. Economic performance is considered as a
major driver for the low adoption of legume crops by farmers, however a recent analysis show that
forage legumes (including alfalfa) considered in rotations, achieve both economic and environmental
benefits in the two considered regions because of relatively high yield, similar prices and better residual
effects on subsequent crops [61].

Subsidies for otherwise economically uncompetitive biofuels are justified if their life-cycle
environmental impacts are sufficiently less than for alternatives sector. Therefore decision-makers
involved in the bioenergy sector should consider low-impact biomass in setting subsidies policies for
energy production [62]. In fact, ecosystem services such as reduced nitrous oxide emission, nitrate
leaching and increased biodiversity are not considered in farmers economic calculations and could
justify policy support [63].
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