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Abstract: Currently, Mexico is facing an energy transition, therefore updated policy regulations
pertaining to the sustainable use of biomass are needed. In particular, policy that favors the sustain-
able use of biomass to produce energy and bioproducts to privilege climate change mitigation is
needed. This review describes the use of maguey (Agave spp.) and nopal (Opuntia spp.; also known
as “cactus”) for biofuel production, especially in marginal areas. Emphasis is given on documented
case studies discussing features of production and cultivation for both maguey and nopal, in addition
to their potential for fuel production. Environmental and social sustainability issues in terms of
waste value and new opportunities as bioenergy feedstocks and byproducts are also discussed.
Although the paper does not deeply describe aspects of biomass transformation, such as bioprocess
configurations, it gives characteristics of production in addition to cultivation. Agave and Opuntia
species may represent a suitable feedstock for biofuels, bioproducts, bioenergy and biorefineries,
especially in dry lands (semi-arid and dry sub-humid), deforested areas, agroforestry systems and
agricultural semi-terraces known as metepantle in Mexico.
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1. Introduction

As the population continues to rise, there will be an increased demand for food, fibers,
forage and renewable biomass resources for energy, biofuels and chemical products [1,2].
The policy must encourage the sustainable use of biomass while also promoting climate
change mitigation [3,4]. Furthermore, climate change will affect agro-ecological conditions,
land suitability, crop yield, cropping area and land-use intensity [5,6]. Facing crop produc-
tivity and climate change challenges for food and bioenergy production, some approaches
have been highlighted, such as using abandoned or unsuitable agriculture lands [7], arid
and semi-arid lands [8], deforested areas, agroforestry system, especially in agricultural
semi-terraces known as metepantle in Mexico [9,10]; use of plants with desirable traits of
high productivity and low water consumption [11,12]; as well as engineered metabolic
photosynthetic pathways [13,14].

Remote sensing has been used to determine the potential area of unoccupied (aban-
doned) agricultural lands that can be used for energy crop production. An earlier study
found an amount between 385 and 472 million hectares [7]; a more recently study reported
from 320 to 702 million hectares in China, Europe, India, United States, South America and
Africa [15], accounting only for degraded and unoccupied cropland, vegetation land and
mixed crop. However, it has been reported that approximately 12-14.6% (1.6-1.9 billion
ha) of the total world is arid and 12.2-18% (1.6-2.4 billion ha) is semi-arid [16,17]. This
land can possibly be available for energy crop without competing with food crops. The
agroforestry system in semi-terraces (metepantle) are an ancient agricultural system where

Sustainability 2021, 13, 12263. https:/ /doi.org/10.3390/su132112263

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9436-5438
https://orcid.org/0000-0002-8282-6046
https://orcid.org/0000-0003-1101-6334
https://doi.org/10.3390/su132112263
https://doi.org/10.3390/su132112263
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132112263
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132112263?type=check_update&version=2

Sustainability 2021, 13, 12263

20f18

crops and vegetables are cultivated, and Agave species are used to divide the cultivations.
They are used along Mexico in northeastern of Chihuahua State, Sonora valley, Tamauli-
pas’s mountains, Mexico City’s basin, Hidalgo, Michoacan, Puebla, Tlaxcala and Oaxaca
States [18].

Diverse plant species within dry regions have been identified with high water-use
efficiency and water shortage resistance since they exhibit a crassulacean acid metabolism
(CAM) photosynthesis, such as Agave and Opuntia species, which have been recognized as
sustainable bioenergy feedstocks [11,14,18-23]. One of the most remarkable traits of CAM
plants is that they have their stomata open at night, thus allowing the initial fixation of
CO;, during periods when conditions leading to evaporative water loss are at a minimum.
During the daytime, the stomata are closed to reduce water loss and eliminate the possible
net influx of CO,, and photosynthesis can proceed by using the reservoir of stored CO;.
Under dry weather, the water supply is very limited. Therefore, CAM plants have adapted
by permanently closing the stomata and stopping all gas exchange. CAM plants have the
advantage of being able to retain and reused CO; produced by respiration, thus preventing
loss of carbon and helping to maintain a favorable dry weight through extended periods of
severe drought [24,25]. In Mexico, a variety of Agave and Opuntia species are mainly found
in natural populations in arid, semi-arid and dry sub-humid zones [26-28], covering an
area of about 70% of Mexican territory [29].

A deep study of CAM plant metabolism has been carried out since the beginning of
21 century [30]. However, a small number Agave and Opuntia species, among other CAM
species, have been undervalued and few investments in agricultural improvements have
been made for most useful varieties of these species [31]. This paper presents a review of
the current status of Agave and Opuntia species in Mexico and features of production and
cultivation as well as their potential for biofuels and byproducts sustainable production.
Waste valorization and new opportunities as bioenergy feedstocks are also discussed. The
use of Agave and Opuntia biomass and residues to produce high value-added products
deals with the aim of environmental and rural sustainable development, especially as
they become highly attractive as new potential feedstocks in arid, semi-arid and dry
sub-humid lands.

2. Methodology

The search of the literature on Agave and Opuntia species was performed in a broad
and specific scope by first selecting the information related to the importance of the
metabolism and growing interest in these species as bioenergy crops. Studies were also
reviewed [8,11,23,30,32-35] on its diversity, ecology, agronomy, biomass production and
conversion into biofuels, productivity and the feasibility of growing these species in arid,
semi-arid and marginal lands of southwestern USA, Mexico, Africa, Australia and other
regions where experimental field trials of candidate species for energy crops or commercial
crop production have been established. Information on these studies is given and analyzed
throughout the sections of this paper.

The distribution of Agave and Opuntia species was addressed, including their produc-
tivity of experimental field trials and crop yield in Mexico and other countries. Then, an
analysis was focused on the distribution, cultivated areas and production of these species
in Mexico, indicating the main used species for cultivation and commercial purposes.

Detailed national data for the cultivated area and crop production from 2004 to 2019
were obtained from the Food, Agriculture and Fisheries Information Service [36]. Moisture
content, fresh weight and different biomass proportion of the plants were used to estimate
the production in dry weight and analyze the productivity.

Finally, the main chemical composition for some Agave and Opuntia species was
summarized, followed by the review and analysis of the potential for both species as
feedstock to produce biofuels, bioenergy and byproducts.
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3. Agave (Agavaceae) and Opuntia (Cactaceae) as CAM Crops

Species of Agave (Agavaceae) and Opuntia (Cactaceae), have increasing attention not
only as a CAM species but also as energy crops [8,12,14,18-21,37-41]. As indicated previ-
ously, these plants are high water efficiency and are suitable for growing on abandoned,
degraded agricultural lands or drylands where precipitation is scarce, thus helping to
rehabilitate these degraded lands, combat soil erosion and desertification [4]. The traits
and diversity of these species provide challenging strategies for agronomic practices and
selection of appropriate cultivars to be grown as bioenergy crops, especially in rain-fed
areas with low amount or frequency of precipitation where traditional food and bioenergy
crops are unable to be cultivated [9,26]. Furthermore, both species can go along with C3 or
C4 bioenergy crops.

In addition, Agave and Opuntia species produce comparable amounts of biomass
comparing with C3 and C4 plants although with significantly lower inputs of water
(80 and 20%, respectively), and under optimal growing conditions, the dry mass produc-
tivity (kg ha=! year!) of 43,000 is also comparable to C3 herbaceous species (35,000),
agronomic C4 species (49,000) and trees (39,000) [42].

The geographical location of Mexico allows it to receive daily large amounts of energy
from the sun for both renewable energy and plant breeding. Then, Agave and Opuntia
species are very appreciated for food, cattle feed and spirit production as tequila, mezcal
and pulque, among others. Hence, there are dedicated cultivation land for intensified
agriculture, but they are also small cultivation known as metepantle [5,6], which helps to
separate the crops. Indeed, the application of sustainable land management (SLM) like
metepantle diminishes desertification and help to recuperate and reintegrate land, soil,
water and vegetation. Indeed, SLM refers to the multi-functional utilization of land instead
of mono-functional land uses with increased yields by 30-170%. However, only a holistic
and stakeholder’s engagement approach might develop local solutions [43].

4. Characteristics of Production and Cultivation of Agave and Opuntia
4.1. Agave Species

Agave is a large and most diverse genus in the family Agavaceae, which includes nine
genera and approximately 340 species [44]. The genus Agave is divided into two subgenera,
Littaea with flowers spicate in pairs, clusters or racemose and Agave with inflorescences of
spreading umbellate or paniculate branches [42,45].

Agave is indigenous to the Americas, and is distributed from the southern United
States to Colombia and Venezuela, including also all of the Caribbean islands, from the
Bahamas to Aruba, Curacao and Trinidad and Tobago [26]. Mexico is considered the center
of origin [45], where about 261 species are found and 177 of these species are endemic [44].

Agave plants can almost be found throughout all Mexico from sea level up to 3500 m
altitude, but they are most commonly found between 1000-2000 m altitude and in tropical
deciduous forests, thorn forests, grasslands, deserts and chaparral and mixed oak—pine
forests. They are very diverse in the arid and semi-arid zones of the North and Centre, but
they diminish towards the humid and warm zones of the South [26,27]. The distribution of
Agave species is shown in Figure 1.

Since pre-Hispanic times, Agave species have been very appreciated in Mexico and
used as food, forage, fibers, beverages, medicine, fuel, shelter, ornament, fertilizer, tools,
construction materials, living fences, among other uses [45,46]. The production of beverages
from Agave plants is one of traditional uses that still prevails in Mexico and is now an
important industry. One kind of beverage is drawn as sap from the living Agaves and
consumed fresh as a beverage called aguamiel or fermented as pulque. Other kinds of
beverages are the distilled liquors or spirits known as Tequila, Mezcal, Bacanora, Raicilla
and Comiteco, which are made from the cooked Agave heart or globose core shape, called
pifias in Spanish. Selected Agave species are harvested in Mexico for different purposes
from natural populations, semi-domesticated cultivation or industrial intensive plantations.
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Figure 1. Distribution of Agave species in Mexico (map by the authors with data from CONABIO [47]).

There are at least 58 Agave species used for the production of beverages [46]. However,
a few species are the most important. The principal Agave species for pulque production are
Agave salmiana, A. mapisaga, A. atrovirens, A. ferox, A. hookeri and A. americana [46]. Tequila
(100%) is made exclusively from A. tequilana Weber variety blue [48]. About 35 species
of Agave are used for making mezcal [49], but the most used are Agave angustifolia, A.
americana, A. duranguensi, A. convallis, A. cupreata, A. inaequidens, A. karwinskii, A. rodacantha,
A. macrocantha, A. marmota, A. canatala, A. potatorum, A. salmiana var. crassispina and A.
crassispina var. culta [50,51]. Agave maximiliana, A. inaequidens, A. valenciana, A. angustifolia
and A. rhodacantha are used for making Raicilla spirit [52,53]; Agave angustifolia for Bacanora
spirit [54]; and Agave americana and A. salmiana for Comiteco spirit [55].

4.2. Productivity of Agave

Agave species have been introduced in China, Australia, Tanzania, Kenya, Madagas-
car, Brazil and across the Caribbean and Mediterranean areas for commercial use [37,56].
The global cultivation of Agave as crop is around 500,000 ha [56], and 80% is cultivated for
fibers and 20% for beverages and some forage. The main commercial producers of Agave
(Henequen) for fibers are Colombia, Mexico, Nicaragua, Philippines and Ecuador from
2003 to 2013, while Mexico is the principal commercial producer of Agave for beverages
and possesses several origin denominations for cropping and production of such beverages.
Industrial cultivation of Agave for biofuels production is still in development in some
countries [21,33,39,40,57].

In Mexico, some species of Agave are well established as mature crops that are
cultivated almost throughout the country for the commercial production of distilled and
fermented beverages, also for production of fibers in Yucatan State located in Southern
Mexico. The cultivated area of Agave is variable from year to year due to the price and
demand of alcoholic beverages and fibers as well as the pest attack on the Agave fields. The
total cultivated area of Agave was 192,516 ha in 2004 of which 26,341 ha were in production
(Figure 2), then in 2019 the cultivated and productive areas were 141,123 ha and 34,817 ha,
respectively.
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Figure 2. Cultivated (C) area and Production (P) of Agave in Mexico (Authors’ elaboration with data
from SIAP [36]).

The cultivated area decreased to 124,708 ha in 2014, but in the same year the productive
area increased to 29,145 ha [36]. From 2004 to 2019, the average cultivated area of Agave
was 72.6% for tequila, 11.7% for mezcal, 5.3% for pulque and 10.4% for fibers of the total
cultivated area. Additionally, on average, 99% of the total cultivated and productive areas
of Agave are rainfed and the remaining are irrigated fed.

Stems or heads of Agave are used for making Tequila or Mezcal, while the leaves
are left as fertilizer in the cropping fields. The average proportion (%) of fresh weight
is 52.7 for stems and 47.3 for leaves, with a respective water content (%) of 72.5 and
79.5, respectively [58,59]. The production of Agave is reported in fresh weight of heads
for Mezcal and Tequila, while Henequen production reports the fresh weight of leaves,
therefore is possible to estimate the production in dry weight. Depending on the year of
production (2004-2019), the total amount of dry matter (DM) produced by Agave plants
was between 389,605,392 to 878,903,316 kg for Tequila, from 66,120,968 to 194,337,296 kg
for Mezcal and from 2,007,123 to 56,843,821 for Henequen (Figure 2). Considering that
on average the harvesting age of Agave is 6 years and that the production values are
on accumulated biomass base, it is also possible to estimate the annual productivity
(kg ha=! yearfl), which is variable, 5936.4-8686.5 for Tequila, 3847.4-5171.8 for Mezcal
and 44.8-688.4 for henequen.

Agave crops have annual biomass productivities (kg ha~! year!) ranging from 4000
to 30,000 and may have even greater potential productivities, depending on the agronomic
cultivation system [21,60-62]. The estimated annual productivity of Agave for Tequila and
Mezcal is within the range of these reported values for Agave species. For comparison,
productivity (kg ha! year~!) of C4 photosynthetic species grown for biofuels such as
maize, switchgrass and sugarcane range from 5000 to 26,000 [22].

Differences in productivity are attributed to the agro-ecological conditions where
Agave is cultivated, such as day and night temperature, water availability, soil type, slope,
climate, number of plants per ha, among other factors [62-64]. Agave spp. can be grown in
poor dry areas [65]; however, there are some constrains for its widespread use that can be
matched. For example, the damaging cycles of excess and shortage that the tequila industry
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have, in addition to the long time for Agave maturation and the habitat of flowering and
exclusive morphology. It must also be considered the valorization of cut leaves, obtained
through Agave harvest, or Jima in Spanish, besides the traditional use as fertilizer, other
applications might give more certainty to a sustainable use of Agave [32,66].

According to SAGARPA [67] from 2017 to 2030, the total production of agave is
expected to increase 30% in selected potential areas for agave plantations, which will
benefit agave farms and producers under production contracts by leasing, share-cropping
or tenant farming. Moreover, the current government policy is to help small rural farms
(2.5 ha) by giving technical assistant and economic support to promote the well-being of
farmers [68].

Niechayev et al. [22] developed an environmental productivity index in order to
predict potential yields of A. americana in semi-arid and xeric regions, since it is expected
to have extensive regions in the near future if climate change continues. The index might
be useful to determine the potential geographic range for CAM species in the near future,
such as warmer atmosphere, and larger changes in precipitation patterns.

4.3. Opuntia Species

The genus Opuntia belongs to the family Cactaceae and subfamily Opuntioideae,
which, depending on the taxonomic classification, includes from 191 to 250 species [69,70].
Mexico is considered as well as the center of high diversity with approximately 83 to
104 species of Opuntia and over 50% of its species are endemic [69,71]. The genus Opuntia is
the most diverse and widely distributed in American continent from Canada to Patagonia;
including all Central American, Caribbean and South American countries (Argentina,
Bolivia, Brazil, Colombia, Peru and Venezuela). There are also species of Opuntia cultivated
and naturalized in Australia, India, Algeria, Angola, Italy and South Africa [72,73].

The altitudinal distribution of Opuntia plants varies from below sea level up to 4500 m
in the Andean uplands of Peru and Chile and from the desert to tropical regions of Mexico,
where temperatures (°C) are above 25 to —40 in Canada in wintertime [73]. In Mexico,
species of Opuntia are found from sea level up to 3200 m with the major diversity between
1500 and 2500 m and they are predominantly distributed in semiarid and temperate cli-
mates, in disturbed areas of vegetation (agriculture lands), xerophytic shrub land, oak,
pine—oak and oak—pine forest, and low tropical dry deciduous and semi-deciduous for-
est [28]. The distribution of Opuntia species in Mexico is showed in Figure 3.
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Figure 3. Distribution of Opuntia species in Mexico (map by the authors with data from
CONABIO [47] and INEGI [74]).
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Since ancient times, Opuntia spp. have been recognized for a wide range uses. The
tender cladodes (nopalli in Nahuatl, nopalitos in Spanish) are used as food, the mature
cladodes are consumed for cochineal cultivation, and the prickly pear fruit is consumed
fresh or fermented to prepare a prickly pear wine and sometimes used as medicine [69].
Currently, Opuntia species are used worldwide for producing fruit, vegetable, forage and
cochineal breeding [69,73]; other uses and products derived from these plants have been
summarized elsewhere [8].

In spite of the diversity of species of the genus Opuntia, only 10-12 species have been
cultivated for different purposes. For fruit production, the species that are mainly used are:
Opuntia ficus-indica, O. amyclae, O. xoconostle, O. megacantha and O. streptacantha. Although
in Mexico another 8-15 species are considered for fruit production, wild species include
Opuntia hyptiacantha, O. leucotricha and O. robusta [74-76].

In Mexico, the tender cladodes of Opuntia ficus-indica and O. amyclaea are used as a
vegetable [73,77]. For forage production favorite species are O. ficus-indica, O. cantabrigiensis,
O. lindheimeri var. tricolor, O. lindheimeri var. subarmata and O. imbricata [78], and at least
12 wild species [76]. For cochineal breeding Opuntia ficus-indica and O. cochenillifera (or
Nopalea cochenillifera) are the preferred species [73].

4.4. Productivity of Opuntia

Cultivated or wild species of Opuntia can be found in about 30 countries over an area
of around 1 million ha [56]. Most of cladodes production is for animal feed, for instance,
about 400,000 ha in Brazil [73]. In Mexico, young cladodes are also harvested as vegetable
for food intake. In fact, the cultivated area of Opuntia for vegetable and forage has followed
an increasing trend from 2004 to 2019 [36]. In 2004, the cultivated surface (ha) was 10,208 for
vegetable and 10,048 for forage, with a respective increase of 12,799 and 17,267, respectively
in 2019. In contrast, the cultivated area of fruit decreased from 52,144 in 2004 to 45,733 in
2019 (Figure 4).
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Figure 4. Cultivated (C) area and Production (P) of Opuntia in Mexico (map by the authors with data
from SIAP [36]).

Most of the production of vegetable and fruit are rainfed, with approximately 73% and
98% of the cultivated area, respectively, whereas forage production of is done by irrigation
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with about 90% of the cultivated area. The production (in fresh weight) of these cultivated
areas is variable, but in general, also shows a growing trend over the years from 2004
to 2019.

The mean water content (%) for young cladodes for food consumption, cladodes for
forage and prickly pear fruit was 92, 81 and 86, respectively [73,78,79]. The production (kg)
in dry matter (DM) was 5,401,5470 to 79,272,985 for vegetable, 16,286,219 to 44,015,016 for
forage and 50,658,740 to 88,418,540 for fruit (Figure 4). Therefore, the yield (kg ha! year‘1
DM) was also variable, this being 5124.7 to 6665.8 for vegetable, 2176.5 to 7889.6 for forage
and 1124.5 to 1713.6 kg for fruit.

The variability of annual mean yield is related to soil conditions, agricultural prac-
tices and water inputs. Under rainfed conditions, aboveground dry-weight productivity
(kg ha~! year—! DM) for Opuntia ficus-indica varies from 3000 to 3170 [8,80,81]. However,
under irrigated conditions, the productivity of this specie is between 40,000-50,000. How-
ever, lower yields were achieved from 240 to 570 for five cultivars of O. ficus-indica under
three plant densities and drop irrigation [79]. Productivity is affected by water availability
and it is estimated that the yield increases 19.7% for every mm of annual rain-fall avail-
able. Nevertheless, local and specific field trials are needed to verify the productivity, not
only on O. ficus-indica but also for other cultivated species of Opuntia that can be used as
biofuel crops.

5. Potential Agave and Opuntia Species for Fuels Production and Energy

Sources of carbon mainly depends on the climate and soil conditions of the land [82],
therefore, there is a wide condition worldwide. As it was described above, maguey (Agave
spp.) and nopal (Opuntia spp.) are two of the most representative plants that are widely
distributed in Mexico.

Although bioenergy is the main interest for Agave and Opuntia species as a feedstock,
attention has been recently focused on the production of bioethanol, an emerging appli-
cation is increasing through anaerobic digestion (AD) to produce biogas for electricity
generation [11,23,83]. Nevertheless, the thermochemical processing of Agave and Opuntia
for thermal and electricity power is still a scarcely studied area [84,85]. In the following
paragraphs, some study cases are described as examples of the use of maguey (Agave spp.)
and nopal (Opuntia spp.) to obtain sustainable energy. Table 1 shows the chemical com-
position of biomass for six Agave species and three Opuntia species, in which cellulose,
hemicellulose and lignin are the main compounds to produce biofuels.

Table 1. Chemical composition of selected Agave and Opuntia species (% of total dry weight).

Specie Biomass Cellulose Hemicellulose Lignin
A. tequilana Bagasse [23,86-89] 10.6-50.0 10.6-22 6.2-17
Leaf fiber [23,90] 26.1-49.5 15.8-17.8 12.7-17.0
Offshoot bagasse [23] 19.8 13.8 13.1
A. lechuguilla Cogollos [91-93] 14.65-40.98 1.52-12.84 9.07-44.25
A. americana Bagasse [94] 394 11.6
Leaf fiber [90,95] 5.55-47.2 5.6-22.4 9.1-9.3
A. salmiana Leaf fiber [96] 20.67 3.74 23.37
A. karwinskii Bagasse [89] 30 20 14
A. deserti Bagasse [94] 54.7 17.5
O. ficus-indica Cladodes [85,97-99] 3-32.6 6.2-18.5 3.6-16
O. robusta Cladodes [99] 29.1 9.9 13.1
O. streptacantha Cladodes [99] 28.1 11.5 129
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The ability to convert CAM crops to both biomethane and volatile fatty acids has
received very little research attention. Recently, the biochemical methane potentials of
Agave and Opuntia species were studied [100]. The methane yields achieved from the CAM
substrates were at least as high as those obtained from maize, which is one of the widely
used feedstocks for anaerobic digestion. CAM plants may be viable as bioenergy crops
on poor quality soils in areas with low rainfall that are unsuitable for cultivation of food
crops. Moreover, the Agave biomass can be used as substrate of low cost to produce a wide
number of bioproducts and biofuels in addition to organic acids and enzymes [101].

5.1. Biofuels, Bioenergy and Byproducts from Agave Species

Literature review about productivity and bioproducts shows a high potential of
some Agave species to compete economically with other bioenergy crops. However,
the competition is not the main purpose, since these species should enhance the list of
energy crops from which bioenergy could be obtained [41], especially for local and rural
sustainable valorization where the capacity to grow with very little rainfall and still reach
good amount of biomass is needed. Production of ethanol from Agave must differentiate
its use for spirits and others like pharmacy or biofuels. The Tequila industry is a highly
profitable one and ethanol production for biofuels must consider low value biomasses, i.e.,
leaves and Agave bagasse. In fact, considering the average annual production of Agave for
Tequila and Mezcal and a given methodology [102], dry available biomass of bagasse and
leaves of Agave is estimated at about 149,777 ton and 124,814 ton, respectively, from which,
theoretically [103], it is possible to obtain 58,762 L of bioethanol, 59,586 L of BTL (Biomass
to Liquid)-diesel or 84,299 L of Bio-SNG (Synthetic Natural Gas). A techno-economic study
based on process simulation showed that an attractive production cost of ethanol minor to
1.07 USD per gallon may be achieved if the Agave bagasse and hydrolytic enzymes costs
are lower than 50 USD per ton and 0.4 USD per gallon, respectively [86]. Nevertheless,
Agave residues valorization into ethanol must consider satisfying local needs of fuels in
order to get it accessible to the people.

The used of bagasse from Agave tequilana to produce ethanol was described by Saucedo-
Luna et al. [87], who reported the use of Pichia caribbica UM-5, a native yeast, to ferment
sugar liquors from both acid and enzymatic hydrolysis to ethanol, yielding 50 and 87%,
respectively. The authors found a conversion of 8.99 g ethanol /50 g (0.18 g ethanol g~
bagasse), corresponding to an overall yield of 56.75% of theoretical ethanol. Thus, bagasse
may be employed as a lignocellulosic raw material for bioethanol production and the
bagasse is suitable for further valorization [86]. Agave lechuguilla Torr. is another wild
species that grows in the arid and semi-arid zones of Mexico, mainly in the North part of
Mexico [104]. This species is becoming of interest for establishing crops to produce fibers
and bioethanol [105,106].

The heart with attached leaf of A. lechuguilla (called Cogollos) has been assessed by
different strategies to produce ethanol [91-93]. Authors report that pretreatment with
diluted sulfuric acid can be a promising option to fractionate biomass. It is also reported
that separate hydrolysis and fermentation (SHF) showed the best results compared to
simultaneous saccharification and fermentation (SSF) and pre-hydrolysis and simultaneous
saccharification and fermentation (PSSF) [91]. In the SHF, ethanol concentration and
productivity obtained at 36 h were 53.7 g L~ ! and 1.49 g L~! h™!, respectively, with 25%
m/v of solids and an enzyme loading of 25 FPU g~ ! glucan (filter paper unit per g).
Moreover, 87% of sugar recovery was obtained in raw Agave at 180°C and 1.24% (m/v)
H,504 and 10% biomass loading. Then, an enzymatic saccharification yield a sugar solution
that was co-fermented by the Escherichia coli MM160, achieving an ethanol yield of 73.3%
in a single step [93].

Agave fourcroydes Lem, best known as Henequen, is usually cultivated in Yucatan,
Mexico to produce natural fibers from the leaves, and a juice that contains fructans. Ethanol
can be obtained by hydrolyzed fructans to fructose and glucose and metabolized into
ethanol by selected yeasts; although yields depend on the variety and age of A. fourcroydes;
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for example, cooked pifias of green and white henequen that are 5 years old, produced
ethanol yields of 33.36 and 20.73 mL kg !, respectively; whereas with cooked pifias that
are 9 years old, the respective ethanol yields were 50.25 and 43.25 mL kg~! [107].

Different Agave species in Mexico are used to provide the carbon source for distilled
and non-distilled alcoholic beverage production using the stem of the plant, while the leaves
are discarded. Although both hydrolysis processes (thermal acid and enzymatic hydrolysis)
obtained similar results, the difference was observed after fermentation. Ethanol yields
(%) were 50 £ 4 and 80 £ 5 of the theoretical yield, respectively. According to Villegas-
Silva et al. [82] it is possible to produce ethanol from almost the entire plant (stem and
leaves), which is a good option to reduce biomass waste. At the end of 2015 in Morelia
City, Michoacan, Mexico, the inauguration of a pilot plant for the ethanol production from
juice and biomass of Agave spp. used to obtain tequila and mezcal took place. The main
objective is to know the yields of waste to produce second-generation ethanol [108].

Corbin et al. [90] described the bioethanol production from Agave americana and
Agave tequilana leaves related to the chemical composition. Agave leaves are rich in
soluble sugars and pectin; dry leaf fiber is composed of crystalline cellulose and non-
cellulosic polysaccharides, and whole leaves were low in lignin. It is important to mention
that in tequila making, Agave leaves are discarded as waste. According to the authors,
theoretically, up to 4000 L ha~! year~! of bioethanol could be produced from juice extracted
from waste Agave leaves. However, using Saccharomyces cerevisiae strains to ferment Agave
juice, a 66% yield was obtained. Therefore, Agave could be used as a bioethanol feedstock,
adapting fermentation organisms and conditions according to the chemical composition.

Lainez et al. [96] reported an enzymatic saccharification on A. salmiana leaves compar-
ing with Saccharomyces cerevisiae and Kluyveromyces marxianus. The main results showed
the efficient hydrolysis of lignocellulosic material from A. salmiana leaves and its successful
conversion into ethanol by K. marxianus (fermentative efficiencies of 92.88 & 3.24% vs.
S. cerevisiae of 87.63 £+ 2.23%).

Sanchez et al. [88] reported an analysis of the tequila residues valorization, considering
the residues and wastes in a multi-feedstock Mexican biorefinery for the co-production
of second-generation bioethanol and electricity as the best sustainable option for waste
valorization. Authors reported one third of the economic cost of biorefinery operation
in addition to waste management lower costs. For a 500 Mkg day~! plant, the most
sustainable configuration is producing second-generation (2G) bioethanol with a vinasses
treatment plant feeding biogas for electricity coproduction.

In order to produce in Mexico 2G bioethanol, Delfin-Ruiz et al. [89] demonstrated
that Agave bagasse is a suitable alternative, obtaining a yield of 0.47 and 0.46 m/m in
the fermentation step using Agave tequilana Weber var. azul and Agave karwinskii bagasse,
respectively. A volumetric productivity of 1.97 and 1.14 g L' h™! and a fermentation
efficiency of 93.1 and 90.4%, respectively was also reported.

According to Lu and Wyman [94], A. deserti and cultivated A. americana growths in
California and both species are rich in fructans (from 96-314 g L~! of equivalent fructose
and glucose in their leaf bases). In addition, authors reported that these plants are amenable
to fermentation into ethanol and other biofuels considering both structural and water-
soluble sugar contents (more than 63% mass) in addition to the low K-lignin content
(12-18% mass) that suggests low recalcitrance. The recalcitrance of A. americana was
compared with sorghum, switchgrass and miscanthus. Authors reported that A. americana
is more easily hydrolyzed by enzymes with greater sugar yield per unit mass [95] and can
produce substantial yields of soluble carbohydrates with lower amount of enzymes with
the same polysaccharides depolymerization to fermentable monosaccharides than other
lignocellulosic feedstocks.

Agave has been also studied as a solid biofuel (SBF). Considering feasibility studies for
process heat, Duran et al. [109] demonstrated that Agave can be used as SBF in a thermal
process, indicating that although a biomass boiler is more expensive than a natural gas or
fuel oil boiler (8 to 10 times more), the investment is worth due to the cost of fossil fuel. In
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addition, using Agave as an SBF, both CO, emissions and generation costs of the biofuel
were lower than fossil fuel, even considering additional biomass like woodchip. Another
advantage is that leaves from Agave are waste that can be valorized as SBF, reducing the
amount of woodchips, with a possible corresponding decrease in heat generation cost.

In order to assess the structural and chemical recalcitrance of different types of
biomass, including bagasse (AB) from A. salmiana gentry, FTIR spectroscopy and TGA
were used [110]. A partial decomposition of polysaccharide and the thermal recalcitrance
of AB was reported and this behavior is controlled by the chemical linking between polysac-
charides and lignin of AB.

The evaluation of AB pretreated with steam explosion and enzymatic hydrolysis for
biomethane production was described by Duran-Cruz et al. [111] using severity factors
(SF) ranged from 1.65 to 2.89; hydrolysis with enzyme loads of Cellic CTec2 ranged from
0.12 to 3.6 mg protein g~ ! AB. The contribution of pretreatment to the global TC yield
ranged from 13 to 34% for the different systems evaluated and the best SF was of 2.41. The
BMP value was 40% higher than the BMP reached without enzymatic hydrolysis. In all
cases, pretreatment resulted in higher TC yields after enzymatic hydrolysis, indicating
the relevance of this first step for the use of AB for biofuel production. Additionally, such
pretreatment conditions correspond to less severe conditions, implicating a reduction in
the energy and time invested in this process and directly affecting the costs of biogas
production. Likewise, the use of hydrolytic enzymes contributes with a cleaner process
and reduces the use of harmful chemicals.

5.2. Biogas and Energy from the Opuntia Species

It is well known that the content of digestible carbohydrates, lipids and proteins, in
addition to the content of more resistant cellulose, hemicellulose and lignin impacts the
production of biogas. One of the first works describing the conditions to obtain biogas from
Opuntia is the one reported by Contreras and Toha [112]. According to them, homogenized
cladodes of the cactus Opuntia cacti (ficus-indica) maintained in closed vials at atmospheric
pressure, spontaneously emit a gas that is 17% hydrogen. This early gas emission produced
in only a few hours of incubation is enhanced by the addition of a small amount (1%
v/v) of digested sludge, and attains its maximum at pH 6 and at 35 —40 °C. On the other
hand, after days of incubation with digested sludge a different larger gas production was
induced (~500 mL g~!, dry weight) containing 60% methane and very little hydrogen.
After about 26 days of incubation the biomass was reduced to 10% of the original mass. In
both processes higher yields of gas production were obtained by the incubation of the pith
fraction of the cladodes. Kriimpel et al. [97] reported that 20,000 plants ha~! of Opuntia
ficus-indica (L) Mill was able to generate a methane yield of 1860 m> from 1 ha on a marginal
land. In line with this, pretreated napier grass with cow farm slurry allowed the production
of biogas with 66% methane content [113].

Retamal et al. [114] reported the ethanol production from fruits and cladodes of prickly
pear cactus, using different yeast strains of the genus Saccharomyces. The best results after
both types of hydrolysis were obtained with fresh or dried cladodes without fruits. The
enzymatic method gave the highest sugar yield, but the production of ethanol was similar
to the one obtained by hydrolysis of fresh cladodes with acid, and only slightly higher
with dried cladodes. Authors highlighted the utilization of inexpensive lignocellulosic
biomass for the production of ethanol from prickly pear cultivation in arid, semi-arid
and irrigated regions. Therefore, the cladodes of O. ficus-indica are suitable biomass for a
second-generation feedstock and there is not any competition for prime agricultural land,
food production or significantly replacing natural vegetation.

Cactus is an interesting option to be used as energetic resource since it is established
and developed in marginal areas. In addition, nopal can be used to recover poor and eroded
soils. The bioenergy from cactus biomass is considered almost never-ending, clean and can
be used in a self-maintained manner, since they have the advantage of being used in the
same place or nearby where they are produced [83]. Ortiz-Laurel and Rossel-Kipping [115]
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described the balance of energy for biogas generation from cactus prickly, which produces
large quantities of biomass (11.3% dry matter). They found that it is difficult to use prickly
cactus as natural material for biorefinery since quality of cactus biomass as large number
of cladodes are discarded because of its unavailability as livestock fresh fodder and those
still act attached to the plant get mature and eventually get old. In order to reduce energy
consumption, they suggest a short distance transportation of raw material and undertake a
basic process-low investment and supplying small quantities of energy. Cactus shows on
average one of the highest methane production to biomass ratios (57.12%); therefore, it is a
sustainable source for obtaining biogas.

Texco-Lopez et al. [98] studied the effect of hydrothermal pretreating (high pressure)
and enzymatic hydrolysis of cladodes of Opuntia ficus-indica on sugar release and their
potential use in bioethanol production. They achieved a final hydrolysis of 70.4% of the
nopal cladodes (combination of thermal pretreatment and enzymatic hydrolysis) and
bioethanol production of 6.6 g L~!. In addition, a significant time saving by applying
a hydrothermal pretreatment compared to a conventional pretreatment (carried out in
autoclaves) was reported.

The characterization of Opuntia ficus-indica using FTIR spectroscopy showed a high
amount of cellulose (32.6%) and hemicelluloses (9.8%). The syringyl:guaiacyl ratio was
1.59 to 2.12, due to the presence of 60% of syringyl in the lignin fraction. Percentages
higher than 60% of crystalline cellulose were reported. Therefore, the chemical composition
of lignin and cellulose as well as lignocellulosic percentages allow Opuntia species to be
suitable for cellulose nanofibers and biofuels production [99].

A recent work reported the value of tropical fruit byproducts in a bio-refinery scheme.
Particular attention was given to bioactive compounds (phenolics and carotenoids) [43].

The development of production systems with low energy requirements, such as the
nopal, contribute to sustainable development, promoting an increase in the quality of life
in marginal areas [73]. The biogas obtained from the nopal can be used as an alternative
fuel in those marginal communities in countries where the power supply is deficient or
there is not access to conventional sources [116]. Panizio et al. [117] reported that Opuntia
sp could be applied as a novel co-substrate in wastewater digestion systems that contain
high levels of nitrogen compounds, due to the co-digestion of slaughterhouse wastewater
with Opuntia ficus-indica residues that enhanced the production of biogas.

6. Challenges and Perspectives

Agave and Opuntia species are very valuable in Mexico for food, cattle feed and spirit
production as stated above. Nevertheless, valuable biomass is left behind in the land as
fertilizers without any other valorization. We consider that a fraction of such biomass
residues may be valorize into biofuels and bioproducts for an enhanced added value to
the rural communities that cultivate these plants. Such valorization may permit the local
production of biofuels like ethanol, biogas and methane, helping to the accessibility of
energy to the rural people, instead of using fossil fuels like liquified petroleum gas (LPG)
or natural gas.

Further valorization of such residues may allow the productions of fructans as inulin
from Agave and pectin from Opuntia. Then, we need to undertake sustainable production
projects all along with rural communities working with metepantle in order to maximize
the use of biomass and heading to a circular bioeconomy.

It has been previously described that Agave and Opuntia spp. are currently receiving
attention as potential bioproducts and bioenergy feedstocks. However, there are still some
characteristics that limit the ability of both species to fully compete economically and
environmentally with other bioenergy crops in the production of biofuels, bioenergy and
byproducts. First, some species of Agave are used for the tequila industry and currently
continues without further vision. Even more, although theoretical maximum ethanol yield
is much better for Agave (twofold) than non-CAM biofuel crops, switchgrass and poplar,
the authors think that a change in paradigm is necessary for biomass and biowaste exploita-
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tion to really valorize their potential. Second, although the scope of ethanol production
from Opuntia spp. has historically been far more limited than from Agave, few attempts to
convert Opuntia cladodes or fruit to ethanol have been reported (e.g., Sdnchez et al. [88]).
Third, environmental impacts, addressed through life cycle assessment, concluded that
both energy outputs and greenhouse emissions are greater in an Agave bioenergy pro-
duction system than in corn or switchgrass bioenergy production systems [23]. Further
quantitative studies are needed to revised inventory and inferences to be made in addition
to allocation issues. It is worth saying that Agave is far more water-use efficient than these
traditional crops [21]. Finally, there are substantial costs that need to be addressed before
biomass and waste from Agave can be used to produce energy, mainly due to costs associ-
ated with the manual labor for its production in addition to pretreatment that account for
cost. As mentioned before, both species theoretically require less-aggressive pretreatment
steps according to their chemical composition. However, deconstructive pretreatments of
raw lignocellulosic biomass account for most of the costs associated with lignocellulosic
biofuel production.

Now, energy policy and programs must be oriented in order to facilitate the access of
energy and productive processes to such rural communities, with social, environmental and
health welfare. In Mexico, the lack of a long-term policy, bioenergy mandate or the subsidies
to fossil fuels and electricity have complicated the appearance of a biomass and bioenergy
market. Still, this lack of policy may threaten in some cases the environment, household
income and regional production of certain products due to deforestation [118]. Hence,
decision makers must intensify the revision of the policies, regulations and standards
concerning the use of biomass and bioenergy since country partners like USA, Brazil and
Canada are more advanced on this subject [119]. Indeed, appropriate policies must promote
an adequate use of water and land, as well as its management, a sustainable market for
biomass and bioenergy, the creation of employment, the implementation of specialized
courses and education for the population, the diminution of greenhouse emissions, as
well as the definition of specifications and standards for biomass and bioenergy [120-122].
Intensive cultivation and valorization of Agave and Opuntia also have opportunities to
valorize their residues into energy and bioproducts, but it usually depends on the price
of fossil fuels or the main markets that such industries engaged and disregard about
new approaches. Here, this is an opportunity to create new value chains for a suitable
bioeconomy.

The science and technology to valorize Agave and Opuntia residues already exists or
may be adaptable, but suitable government programs, interest of stakeholders, addressing
a circular economy perspective and a lack of information in rural communities about the po-
tential of the biomass are all challenges that must be addressed with a pentahelix approach.
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