energies

Article

Sustainability Evaluation of Non-Toxic Jatropha curcas in
Rural Marginal Soil for Obtaining Biodiesel Using
Life-Cycle Assessment

Guadalupe Pérez

check for

updates
Citation: Pérez, G.; Islas-Samperio,
J.M. Sustainability Evaluation of
Non-Toxic Jatropha curcas in Rural
Marginal Soil for Obtaining Biodiesel
Using Life-Cycle Assessment.
Energies 2021, 14, 2746. https://
doi.org/10.3390/en14102746

Academic Editor: Attilio Converti

Received: 2 April 2021
Accepted: 7 May 2021
Published: 11 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jorge M. Islas-Samperio *

Instituto de Energias Renovables, Universidad Nacional Auténoma de México, Privada Xochicalco S/N, Centro,
Temixco, Morelos 62580, Mexico; gupem@ier.unam.mx
* Correspondence: jis@ier.unam.mx; Tel.: +52-777-362-00-90 (ext. 29719)

Abstract: Using information from an experimental planting of non-toxic Jatropha curcas (NTJC) with
minimal water and fertilization resources on rural marginal soil the objective of this article is to
determine the sustainability of this raw material for producing biodiesel and the possibilities for
improving it through life-cycle assessment (LCA). Three production scenarios were studied: minimal
resources (MR), which focuses on the obtaining of biodiesel; minimal resources and utilization of
sub-products (MRUS), which includes the utilization of the residual products in order to produce
food and solid biofuels, as well as biodiesel; and utilization of biofertilizers, flood irrigation, and
sub-products (UBIS), which incorporates the use of bio-fertilizers and irrigation in the production
system. This study includes the selection of six sustainability indicators, as well as indicators by
means of LCA methodology Finally, a sustainability index (SI) for each scenario was determined
on the basis of an index of environmental sustainability of energy products (IESEP). Our results
indicated that the MR scenario yielded the lowest SI 0.673, while the MRUS scenario had the highest
SI0.956. It concludes that sustainability is greater when it utilizes minimal water and fertilization
resources during the raw material production stage, and the residual products are used for food and
energy products made possible by the non-toxic properties of Jatropha curcas.

Keywords: non-toxic Jatropha curcas; LCA; sustainability index; sustainability indicators; biodiesel
production scenarios

1. Introduction

A problem that is the subject of an important global debate on land use is the question:
food or bioenergy production? This is an entirely legitimate question, due to scarce
resources of land, water, labor, and capital [1,2], as well as the ethical issues surrounding
it [3]. However, this debate con be reconciled if systems that simultaneously produce food
and energy are found [1,4]. It is true that the majority of biodiesel production systems
that use Jatropha curcas as raw material have not considered the possibility of producing
food, mainly due to the use of toxic varieties of the plant. The present study shows that
the simultaneous production of food and energy may be feasible if varieties of non-toxic
Jatropha curcas (NTJC) are used to produce biodiesel. This article thus tries to contribute to
solving this problem and also improve the sustainability of NTJC.

Jatropha curcas is a second-generation raw material that has shown promise as a source
of sustainable bioenergy production. It would fulfill its promise if it could prove useful in
resolving the debate of food vs. energy production. This flowering plant is considered an
especially viable option for the production of renewable energy in marginal soils, and in
remote rural areas where energy supplies are scarce [5,6]. The plant also appears to hold
the promise of generating value chains of productive activities, such as food production. A
number of studies have been conducted on the sustainability of Jatropha curcas as a raw
material for the production of biodiesel. However, the majority of such research has been
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limited to toxic varieties of Jatropha curcas, and has focused on environmental issues [7-9].
To a lesser extent, the research to date has also explored economic factors [5,7,10] as well as
social factors [11,12].

Although many projects involving Jatropha curcas have proven to be unviable due to
low seed production and high consumption of fertilizers and irrigation [7,13,14], environ-
mental sustainability evaluations have consistently shown a positive balance as regards
both energy and global warming emissions within the life-cycle assessment (LCA) [5,15].
Such findings have led in turn to proposals to improve the production system in order to
further reduce adverse environmental impact, and to increase economic viability, especially
during the cultivation phase in which most such impact occurs. Specific recommendations
to this end include both the use of fertilizers and the consumption of fossil fuels [16].

Two improvements have been suggested in order to reduce environmental impact
while increasing economic viability. The first of these involves utilization of the seed cake
left after extraction of oil for the production of bio-fertilizers that replace chemical fertilizers
in the cultivation of Jatropha curcas [17,18]. The second is the use of the residual biomass
resulting from cultivation in order to obtain electrical and thermal energy, as well as for
utilization in the production system of biodiesel [19,20].

Another improvement that is of topical interest is the development of strategies for
improving varieties of Jatropha curcas that can be grown in arid and semi-arid soils [21,22].
Such strategies have included cultivation systems with a biological focus—specifically, a
focus on the interaction between Jatropha curcas and micro-organisms through the intro-
duction of endophytes, bacteria, and poisonous mushrooms for the purpose of promoting
plant growth; the use of bio-fertilizers to improve the plant’s seed production in soils with
low levels of nutrients; and the possibility of utilizing crops of NTJC varieties in order to
make use of the seed cake resulting from oil extraction for the manufacture of food prod-
ucts [23,24]. In this way, the valuation of sub-products and the production of value-added
products could improve the sustainability of Jatropha curcas in marginal soils [14] and could
also contribute to resolving the debate of food vs. energy production as it will be tried in
this study integrating a variety of JCNT in the analysis.

A number of studies have reported that the seeds of varieties of NTJC can be con-
sumed by humans and/or animals due to the high nutritional content of the chemical
composition of the seed’s endosperm [25-28]. In addition, these seeds can be consumed
without subjecting them to detoxification treatments. This is because they either do not
contain phorbol esters—a toxic compound that can lead to a number of human and animal
diseases—or because they contain the compound in concentrations of 0.02 mg g~ !—well
below the toxicity threshold [29-31].

In Mexico, there is no biofuel market. In the field of biodiesel, some experiences
of biodiesel production using Jatropha curcas have emerged [11] and present marginal
results [32]. In these experiences, toxic varieties of Jatropha curcas from foreign germplasms
has been used [30], despite the fact that varieties of NT]JC have been identified in several
Mexican states [30,33-35]. There have been no recent studies regarding either the usefulness
of NTJC as raw material for the production of biodiesel, or the improving the sustainability
of bioenergy production through the possible utilization of their sub-products. Against
this national background, the authors of this study believe that there is still an opportu-
nity in Mexico to use endemic and non-toxic Jatropha curcas varieties as raw material to
simultaneously produce biodiesel and food in the marginal soils of rural zones.

The authors Pérez et al. [36] identified two ecotypes of NTJC that can be cultivated
in degraded soils via a production system that makes minimal use of water and bio-
fertilization. These researchers indicated that the ecotypes in question have the character-
istics required to produce biodiesel, and to utilize the seed cake for food production. In
addition, they indicate that the two ecotypes can also be utilized as solid biofuels. For this
reason, it is important to determine if the utilization of the waste products and sub-products
of these ecotypes of NTJC improves the sustainability of the bioenergy production systems
that are based on these kinds of ecotypes.
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The purpose of this article is to evaluate the sustainability of one particular ecotype
of NTJC for the production of biodiesel. Specifically, this study will attempt to identify
the sustainability of this raw material through the analysis of production scenarios that
involve the production of biodiesel, the utilization of the seed’s sub-products in food and
energy production, and the integration of both irrigation and the use of bio-fertilizers in
order to improve productivity.

In order to attain this objective, a biodiesel production system was designed and
defined for the present study. In addition, three production scenarios were devised that
are based on the cultivation conditions required for the NTJC ecotypes studied by Pérez
et al. [36]. These stepwise scenarios are as follows: MR, in which the production system
focuses solely on obtaining biodiesel; MRUS, which, in addition to the foregoing, takes into
account the utilization of waste products of the production system for energy and food;
and UBIS, which also incorporates the use of biofertilizers and flood irrigation.

Afterward, the following indicators were selected for evaluation: greenhouse gas
emissions (GHG emissions), land use, energy balance, production costs, added value, and
employment. These indicators reflect the environmental, economic, and social factors that
we consider important for the sustainability of these bioenergy production systems. Each
of these indicators was analyzed using the Life Cycle methodology [37]. The functional
unit utilized was 1 GJ of biodiesel produced.

Finally, the Index of Environmental Sustainability in Energy Products [38] was used
to obtain a Sustainability Index for each experimental scenario. The results obtained for
each scenario were compared with one another in order to determine the most sustainable
production scenario.

State of the Art of Sustainability of Jatropha curcas for Obtaining Biodiesel

During the past decade, the production of Jatropha curcas elicited high expectations as
a raw material for the production of biodiesel [6,18,39-43]. At the same time, sustainability
was in and of itself a particular subject of interest in analyzing the production of biofuels.
This interest was reflected in the formulation of sustainability criteria by the Roundtable of
Sustainable Biomaterials (RSB) and the Global Bioenergy Partnership (GBEP) [44,45].

Some authors have reviewed performance on various sustainability criteria of the use
of Jatropha curcas for the production of biodiesel [5,13]. However, as regards production
of biodiesel utilizing Jatropha curcas as a raw material, there has been no evaluation of
sustainability as a multidimensional process involving environmental, economic, and social
factors as reflected by a set of criteria and indicators [46].

The majority of studies that have addressed sustainability have focused on environ-
mental issues, reporting data with respect to greenhouse gas emissions, energy balance,
and production of a biodiesel energy unit. The variables have generally been evaluated
utilizing Life-Cycle Assessment methodologies [7-9,14,15,47-51].

On the other hand, previous studies have only addressed economic and social factors
in marginal and isolated fashion. As regards economic issues, biodiesel production costs
have been reported in a limit number of studies [7,14,48]. The social dimension of the use
of Jatropha curcas has only been explored during its cultivation stage, which was found to
be associated with job creation [13]. In this same vein, workers” annual salaries and the
perception of Jatropha curcas plantations by the persons residing in the production area
have also been studied [11].

It should be noted that very few studies have addressed production of biodiesel with
Jatropha curcas in the marginal soils of rural zones. Furthermore, those studies that have
been conducted in such settings have been limited to the evaluation of environmental
factors [50,52]. These studies in marginal soils have reported that a biodiesel production
system involving cultivation of Jatropha curcas in an intensive irrigation and fertilization
system yields a balance of greenhouse gas emissions and positive energy in the production
of diesel. The authors Baumert et al. [50] reported that cultivation under conditions similar
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to those of the present study showed no potential for the production of biodiesel, due to a
lack of seed production.

Important as they were, such efforts did not explore performance within a multidi-
mensional sustainability framework, and with integral utilization of sub-products of a
bioenergy production system of NTJC in marginal soils with low irrigation and fertilization
—in other words, under those conditions that prevail in the impoverished rural areas of
developing countries.

The distinctive contribution of the present study resides in its use of a multidimen-
sional conceptual and methodological framework vis-a-vis sustainability that employs
indicators and a global index in evaluating a biodiesel production system that utilizes
NTJC as a raw material in conditions of minimal water and fertilization resources for
marginal soils in impoverished rural areas. Production scenarios have been designed in
this study to simulate such conditions, while also involving the obtaining of sub-products
of nutritional and energy value, and the use of bio-fertilizers and irrigation in order to
improve sustainability of the utilization of NTJC.

2. Materials and Methods

The evaluation of sustainability was conducted by means of the methodology pre-
sented in Figure 1, which comprises the following five phases:

i. Design of the
production
system via a
life-cycle
approach

»

v. Comparison
ii. Construction L. iv. Life-cycle of SI for
. indicators to .
of production assesment of different
. evaluate . .
scenarios indicators production
scenarios

iii. Selection of

sustainability

Figure 1. Methodological framework for the evaluation of sustainability of non-toxic Jatropha Curcas.

2.1. Design and Definition of Production System via a Life-Cycle Approach

The production system was designed and defined in a manner that took into account
the critical stages of the life cycle within the production process of biodiesel. The design
followed the methodology guidelines for Life Cycle Assessment that are set forth in ISO
14040 and ISO 14044 [53,54].

The objective of this study is to evaluate the sustainability of NTJC for the production
of biodiesel in marginal soils, and to determine if the sustainability of use of this raw mate-
rial in the conditions and for the purposes previously described improves in production
scenarios that include both production of biodiesel and the utilization of subproducts for
nutritional and energy purposes, and that also include the use of bio-fertilizers and flood
irrigation in the cultivation of NT]JC for improving seed production.

The scope of the study encompasses three distinct stages: (I) raw material production;
(IT) oil extraction; and (III) biodiesel production. For this reason, the system has only been
subjected to a cradle-to-gate analysis. Figure 2 depicts the production system, as well as
the life-cycle stages that comprise said system.

The functional unit for this study is the production of biodiesel with Mexican ecotypes
of NTJC, with the production of 1 GJ of biodiesel energy utilized as a reference flow.

The raw material and oil extraction stages were designed on the basis of the informa-
tion contained in the system regarding the cultivation of ecotype E2M of Mexican NT]JC
(E2M NTJC) and its yield of fruit, seeds, and oil, as reported in the study of Pérez et al. [36].
According to these authors, E2M NTJC has been successfully cultivated in rural marginal
soils within a production system utilizing minimal water and biofertilization resources and
has shown considerable promise for seed production.
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Figure 2. Life-cycle stages and system boundary of biodiesel production system utilizing NTJC as raw material.

In the same study, Pérez et al. [36] also reported that the oil and seed cake obtained
have characteristics that are suitable for the production of biodiesel as well as food produc-
tions. These same researchers indicated that residual biomass shows considerable promise
for utilization as a solid biofuel.

The source of the following information is the selfsame previously cited study [36].
The E2M NTJC was grown in an experimental plantation located in the municipality of
Miacatlan, in the Mexican state of Morelos. This plantation was established on rural
marginal soil that had previously been used for agricultural purposes. This soil was
characterized by low levels of nutrient availability and had a measured pH of 7.6. The
E2M NTJC was grown utilizing minimal resources, and under a regimen of low-intensity
management. The soil was prepared for the planting of the seedlings utilizing a diesel-
powered tractor. Compost was utilized solely during the transplanting of seedlings, and
irrigation was employed during the first three months of planting, with 60 liters of water
utilized per plant. After the first three months, the only water the plants received was
from natural rainfall, the region having an annual average precipitation of 1026 mm. No
fertilizers, insecticides, or fungicides were used under the aforementioned conditions;
the eight-year-old E2M NTJC plants had a fruit yield of 0.81 kg/plant, and 1021 kg ha~!
in cultivation density of 1250 plants per hectare was also recorded. The planting of the
seedlings, the ancillary irrigation, and the harvesting of seeds were all conducted manually.
The procedures of the establishment, its maintenance, and the data periodicity of the
E2M ecotype plantation, as well as other aspects of the evaluation of its performance are
described in greater detail in the Tables S1 and S2 of the supplementary material.

The first stage is the raw material stage, which includes all of the previously mentioned
data, and concluded with the transportation of seeds to enable implementation of the oil
extraction stage, which was conducted at a site 40 km from the experimental plantation.
The harvested fruits were transported utilizing a gasoline-powered pickup truck.

It is during the oil-extraction stage that oil is obtained via cold extraction, and in
which the pericarp—i.e., the skin of the fruit—is removed. This skin is later used as part
of the residual biomass. During this selfsame stage, the seeds, which are composed of
tegument and endosperm, are also extracted. The tegument is the outer covering of the
endosperm, which also constitutes part of the residual biomass. The endosperm, in turn, is
the nucleus of the seed in which the oil is stored that is later utilized in the production of
biodiesel. After the endosperm is pressed in order to obtain the oil, it is then considered for
the purposes of this study a type of residual biomass that we call “seed cake.” The data for
the E2M NTJC reported by Pérez et al. [36] show that its fruit comprises seeds and skin
that, respectively, represent 68.5% and 31.5% of the weight of the fruit. The oil yield of the
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cold extraction process was 46.5% of the weight of the endosperm, which translates into a
yield of 191 kg per hectare.

The equipment utilized during this stage was as follows: a 22 kW cracking machine
with a 300 kg h™! capacity; a 7.5 kW oil extraction press with a capacity of 110 kg h—!, and
a 1.5 kW oil filter with a capacity of 180 kg h~1.

During the third stage of biodiesel production, transesterification with sodium hy-
droxide as a basic catalyst was employed in a 1:9 v/v ratio, and with a transformation
efficiency of 96% (Production data for biodiesel fuel were obtained from laboratory ex-
periments that utilized 10 samples of oil from E2M NTJC. These experiments indicated a
transformation efficiency of 96%, and these results are consistent with those reported by
Ahmed et al [55]). The equipment employed during this stage was a 5.4 kW reactor with a
capacity of 175 L h~1.The subsequent stages of biodiesel production—i.e., distribution, use,
and final disposition—were not considered for the purposes of the present study. In cases
in which utilization of sub-products—i.e., residual biomass and seed cake—were analyzed,
the system did not include the stages to obtain the final product. Finally, it is noted that the
present study also omitted from consideration both the manufacture of the equipment and
of the storage containers that were utilized.

2.2. Construction of Production Scenarios

Three production scenarios were devised for the purpose of determining the sustain-
ability levels by means of Life-Cycle Assessment indicators obtained in a situation in which
actions intended to improve system performance are undertaken. These three scenarios are
depicted in Figure 3. A useful life of 20 years for NTJC was assumed for each of the three
scenarios, given that said interval represents the life expectancy of Jatropha curcas [56].

(a)
R QOil Biodiesel
aw. > Seed > ) > Ol = 10 e§e > Biodiesel
material extraction production
Glycerin
(b)
Raw. > Seed > Oﬂ_ > Oil > B1od1e§e1 > Biodiesel
material extraction production I—)
¥ Glycerin
Residual | Seed
biomass | 1 cake
(c)
Biofertilizers
and flood
irrigation
Raw. > Seed > Oﬂ_ > Oil > B1od1e§e1 > Biodiesel
material extraction production L
k4
Residual | | Seed Glycerin
biomass | | cake

Figure 3. Depiction of the following production scenarios: (a) MR, (b) MRUS, and (c) UBIS.
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2.2.1. Scenario 1. MR (Minimal Resources)

The MR scenario presented in Figure 3a reflects conditions of minimal water and
biofertilization resources in the cultivation of the E2M NTJC. This scenario was constructed
for the purpose of examining the performance of a production system in which the main
product obtained is biodiesel, and in which glycerin is a sub-product. Within this scenario,
residual biomass is not utilized, and the final disposition thereof is a release into the
open air.

2.2.2. Scenario 2. MRUS (Minimal Resources and Utilization of Sub-Products)

This scenario, which is depicted in Figure 3b, reflects the same conditions of minimal
water and biofertilization resources in the cultivation of the E2M NT]JC. This scenario was
constructed for the purpose of examining a production system designed not only to obtain
biodiesel and glycerin as sub-products, but also to utilize the residual biomass consisting
of pericarp and tegument as sub-products for energy use. In addition, the production
system in this scenario was designed to use the seed cake resulting from oil extraction as a
nutritional sub-product—a viable prospect given the fact that Jatropha curcas is non-toxic.

More precisely, this scenario includes the use of the biomass composed of the pericarp
and the tegument for use as a solid biofuel for domestic use—i.e., as a substitute for
firewood in rural areas, given the similarity in calorific value between the two substances.
In effect, the calorific value of the pericarp has been reported as falling between 10 and
17.2 MJ kg~!, while that of the tegument has been reported to fall between 16.5 and
20 MJ kg1 [8,11,50,51]. Moreover, the pericarp and the tegument has been shown to have
a humidity of 14.1% [36]. These parameters fall within the range of the heat energy of
different types of firewood—i.e., between 15.5 and 18.4 MJ kg ~!—with a humidity between
13.1% and 21.8% [57,58].

In the case of utilization of the seed cake, this scenario includes its collection for later
use in the production of edible flours, a prospect made feasible because of the seed cake’s
suitability for use in food products [36].

2.2.3. Scenario 3. UBIS (Utilization of Biofertilizers, Flood Irrigation and Sub-Products)

This scenario includes improvements in cultivation aimed at improving seed produc-
tion. These improved conditions result from the use of biofertilizers and flood irrigation
during the annual dry season, and over the course of the 20-year life cycle of Jatropha
curcas. In addition, this scenario includes utilization of the residual biomass comprising
the pericarp, the tegument, and the seed cake—see Figure 3c.

For the purposes of establishing criteria to properly gauge seed production through
the use of biofertilizers and flood irrigation, the present study referenced data from two
different studies [59,60]. These studies reported seed production (using the same density
for the cultivation of the E2M NT]JC of 1250 plants/ha) of 942 kg ha~! with the application
of biofertilizers and irrigation under environmental conditions similar to those required
for cultivating the E2M NTJC.

The volume of irrigation applied was 72 L/plant/year via the utilization of manual
flood irrigation that dispenses with the need for additional equipment such as water pumps
and sprinklers.

The biofertilizer used in this scenario was cow manure, which was applied manually
in a ratio of 5 kg/plant/year. The manure was obtained from cattle ranches located near
the farm where the Jatropha curcas was planted.

The residual biomass consisting of the pericarp, tegument, and the seed cake, were
obtained utilizing the proportions of percentages of the composition of the E2M NT]C that
were mentioned previously in this section.

2.3. Selection of Sustainability Indicators

Six different indicators were established in order to evaluate the sustainability of each
of the three scenarios on the basis of the environmental, economic, and social factors that
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have been most frequently reported in the literature [7,9,14,15,47,48], and in accordance
with the information available vis-a-vis the production system. These indicators cover
all three dimensions of sustainability and are evaluated for the entire life cycle of the
production system for each of the scenarios included in this study.

The environmental indicators are: (1) GHG emissions, which reflect the potential
for such emissions during the life cycle of the production system; (2) land use, which
evaluates the efficiency of soil use for the production of biodiesel; and (3) energy balance,
which reflects the relationship between the energy supplied and the energy delivered in
the production system.

The economic indicators are: (4) production cost, which reflects the cost of producing
one unit of energy; and (5) added value, which reflects the additional economic value
obtained from the utilization of the sub-products of the production system. The two
economic indicators take into account the associated local cost in at each stage of the
life cycle of the production system and the national market prices of the inputs used.
Thus, although both the economic indicators and the calculation method are of universal
application, the analysis itself reflects the local cost of inputs, as well as the national
reference price. For these reasons, the economic analysis is valid only for Mexico.

For the purposes of evaluating the social dimension, the indicator of (6) employment
was included. This indicator reflects the number of persons that could potentially be hired
in order to implement the production system.

2.4. Development of Indicators within the Context of the Life Cycle Assessment

After the indicators were selected, life-cycle inventories for each scenario were devised
in accordance with the reference flow of the production of 1 GJ of biodiesel (the heat energy
for biodiesel fuel of 40.64 M] /kg reported by Rivero et al. [11] was utilized). Table 1 presents
a life-cycle inventory for each of the scenarios.

Table 1. Inventory of inputs and outputs of the production system: (a) MR Scenario; (b) Stage 2 of the MRUS Scenario; and
(c) Stage 1 of the UBIS Scenario.

Scenario Stage Inputs Quantity Unit Outputs Quantity Unit
Soil 1351.9 m?
1. Obtaining of Irrigation water 506.9 L .
raw material Diesel fuel for tractor 0.215 kg Jatropha curcas fruits 139 Ke
Transport of fruit 5.304 tkm
(a) MR Electricity for cracking 16.9 kWh Oil 25.6 Kg
2. Oil extraction Electricity for pressing 3.8 kWh Bi d seed cak 1115 K
Electricity for filtering 0.2 kWh lomass and seed cake : &
3. Production of Electricity for reactor 4.6 kWh Biodiesel 24.6 Kg
'b' diesel fuel Methanol 5.64 kg Clveerin 1.03 K
todiesel tue Sodium hydroxide 0.23 kg y : J
Electricity for cracking 16.9 kWh Oil 25.6 kg
: : - . Biomass pericarp
(b) MRUS 2. Oil extraction Electricity for pressing 3.8 kWh and tegument 82.3 kg
Electricity for filtering 0.2 kWh Seed cake 29.5 kg
Soil 995.5 m?
S 1. Obtaini Irrigation water 8959.1 L
(c) UBIS tafge : ta“?“;g Biofertilizers 622.2 kg Jatropha curcas fruits 136.9 Kg
of raw materia Diesel for tractor 0.1 kg
Transport of fruit 5.3 tkm

Section (a) contains the three stages of the life cycle for the MR scenario. Section (b) presents a modification of the oil extraction stage for
evaluating the MRUS scenario, with stages 1 and 3 remaining the same as in the MR scenario. In section (c), there is a modification of stage
1 (i.e., obtaining raw material) in order to evaluate scenario UBIS, with stages 2 and 3 remaining the same as in the MRUS scenario.

Environmental indicators were analyzed by means of the environmental Life Cycle
Assessment methodology, and utilizing SimaPro v 9.0.0.35, Analyst Professional on the
basis of the ReCiPe H method.
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Indicator 1 (GHG emissions) was obtained on the basis of the impact category on
global warming. Indicator 2 (land use) reflects the impact category “land occupation.”
Indicator 3 (energy balance) was estimated on the basis of the impact category “fossil fuels
depletion” in order to obtain the consumption of non-renewable energy of the production
system. The modeling of these impact categories is based on the LCA handbook, as cited
in [61,62].

Mass allocation assignments were used for the impact evaluation, with different
assignments corresponding to each stage and each scenario analyzed, and in accordance
with the total quantity of products obtained during each stage and scenario. During the
stage of obtaining raw material, the allocation of the quantity of fruit obtained has been set
at 100% for all three scenarios.

During the oil extraction stage, the allocation for obtaining oil in the MR scenario was
set at 100%. This is because it was determined that oil was the only useful material that
could be obtained. Conversely, for the MRUS and UBIS scenarios, which both involve
utilization of more than one sub-product, the following allocations were assigned: 19% for
oil; 60% for biomass of pericarp and tegument; and 21% for the seed cake. These allocations
reflect the relative weight of each of the three products. During the stage of biodiesel
production, the allocations assigned were 96% for biodiesel and 4% for glycerin.

The two economic indicators were obtained by gauging the costs associated with stage
of system production in terms of the life-cycle inventory for each production scenario and
taking into account their market prices.

Indicator 4 (production cost) was calculated on the basis of net present value (NPV) of
equipment costs, consumption of materials, fuel, and manual labor. These figures were in
turn obtained on the basis of current market prices—see Table 2.

Table 2. Life cycle cost inventory of production system costs of each scenario, by stages: (a) raw material; (b) oil extraction;
(c) biodiesel production.

Annual Cost (USD 2018)

Stage costs Description MR MRUS UBIS References

Investment cost—including cost of
seedlings, clearing the land, and $1305.14
planting the seedlings

Operation and maintenance
costs—including manual labor for the
clearing of the land, harvesting of fruit, and
transportation—years 1 and 2

$124.75 $530.22 *

(a) Obtaining raw material for Field data from the experimental
1ha Operation and maintenance plantation for E2M NTJC
costs—including manual labor for the

clearing of the land, harvesting of fruit, $343.08 $748.54%
and transportation—beginning in year 3
Costs for tools and materials $363.87
Investment Costfmcludmg machine $36,287.37 [63,64]
and equipment cost
. . Operation and maintenance
(b) Oil extraction costs—including manual labor and $95,591.98 [65]
electricity costs
Storage costs $263.53 ** $692.16 *** [66]
Investment cost—including equipment $25,111.14 [67]

costs

Operation and maintenance
costs—including manual labor and $62,787.39 [65]

(c) Biodiesel production electricity costs

Costs for input flow, i.e., methanol and

sodium hydroxide $30,320.20 [68,69]

Costs for storage of biodiesel

and glycerin $315.51 6]

* Includes costs for the application of biofertilizers and flood irrigation. ** Includes only storage of oil. *** Includes storage of seed cake and
residual biomass.
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Net present value (NPV) was calculated on the basis of a discount rate of 10% and a
useful life of 20 years. All costs are expressed in USD—at the 2018 value of this currency.

Indicator 5 (added value) was calculated on the basis of the economic value obtainable
from the utilization of sub-products. For each one of the sub-products, the market price of
the product to be replaced was referenced. In the case of the NTJC seed cake, a value of
0.21 USD kg’l was utilized [70], which reflects the price of soybean paste.

The value of the biomass of pericarp and tegument was estimated on the basis of the
price of the replacement product of firewood sold in a town near the experimental E2M
NTJC plantation. According to Vazquez-Perales [71], this price was 0.12 USD kg~ !—at the
2018 exchange rate. The market cost of crude glycerin was 0.21 USD kg~ ! [72].

Finally, for the social indicator (no. 6, employment), which reflects job creation in
terms of workers/ha and work/days, data were used pertaining to jobs that were necessary
in the production system, in accordance with the gauging of these costs by stage within the
Life Cycle Assessment—see Table 3.

Table 3. Life cycle inventory for indicator 6 (job creation) for the production system of the MR, MRUS, and UBIS scenarios,
by stage: (a) obtaining of raw material; (b) oil extraction; and (c) biodiesel production.

(a) Stage 1. Obtaining Raw Materials *

Days Per Year for Each Scenario

Activity Unity Quantity MR MRUS UBIS Reference
Manual labor for preparation of land. Workers /ha 2 17
Manual labor for planting seedlings. Workers /ha 2 6
Mol oo P8 1000 s ; s
Manalsbor for application of  yyorgers /e 2 - 5 li?rgziﬁ?hl
Manual lgbor: 'a'pplication Workers /ha 2 ) 12
of biofertilizers.
Annual clearing of land Workers /ha 2 6
Cutting of fruit Workers /ha 2 20
(b) Stage 2. Oil Extraction
Activity Profile MR Ql\l/}?{lgisty UBIS Reference
Plant supervisor Industrial engineer 2 [73]
Machine operator Technical operator 4 [74]
General assistant General assistant 4 [75]
Machine maintenance Mechanical engineer 1 [73]
Administration of plant Accountant 1 [76]
Sales Degree in Marketing 1 [76]
(c) Stage 3. Biodiesel Production
Plant supervisor Industrial engineer 2 [73]
Machine operator Technical operator 2 [74]
General assistant General assistant 2 [75]
Machine maintenance Mechanical engineer 1 [73]
Administration of plant Accountant 1 [76]
Sales Degree in Marketing 1 [76]

* the raw material stage involves the creation of temporary jobs and the utilization of unskilled labor.
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2.5. Obtaining of Sustainability Index (SI)

Evaluation of sustainability was conducted by means of the IESEP methodology: the
Index of Environmental Sustainability of Energy Products [38].

For the purposes of the present study, the objective of the IESEP index is to provide
quantitative information regarding the total effect that can be attributed to the trend of all
sustainability indicators analyzed in the three scenarios. In this way, a comparison among
the MR, MRUS, and UBIS scenarios can be conducted for the purpose of determining the
total sustainability effect of the options for improved economic value reflected in scenarios
MRUS and UBIS, as compared to the original MR scenario.

The aggregation of the indicators was conducted on the basis of the following equation:

N
IESEP, =) wi Iy, @
i=1

In the above equation, IESEPg represents the value of the global sustainability index
for scenario k; w represents the weight accorded to each indicator i that is analyzed in
scenario k; and the term i represents the normalized value of each indicator i.

The weighting factors (w) comply with the following constraint:

Zwi =1 )

To obtain the IESEP for each of the production scenarios analyzed in the present study,
the results of the life cycle analysis indicators were normalized within a range from 0 to 1,
with 1 representing the highest value in terms of sustainability. Afterward, the indicators
were weighted equally. In other words, for the purposes of this study, all of the indicators
selected have been accorded the same level of importance as regards sustainability.

Finally, for the comparative analysis of IESEP among the three scenarios analyzed, the
scenario with the value closest to 1 is considered the best in terms of sustainability, while
the scenario with the value closest to 0 is considered the worst.

3. Results and Discussion

Results for the six sustainability indicators—i.e., raw material, oil extraction, and
biodiesel production for the MR, MRUS, and UBIS scenarios—within each of the three life
cycle stages analyzed are presented in the following subsection.

3.1. Results of Sustainability Indicators
3.1.1. Indicator 1. Greenhouse Gas Emissions

Figure 4 displays the GHG emissions per biodiesel energy unit for the scenarios MR,
MRUS, and UBIS, as well as their contributions to each of the three stages comprising the
production system.

The MR scenario reflects the behavior of a production system that utilizes a variety
of toxic Jatropha curcas in which the only products obtained in the production system are
biodiesel fuel—the principal product—and glycerin—as a sub-product. This scenario
resulted in potential GHG emissions 27.56 kgCO,e per GJ of biodiesel.

Within this scenario, the highest GHG emissions occurred during the oil extraction
stage (13.47 COze per GJ of biodiesel). This was due to the fact that the equipment utilized
involved the intensive use of electrical energy.

Results for the MRUS scenario showed a reduction of potential GHG emissions—as
compared to the MR scenario. This is because, in addition to the production of biodiesel
and glycerin, the MRUS scenario involved utilization of the seed cake, and the residual
biomass comprising pericarp and tegument. This resulted in a GHG emissions of 16.65 kg
COse per GJ of biodiesel, representing a 27% reduction of GHG emissions, as compared to
the MR scenario.
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Figure 4. Potential emissions of greenhouse gases in the life cycle of the production system for the
MR, MRUS, and UBIS scenarios.

The reduction reported in the MRUS scenario results from the fact that the residual
products of the pericarp and the tegument, and of the seed cake, were utilized in later
processes as either solid biofuels in rural zones—in the case of residual biomass, and in
the production of edible flour—in the case of the seed cake. Any GHG emissions resulting
from these subsequent processes would thus not be reflected in the figures reported for the
production system analyzed in the scenarios included in the present study.

Thus, within the MRUS scenario, the biodiesel production stage has the greatest
potential for emission of GHG (10.42 kgCO,e GJ ~1). This same quantity applies to each of
the three scenarios.

In contrast to the MRUS scenario, the UBIS scenario involves the highest potential
emission of GHG. This is because, for the purpose of increasing seed production, the UBIS
scenario includes the application of biofertilizers and flood irrigation in the cultivation of
NTJC, and also because of subsequent utilization of the seed cake and residual biomass
in addition to the production of biodiesel and glycerin. For the UBIS scenario, potential
GHG emissions were 39.94 kgCO,e per GJ of biodiesel—i.e., 31% greater than in the MR
scenario.

An increase in potential GHG emissions is noted during the stage of obtaining the
raw material and is a result of the application of biofertilizers containing cow manure, the
primary emission of which is NO.

3.1.2. Indicator 2. Land Use

Figure 5 depicts results for the indicator “land use” within each of the three scenarios.
These results essentially reflect events that take place during the raw material stage. This is
because the stages of oil extraction and biodiesel production only contributed 1% to the
totals reported.

Soil use per energy unit of biodiesel fuel for the MR and MRUS scenarios was
0.0946 ha GJ L. This result was due to the fact that cultivation conditions in these two
scenarios utilized minimal resources, while resulting in the same seed production level of
1021 kg ha—1.

In the UBIS scenario, the use of biofertilizers and flood irrigation increased seed
production of NTJC to 1375 kg ha~!. This improved yield reduced soil use to 0.0697 ha per
GJ of biodiesel, as compared to the MR and MRUS scenarios. The reduction in land use for
each GJ of biodiesel fuel produced represents a production advantage within the available
area for the kinds of crops represented by NTJC.



Energies 2021, 14, 2746 13 of 21

0.10 -

0.08 -

0.06 -

ha GJt

0.04 -

0.00 -
MR MRUS UBIS

Figure 5. Land use per energy unit of biodiesel produced for the raw material stage.

3.1.3. Indicator 3. Energy Balance

Energy consumption per unit of biodiesel fuel for each scenario is depicted in Figure 6.
In the three scenarios, the biodiesel production stage consumed the most energy, due to the
methanol consumption required. Electrical energy consumed the second-highest amount
of energy.

B Raw material m Oil extraction M Biodiesel production
0.60 -

0.55
0.50
045 -
0.40 -
035
030 -
025
0.20

GJ-fossil-energy GJ-Biodiesel®

0.15
0.10
0.05

0.00
MR MRUS UBIS

Figure 6. Energy balance in the MR MRUS, and UBIS scenarios.

It was the MRUS scenario that resulted in the lowest consumption of fossil fuels per
unit of generated renewable energy, with a balance of 0.361 GJ of fossil fuels per GJ of
biodiesel. Conversely, the scenarios MR and UBIS resulted in comparatively higher con-
sumption of fossil fuels (0.527 and 0.553 G]J of fossil fuels per GJ of biodiesel, respectively).

The difference among the scenarios results from the fact that, in MR, oil is exclusively
responsible for energy consumption during the oil extraction stage. This is because oil
is the only useful product of that stage. On the other hand, in the MRUS and UBIS
scenarios, residual biomass and seed cake are also responsible for energy consumption.
This phenomenon is due to the fact that these two residual products constitute raw materials
that entered into subsequent systems in which they were utilized either as solid biofuel in
rural areas, or for the manufacture of food products. Due to the fact that these subsequent
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systems fall outside the production limits represented by the MRUS and UBIS scenarios,
the energy load of biomass and seed cake are transferred to these subsequent systems,
resulting in a reduction of fossil fuel consumption per GJ of biodiesel within the systems
represented in the MRUS and UBIS scenarios.

However, UBIS was also shown to result in increased energy consumption during the
raw materials stage. This increase is due to the transportation of biofertilizers from the
location where it is obtained to the E2M NTJC plantation.

Finally, it was noted that the net energy ratio in all three scenarios is greater than 1.
In other words, the quantity of biodiesel energy obtained in all three scenarios is greater
than the amount of fossil fuels consumed in the production of said biodiesel energy. In this
respect, MRUS has the greatest net energy ratio (2.77); followed by MR and MRUS (1.89
and 1.80, respectively).

3.1.4. Indicator 4. Production Costs

Figure 7 depicts production costs in each of the three stages for each of the three
scenarios. Production costs in MR and MRUS were identical (43.50 USD per GJ of biodiesel).
This identical result is due to the fact that these two scenarios involve the same input flow,
materials, and equipment. Conversely, in the UBIS scenario, production costs increase
to 54.70 USD per GJ of biodiesel because of the application of both biofertilizers and
flood irrigation.

B Raw material m Oil extraction M Biodiesel production

60
50 -

40 -

USD GJ
[95)
o
L

10

MR MRUS UBIS

Figure 7. Production costs of one unit of biodiesel energy in scenarios MR, MRUS, and UBIS.

In all three scenarios, the highest cost was associated with the raw material production
stage. Production cost of raw material in MR and MRUS is identical. This is due to the
fact that these two scenarios involve the same growing conditions. However, production
cost is higher in the UBIS scenario, due mainly to the cost of the manual labor required to
apply biofertilizers and flood irrigation. At the same time, UBIS results in higher levels of
seed production. However, this increased seed production does not compensate for the
additional cost for the extra manual labor required.

Thus, the production cost of one liter of biodiesel under scenarios MR and MRUS is
1.55 USD, while the cost under the UBIS scenario is 1.03 USD.

3.1.5. Indicator 5. Added Value

The indicator “added value” represents an additional economic value that can be
obtained from the utilization of seed cake, pericarp and tegument biomass, and glycerin.
Figure 8 depicts this additional added value for each of the three scenarios.
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Figure 8. Additional economic value resulting from utilization of sub-products in the MR, MRUS,
and UBIS scenarios.

The MR scenario has the least additional added value, due to the fact that its only
source of said value is from the sale of the crude glycerin obtained from a transesterification
process whose physiochemical characteristics have a low economic value on the Mexican
national market. This low value results from the fact that the transesterification process
used to obtain glycerin requires other processes to result in a level of purification suitable
for use in subsequent processes.

Given that the purification process does not fall within the scope of the production
system analyzed in this study, the economic value assigned reflects the production of crude
glycerin. Specifically, for each GJ of biodiesel, an additional 0.21 USD is obtained from the
sale of crude glycerin.

The highest additional added values were obtained from the MRUS and UBIS sce-
narios. This is because both of these scenarios yielded additional economic value from
the sale of the pericarp and tegument biomass, and seed cake, as well as from the sale of
crude glycerin. Thus, in both MRUS and UBIS, an additional 16.15 USD of added value is
obtained from each GJ of biodiesel produced.

3.1.6. Indicator 6. Employment

The jobs created in each of the three scenarios, categorized along the two dimensions
skilled /unskilled and temporary/permanent, are depicted in Figure 9.

In the three scenarios collectively, the largest number of jobs were created during the
oil extraction stage (549 jobs per TJ of biodiesel fuel) due to the fact that more processes
are involved during that stage. The jobs created during the oil extraction and biodiesel
production stages are for the most part skilled jobs, while the raw material stage involves
the creation of temporary jobs and the utilization of unskilled labor.

3.2. Comparison of Scenarios in Terms of Sustainability Index

The results of the six sustainability indicators for the MR, MRUS, and UBIS scenarios
in normalized values, as well as the weighted value for each indicator, are presented in
Table 4. The sustainability index for each of the three scenarios is presented in Figure 10.
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Figure 9. Jobs created from the production of one energy unit in the MR, MRUS, and UBIS scenarios.

Table 4. Normalized values of sustainability indicators and weighted level for the MR, MRUS, and UBIS scenarios.

Normalized Values * Weighted Value of
Scenario .
cenart GHG Emissions Land Use  Energy Balance  Production Cost = Added Value = Employment Each Indicator
MR 0.60 0.74 0.69 1 0.01 1
MRUS 1 0.74 1.0 1 1.00 1 0.167
UBIS 0.42 1.0 0.65 0.8 1.00 0.95

* indicators were normalized within a range from 0 to 1, with 1 representing the highest value in terms of sustainability.

0.50 -
040 -
0.30 -

020 -

MR MRUS UBIS

Figure 10. Sustainability index for the MR, MRUS, and UBIS scenarios.

The MRUS scenario resulted in the highest sustainability index—0.956; followed by
UBIS—0.797. The MR scenario resulted in the lowest sustainability index—0.69.

The results show that a scenario such as MR, in which a variety of toxic Jatropha curcas
is used primarily for biodiesel, and to a far lesser extent, for glycerin, has a lower degree
of sustainability than the MRUS and UBIS scenarios, which also involve the utilization of
other residual products such as seed cake and the residue products of both the pericarp and
the tegument of NTJC. The utilization of these additional products translate into a relatively
high level of additional added value. This means that the MRUS and UBIS scenarios offer
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substantial advantages over the MR scenario. It is especially noteworthy that NTJC has
a natural advantage over toxic Jatropha curcas, the latter representing the majority of the
plant’s existing varieties. This advantage of the non-toxic variety is due to the fact that it
allows the possibility of utilization of the seed cake without requiring an additional process
to eliminate the seed’s toxicity.

Furthermore, the results of this study show that the UBIS scenario, which involves
improving conditions for the cultivation of NTJC through the application of biofertilizers
and flood irrigation, does not yield any additional sustainability as compared to the MRUS
scenario. This is due to the fact that even though the two additional measures improve
the per-hectare seed production, this improved production does not compensate for the
increases in GHG emissions, production cost per unit of GJ of biodiesel, or the poorer
energy balance obtained in the MRUS scenario. For these reasons, other strategies to
improve production should be studied that might avoid such undesired consequences.
Despite these disadvantages, the UBIS scenario was shown to improve per-hectare seed
production, and to have a higher degree of sustainability in comparison to the MR scenario.

4. Conclusions

The MRUS scenario was conceived for the purpose of increasing the economic value
of biodiesel production systems based on the E2M NTJC under conditions of minimal
resources and rural marginal soils. Furthermore, the MRUS condition provided added
value through utilization of the pericarp and tegument biomass, and seed cake of the NT]JC.
In the present study, the MRUS scenario yielded a higher sustainability index than the
other two conditions to which it was compared.

The UBIS scenario, which was conceived to improve sustainability, yielded a higher
normalized value in the indicator “land use.” However, the inputs to improve productivity
in this scenario also result in an increase in GHG emissions, the quantity of fossil fuels
utilized, and production costs. Furthermore, this increased resource utilization was not
compensated by higher productivity yields. However, even with these disadvantages, the
UBIS scenario had greater sustainability than the MR scenario.

These results demonstrate that the biodiesel production system utilizing non-toxic
Mexican ecotypes of Jatropha curcas has a higher degree of sustainability because these
ecotypes allow for a more integral use of the seed’s residual products—most especially, of
the seed cake—due to their non-toxic properties.

Future research should be directed at increasing productivity of E2M NTJC. The two
key components of such increased production are: (1) a E2M NTJC seed improvement
program; and (2) the use of more effective biofertilizers. Increasing production by these
means will ensure the implementation of systems that are environmentally, socially, and
economically viable (i.e., that have high sustainability) when implemented on marginal
soils in poor rural areas.
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Author Contributions: Conceptualization, ].M.L.-S.; methodology, G.P. and ] M.I.-S.; software, G.P.;
validation, G.P,; formal analysis, G.P. and ].M.L.-S.; investigation, G.P. and ].M.L.-S.; resources, G.P.
and J.ML.L-S,; data curation, G.P,; writing—original draft preparation, G.P.; writing—review and
editing, ] M.L-S,; visualization, G.P,; supervision, ].M.L-S.; Project Administration, G.P. and ] M.L.-S.;
Funding Acquisition, G.P. and ].M.L-S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Mexican National Council of Science and Technology
(CONACYT) for granting scholarship CVU No. 490087 for the first author and the Energy Sustain-
ability Fund through SENER-CONACYT project 2014-246911.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/en14102746/s1
https://www.mdpi.com/article/10.3390/en14102746/s1

Energies 2021, 14, 2746 18 of 21

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in Supplementary Materials.

Acknowledgments: The authors thank Maria de Jestis Pérez Orozco and Genice Kirat Grande Acosta
for the technical support granted. The authors also thank Robert Forstag for his editorial support.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript

GHG Greenhouse Gas

GBEP  Global Bioenergy Partnership

IESEP  Index of Environmental Sustainability in Energy Products
LCA Life-Cycle Assessment

MR Minimal Resources

MRUS Minimal Resources and Utilization of Sub-products

NTJC  Non-toxic Jatropha curcas

RSB Roundtable of Sustainable Biomaterials

SI Sustainability Index

UBIS Utilization of Biofertilizers, Flood Irrigation, and Sub-products
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