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Abstract: Biomass revalorization is a worldwide trend which can contribute to diversifying the
energy sector and to obtaining added value products. The objective of the present review is to
discern potential sources of biomass and their corresponding alternatives for transformation, with a
particular emphasis on energy generation within the Mexican highlands and semi-desert regions.
Methodologically, this review was conducted by reviewing various search engines, identifying articles
related to energy production, the transformation processes, and the obtained product, establishing the
relevance of each contribution, and including the information that was deemed pertinent. From this
information analysis, it was found that most of the studies are conducted at theoretical and laboratory
levels; then, scientific knowledge has been generated in this topic. However, low interaction with the
social and industrial sectors is observed. It is required to develop strategies to transfer the generated
knowledge and to scale up the studied transformation processes to generate ecological, economic,
and social benefits. According to the information obtained it can be concluded that the agricultural
and forestry sectors in the highlands and semi-desert regions of Mexico hold significant promise for
generating bioenergy via the utilization of residual biomass, including stubble, straw, branches, stems,
and sawdust. Moreover, the implementation of these sophisticated techniques for the conversion
of residual biomass into biofuels and other forms of bioenergy contribute to the improvement of
the adverse effects associated with the use of fossil fuels while fostering a more environmentally
sustainable economy.

Keywords: biomass waste; residues; biomass conversion; biofuel; calorific value

1. Introduction

The Sustainable Development Goals defined in the 2030 agenda adopted by all United
Nations Member States in 2015 include affordable and clean energy as well as sustainable
cities and communities. Circular economy strategies oriented towards integral biomass
revalorization is a current trend to achieve these goals throughout the world. In this way,
biomass is more and more studied as raw material for the development of added value
products, including biofuels and electric and thermal energy. However, the use of biomass
is conditioned by its availability, which depends on several factors such as anthropogenic
activities and geographic and weather conditions.
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In Mexico, these conditions and activities are very different from one region to an-
other, so that the biomass produced in each region is also different and consequently, the
transformation strategies are specific according to the country’s regions. The highlands
and semi-desert zone is a particular case, since it is a large area that covers 18 States of the
Mexican territory, with varied geographic conditions and elevation from 1000 to 5700 above
sea level. Despite the water scarcity, the agro-industrial sector is an important element of
socioeconomic development in the region, from natural or induced plant growth. Some
species are processed to obtain specific products, such as fibers, phytochemicals, flavonoids,
and others, that are used in applications such as the formulation of fungicides, herbicides,
cosmetics, etc. However, the fraction of the plant which is used to obtain commercial
products is low. This means the production of large amounts of waste which do not have
applications, inducing environmental and health risks.

In the same way, agricultural activities for food production generate large amounts
of biomass such as foliage, pruning wastes, and crop residues. Moreover, the use of seeds
from different sources in agriculture could promote the presence of weeds and invasive
plants. A fraction of that biomass is collected and used for animal feeding and a low portion
is left in the soil to retain fertility; the other fraction is either disposed of (usually open
air) or burned. In addition, forest wastes, non-timber species, and exotic plants are also
considered to obtain added value commodities and energy production.

In several semi-desert areas of Mexico, economic activities are based on the use of
non-domesticated plants; that is, raising species is done without implementing cropping
systems. Thus, it is required to design strategies to avoid overexploitation and to promote
systematic disposal or utilization of wastes generated in the processing of plants [1–3]. For
example, in several ejidos (communal lands) of Coahuila, Nuevo León, San Luis Potosí,
and Durango, Agave lechuguilla is used to obtain ixtle, a fiber used for the manufacture of
products with high commercial value. Approximately 15% of the agave leaves corresponds
to ixtle; meanwhile, the remaining 85% is a fibrous waste named guishe, which contains
several phytochemicals and lignocellulosic material, which could be used to produce
biofuels or thermal/electric energy [4]. In addition to A. lechuguilla, there are other plant
species such as Prosopis laevigata, Dodonaea viscosa, Larrea tridentata, Euphorbia antisyphilitica,
and others, which are the most used for exploitation; these species represent opportunity
areas to develop integral revalorization strategies, including the synthesis of products with
high energy value.

Moreover, some plants have been historically used for medicinal purposes [5–7] since
they contain specific compounds that help treat headaches, flu, and muscle pains, among
other discomforts affecting the human organism. Other species are processed to obtain
products such as wax, fibers, food, and biochar [4,8]. In general, for these applications, only
a fraction of the plants is considered for generating lignocellulosic wastes, which could be
used for energy production. For these reasons, the scientific community’s interest in native
flora has increased, generating knowledge for its efficient use. However, strategies for
transferring this knowledge to promote sustainable utilization of plants and, consequently,
to improve the life quality of people are still required.

Biomass represents opportunities for developing whole plant utilization processes,
which is a global trend in biorefinery design. The idea is to use all of the raw material,
which allows including wastes in the processing schemes, generating benefits at economic
and environmental levels. A general scheme for the integral use of biomass resources,
including the revalorization of waste, is shown in Figure 1. An example is the tequila
or mescal production process, both beverages obtained from agave plants across various
states in Mexico. In these processes, the current byproducts generated are agave fibers and
vinasse. The emerging products include livestock feed, substrates for plant production,
and the production of biofuels in the form of pellets and briquettes.
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The main objective of this work was to conduct a comprehensive review of relevant
information published in various sources regarding the different biomass resources present
in the Mexican highlands and semi-arid areas. The central focus of this review is on
exploring viable alternatives for the conversion of these biomass sources, with particular
emphasis on energy production. Biofuels include gas, liquid, and solid fuels; this review
focused on the solid fuels.

2. Representative Biomass Resources for Energy Production in the Highlands and
Semi-Arid Regions of Mexico
2.1. Agro-Industrial Wastes

In Mexico, agriculture and livestock are very important economic activities that gen-
erate significant amounts of crop wastes (stubble and straw), which sometimes show
difficulties for their management and efficient use in other productive areas. The most
important species for agriculture and food are corn (Zea mays) and common bean (Phaseolus
vulgaris), which generate wastes (stubble, straw, corn cob) used preferably as fodder and
food mixtures for livestock during the dry season of the year. In the semi-arid highlands
(Chihuahua, Zacatecas, Durango, and Coahuila), corn production is estimated at 1.9 million
tons per year [9]. The common bean straw reaches a total of 954 thousand tons per year,
considering the average area harvested with this plant species, between 2016 and 2020
(954 thousand hectares) and a ton of straw that is generated on average per hectare. In the
case of fodder crops, including corn, oats, and sorghum, the entire aerial biomass is used
for feeding livestock and is thus transformed into manure.

Another important waste in the north of Mexico is the pecan nutshell (pericarp and
endocarp). The pecan nut (Carya illinoinensis) is native to North America and can be found
from Nebraska and Iowa in the United States to southern Mexico [10]. The industrial
production of walnuts began more than a hundred years ago, with the United States
harvesting more than 80% of world production [10].

The pecan fruit is a nut containing a kernel enclosed by the shell, including the outer
pericarp layer, mesocarp, and a hard inner endocarp. The pericarp and mesocarp are
segmented structures in four parts that dehydrate when mature and open, allowing the
exit of the endocarp and the seed. The proportion of the mesocarp and endocarp is known
as ruezno [11], which is the external part of the nut, which in its development is green
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and turns brown until it reaches maturity and break (Figure 2). Maturation occurs in the
autumn of the same growth season.
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According to the International Nut and Dried Fruit Council Foundation (INC), the
world pecan crop in 2019/2020 was estimated at 139,739 tons. This production represents
a 5% increase compared to the previous season and doubles the prior 10 years’ average.
Mexico and the USA led production with very similar shares, 47% and 43%, respectively.
South Africa, Australia, and Brazil accounted for the following 10%.

Harvesting and processing of the nut generates a large amount of waste in the form
of pericarp and endocarp shells, estimated at 40–50% of the fruit [12,13], which is usually
left in the soil of the plantations without any use or is burned, representing an important
cause of environmental pollution. According to the Emission Protection Agency (EPA),
when 1 ton of agricultural residue is burned on the field, about 1400 kg of CO2, 58 kg
of CO, 11 kg of particulate matter, 4.9 kg of NOx, and 1.2 kg of SO2 are released in the
atmosphere, contributing to global warming, smog formation, increased oxidant levels,
acid deposition, and visual impairment [14]. In addition, it also causes nutrient loss and soil
degradation [15]. The possibility of using these residues as a substrate for the cultivation
and production of plant and fungus species is being explored [16]. However, the main
alternative of use implemented for the pecan nutshell is fundamentally focused on its use
in energy production.

The previous examples demonstrate that biomass residue not only serves as an impor-
tant source of biomass but also could provide significant energy values. These residues,
often considered agricultural waste, have the potential to be used as fuel for renewable
energy generation. Their high organic matter content and ability to release energy when
burned make them an attractive option for heat and electricity production. Table 1 summa-
rizes some important energy characteristics of agricultural residues.
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Table 1. Basic properties and description of commune species and residues they generated in the Mexican highlands and semi-arid region.

N◦ Biomass Description of Residue Used Residue Type Residues Production (t/ha)
Proximate Analysis (%) Higher Heating

Value (MJ/kg) References
Ash Content Volatile Material Fixed Carbon

1 Corn cob (a) The central core or cylindrical part of a corn
ear from which the kernels grow

Agroindustrial wastes

0.66–2.41 1.6 78.9 10.8 17.4 [17–20]

2 Corn husks (a) The outer fibrous layers that surround a
corn cob 2.0 2.7 78.6 10.5 17.6 [19,20]

3 Bean straw The dried stalks or stems of bean plants after
the beans have been harvested 1.39 6.8 69.1 24.1 17.6 [21,22]

4 Pecan nutshell The hard, protective outer covering of a
pecan nut 0.25 3.3 66.0 30.8 20.8 [23,24]

5 Pecan nut branches The woody, elongated branches, twigs, and
stems sections of an apple tree that are pruned Pruning waste

0.99 4.1 19.2 75.7 16.5 [25]

6 Apple branches The woody, elongated branches, twigs, and
stems sections of a pecan tree that are pruned. 3.4 2.5 80.4 16.5 19.7 [24]

7 Quelite cenizo
(Chenopodium album)

Annual plant with alternate leaves; the upper
surface of the leaves is green, while the lower

surface may have a whitish or
grayish appearance

Weeds and bioenergy crops

8.2 to 9.5 1.5 73.6 19.4 0.015 [26]

8
Chicalote (Argemone

mexicana and
A. ochroleuca) (b,c)

This plant is commonly known as Mexican
prickly poppy, it is a flowering plant with

yellow flowers and spiny leaves.

8.2 to 9.5 4.9 87.8 4.3
0.148 [27]

27.39
[28]

9 Mostacilla (Sisymbrium irio)
This plant is commonly known as London

rocket, it is a plant with small yellow flowers
and lobed leaves.

8.2 to 9.5 22.7 16.39 [29]

10 Malva (Malva parviflora)
This plant is commonly known as

small-flowered mallow, it is a plant with pink
or purple flowers and rounded leaves

8.2 to 9.5 7.2 0.019 [30]

11 Fox tail (Reseda luteola)
This is commonly known as dyer’s rocket or
weld, it is a plant with small yellow flowers

and lance-shaped leaves.
8.2 to 9.5 [30]

12 Sawdust (Pine spp.) They are fine particles or shavings that are
produced from cutting or milling pine wood.

Commercial plantations

0.1 * 0.3 88.3 11.9 18.9 [31]

13 Maralfalfa (Pennisetum sp.)
This plant is commonly known as fountain

grass, it is a plant with long, slender stalks and
feathery plumes that resemble flowing water.

11 to 46 9.7 71.9 18.4 18.2 [32]

14 Bagasse (Agave durangensis) This is the fibrous residue left after extracting
juice or pulp from the agave plant. Bagasse wastes 5.1 to 13.2 10.6 82.3 7.2 14.5 [31]

15 Jarilla (Dodonaea viscosa)

This is a shrub with small, leathery leaves and
clusters of inconspicuous flowers, native to

arid regions and known for its
medicinal properties.

Other biomass sources

17.0 0.8 82.0 17.2 21.1 [33,34]

16 Pink grass (Melinis repens) 0.7 to 2.9 [35]

17 Buffel grass
(Cenchrus ciliaris)

This is a perennial grass with dense clumps of
tufted leaves and cylindrical seedheads,
commonly used for forage in arid and

semi-arid regions.

2.1 to 9.5 [36]
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Table 1. Cont.

N◦ Biomass Description of Residue Used Residue Type Residues Production (t/ha)
Proximate Analysis (%) Higher Heating

Value (MJ/kg) References
Ash Content Volatile Material Fixed Carbon

18 Acacia farnesiana (c)
This tree species is also known as sweet acacia
or needle bush, it is a small tree with fragrant
yellow flowers and feathery, fern-like leaves.

Firewood

7.35 to 17.4 ** 3.6 10.5 84.1 31.6

19 Prosopis spp. (a)
This species is commonly known as smooth

mesquite, is a medium-sized tree with thorny
branches and green, fern-like foliage.

10.34 to 20.67 ** 1.3 6.4 17.3 30.2 [37]

20 Ebenopsis ebano (c)
This is also known as Texas ebony; it is a dense,
slow-growing tree with dark, heavy wood and

small clusters of fragrant, white flowers.
10.98 to 21.96 ** 4.1 13.0 79.2 29.7 [38]

21 Quercus sideroxyla (a)
This tree is commonly known as Mexican blue
oak, it is a medium-sized tree with distinctive

blue-gray leaves and rugged bark.
0.1 * 1.0 83.1 16.0 20.4 [32]

(a) Information based on pellets; (b) based on briquettes; (c) based on charcoal. * cubic meter from each sawn log; ** calculated from sawmill industry.
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2.2. Pruning Wastes

The formative, selective, thinning, and production pruning are practices carried out
during the growth of trees of species used in the cultivation of fruit trees, such as pecan
nut (Carya illinoensis) and apple (Malus domestica), which generate wastes, derived from
branches, twigs, and stems (Table 2). The volume generated in this activity would seem
minimal at the level of each tree, but when collecting the wastes from one hectare, high
amounts of biomass are obtained, which shows different levels of lignification. In addition,
pruning and weeding the orchard are necessary activities to avoid sanitary problems
and insect infestation. It has been established that annual orchards grown with pecan
and apple trees generate a total of 1.5 t/ha of pruning residues [39]. Other studies have
established that the volumes of biomass available as a result of pruning reach up to 5.4 tons
of dry matter per ha/year [40]. It is necessary to advance studies that allow the precise
establishment of biomass production levels derived from pruning in apple and pecan
orchards, and other species cultivated in the semi-arid highlands of Mexico. Moreover, the
most important utility of biomass obtained in fruit orchards should be established.

In addition to the energy production of pecan and apple residues obtained from
pruning, chips and sawdust from wood are used to smoke meat. This is a common practice
in gastronomy, particularly for preparing grilled and smoked meats, having low levels
of polycyclic aromatic hydrocarbon concentration [41]. These woods are highly valued
for their delicate, sweet flavor that adds a distinctive and enjoyable taste to the grilled
meat [42]. Table 1 summarizes some important energy characteristics of pruning wastes.

Table 2. Availability of pruning wastes from fruit production in the semi-arid highlands of Mexico.

Crop Cultivated Area
(ha) Yield (t/ha) Wastes

(t/ha/year)
Total Residues

(t/year)

Pecan 118,624 1.44 * 1.5 + 0.88 177,936 + 104,389
Apple 46,418 5 1.5 69,627

* Branches + shell [43,44].

2.3. Weeds and Bioenergy Crops

Weeds are another option to obtain biomass and grain for the production of low-
cost bioenergy because they occur when the plants are allowed to grow freely in what is
known as “resting land”, mainly performed during the winter. In the semi-arid highlands
of Mexico, some plants grow naturally in agricultural lands during the winter. Among
these plants, the quelite cenizo (Chenopodium album), chicalote (Argemone mexicana and
A. ochroleuca), mostacilla (Sisymbrium irio), malva (Malva parviflora), and fox tail (Reseda
luteola) are mentioned. In addition to obtaining inputs for bioenergy, these species are used
to cover the soil, preserve beneficial microorganism populations, and reduce wind erosion.

It has been observed that the quelite cenizo provides from 8.2 to 9.5 t/ha of dry
biomass without a considerable investment of resources, since it grows spontaneously
during the winter, with the remaining moisture from the spring–summer growth cycle
and winter rains. In the case of a small lot, grain yields from 840 to 1739 kg/ha were
obtained. It is advisable to quantify the biomass produced by the multiple weed species
and those established for ornamental purposes in gardens and public parks. The latter
generate high amounts of wastes that are considered a management problem and should
be included in the biomass and bioenergy inventories currently available in the semi-arid
highlands of Mexico. Table 1 presents some important bioenergy characteristics of weeds
and bioenergy crops.

2.4. Commercial Plantations

Commercial plantations have been established in the semi-arid highland region of
Mexico for species with the potential for bioenergy production. Pine plantations have an
average yield from 3 to 14 m3/ha/year, given a coniferous wood density of approximately
0.4 t/m3; these types of plantations produce between 1.2 and 5.6 t of biomass depending
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on the species used and the planting site [45]. For maguey (Agave spp.), an annual average
yield from 8.5 to 22.0 t/ha has been reported [46]. In addition, it is estimated that there is a
marginal area (20.0 ha) established with maralfalfa (Pennisetum sp.), whose yield has been
estimated between 11 and 46 t/ha of valuable biomass as fuel, depending on the frost-free
season, irrigation condition, fertilizer application, and cutting date [47].

The number of commercial plantations is variable, species-based, and should be
corroborated to increase the accuracy of the actual availability of each energy biomass
source. Establishing biomass requirements for energy purposes and productivity levels
obtained with the selected species is necessary. At the same time, operational personnel
should be trained in production methods, the machinery used, and the evaluation of quality
characteristics applied to classify the biomass obtained. The quality criteria vary based on
the utility that will be given to the biomass produced in the highlands and semi-arid areas
of Mexico. Despite the high potential for utilizing wood in the form of chips or sawdust, as
well as the fiber and biomass obtained from the plantations mentioned in this section, there
are few examples in Mexico of appropriate bioenergy use. Table 1 shows some important
bioenergy characteristics of commercial plantations.

2.5. Bagasse Wastes from Mexican Semi-Arid Areas

Other waste materials, such as maguey bagasse derived from mezcal production,
become a problematic material to handle due to their consistency, microbial load, and a
high degree of lignification (21%) [48]. It is considered that 1000 t of dry bagasse, derived
from the mezcal industry, are produced annually in México. In Durango State, located
in the semi-arid highlands, 300 t of dry maguey bagasse is produced. This material can
become an input for bioenergy generation. In some areas, other alcoholic beverages are
produced, such as tequila, sotol, and bacanora, which also generate bagasse waste, requiring
complex management for their lignification and environmental persistence. In some cases,
plant wastes are empirically used for soil recuperation or as fuel for heat generation. For
example, the foliage of plants and trees is left in the soil after collecting primary materials.
Sometimes, branches and stems are used as firewood in either simple stoves or campfires.
Some important bioenergy characteristics of bagasse wastes are presented in Table 1.

2.6. Other Biomass Sources

In the semi-arid highlands of Mexico, there are many exotic species, such as jarilla or
cockroach shrub (Dodonaea viscosa), pink grass (Melinis repens), and buffel grass (Cenchrus
ciliaris) that have been ecologically successful. Jarilla is a shrubby plant with erect stems
and resinous leaves that occupies disturbed areas. Currently, the jarilla is considered an
invasive species in different states of the semi-arid highlands, and with its dense and
durable wood, it can be used as construction material and fuel [49], as well as in developing
fishing tools and traps. Jarilla stems are also used as tutors in the production of vegetables
with climbing guides (tomato and beans) and in the elaboration of crafts.

Some attempts have been made to cultivate fast-growing plant species under irrigated
conditions to increase water productivity and optimize biomass yield. In this region,
plants of a short growth cycle and low water requirement are preferred due to the low
availability of water and the limitations imposed by frost occurring season, in which
freezing temperatures occur from October and extend until March of the following year.
With the use of high-productivity species, significant yield increases will be achieved
in favorable years for biomass production, in which a high quantity (>450 mm) and
appropriate distribution of rainfall are observed. The characterization of cultivated species
is also required for biomass production and to implement the use of technological tools that
allow accurate irrigation planning and to predict the phenology, yield, and productivity of
water [50,51].

Assessment of water productivity in all species used for biomass energy is considered
necessary. This will facilitate the selection of efficient species in bioenergy production with
minimal input and resource use efficiency. In the common bean, it was established that
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water productivity ranges from 3 to 8 kg/mm/ha [47], although values were calculated for
the case of grain without specifying the value for the production of straw, waste of interest
for animal feed and bioenergy generation.

2.7. Potential Use of the Common Species from the Mexican Highlands and Semi-Arid Areas

Revalorization processes are available commercially; however, in most cases, addi-
tional studies are required to adapt the technology to a specific raw material. In fact,
particular operating conditions may be required due to the weather conditions in semi-
arid areas. The following section is devoted to exposing the different transformation
processes which are used for biomass processing from an energy point of view. Table 3
lists some species exploited in semi-arid zones with the main product, waste, and potential
energy products.

Table 3. Identification of wastes from the Mexican semi-arid plant species.

Species Current Product/Use Waste

Agave lechuguilla Ixtle/ropes, mats, bags, brushes [4] Guishe
Euphorbia antisyphilitica Wax [8,52] Bagasse

Yucca filifera Plant, flowers, fruits/food, saponins [53,54] Bagasse
Vitis vinifera Wine/alcoholic beverage [55–57] Stem, bagasse, seed

Dasylirion wheeleri Ethanol (Sotol)/alcoholic beverage [58] Foliage, bagasse
Larrea tridentata Extracts/medicinal usage [59,60] Bagasse
Lippia graveolens Thymol, carvacrol/essential oils, cooking [61] Bagasse
Jathopha dioica Extracts/medicinal usage [62] Bagasse
Acacia tortuosa Biochar, firewood Foliage

Atriplex canescens Extracts [63,64] Bagasse
Cassia fistula Extracts [65] Bagasse

Opuntia Prickly pear, leaves/food, fodder [66–68] Husk
Agave tequilana, A. salmiana Ethanol/alcoholic beverage [59,69,70] Bagasse

Propopis laevigata Firewood, biochar/fuel [71]
Crops Vegetables, fruits, fodder Foliage, fodder wastes

Non-timber Firewood Foliage

3. Particular Cases
3.1. Pecan Waste from Northeastern Mexico

Pecan nut shells’ use for energy generation has been explored as an important alterna-
tive for waste revalorization. Candlenut shells consist of 49.2% holocellulose and 54.5%
lignin, constituting an interesting alternative energy raw material, which has the potential
as a renewable fuel both used as liquid fuel (bioethanol) and solid fuel [63]. When pecan
shell is used as a raw material to produce bioethanol, it is necessary to eliminate or reduce
the levels of lignin to increase the cellulose component’s porosity, improving accessibility to
enzymes that break down polysaccharide polymers into sugar monomers. The delignifica-
tion process includes the use of NaOH, considered as an effective and inexpensive method.
High levels (76%) of cellulose content were obtained from candlenut shells at 15% NaOH
concentration [63]. Studies on the delignification of pecan shells are still scarce and the
appropriate proportion of NaOH to get the optimal cellulose levels is not yet determined.
However, although this method produces higher cellulose content, it results in alkaline
solutions, such that Dewi et al. [72] tried to combine the decomposition of lignin through
chemical and physical processes, reaching 82.4% in lignin level reduction, and concluding
that this combination reduces levels of lignin and increases cellulose levels better than just
physical or chemical separately. The process consisted of using a microwave with 440 Watts
power and the addition of NaOH to the candlenut shell. Delignification using microwaves
aims to break down the complex lignin structure into simpler constituent structures.

Candlenut shells, as we know, are very hard so they will automatically contain more
lignin, unlike other biomass wastes, such as rice straw, bagasse, and banana fronds.
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Regarding the use of pecan nut shells as solid biofuel, Berberi et al. [73] investigated
their thermal power in an experimental burner, and the calorific power was calculated,
obtaining values of 0.70, 0.72, and 0.80%, which indicates that pecan nut shells have the
potential to be considered as an alternative fuel.

3.2. Forest Wastes from the Mexican Semi-Arid Region

Forest residues represent a source of biomass that is used only in some countries. It
is estimated that in forest harvesting, only 20% is used commercially, 40% is left in the
forest as waste, and the remaining 40% becomes byproducts of the chipping process, bark,
and sawdust [74,75]. Forest residues (tree tips and branches) are obtained from harvesting
forestry treatments, thinning, and cleaning of forest areas. In contrast, forest industry
residues such as sawdust and bark are obtained by harvesting in these industries. The total
annual volume of dry biomass currently generated from the extraction of forest logs and
waste generated by the forest industry in Mexico is estimated at 700,000 t [76].

Biomass-producing plants and tree species in Mexico are diverse and serve as an
important source of energy. Species preference does not follow a general pattern, but is
mainly based on farmer experience, seedling availability, and ease of use in each region.
However, when multiple species are available in a production area, preference is given
to those that generate more heat, produce more embers, or provide a longer duration of
fire [77]. From these wastes, firewood is an important source of energy in many rural and
urban households in Mexico, since it is used to cook, bake, and heat food in 60% of house-
holds, corresponding to an annual consumption of firewood of 1,609,829 m3 [68]. In some
States of Mexico with semi-arid areas such as Nuevo León and Tamaulipas, up to 42 species
used as fuel have been reported, from which eight are used to produce charcoal through
the pyrolysis process, and the rest are used as firewood [68]. Pyrolysis is a thermochemical
transformation of organic matter by the action of heat in the absence of oxygen [78,79].
This process is an efficient method for energy production, using low-quality biomass and
transforming it into valuable products [78]. Heat applied to biomass in an inert atmosphere
promotes thermal decomposition, generating chemical reactions and mass-to-heat transfer
processes. When pyrolysis occurs, lignin, hemicellulose, cellulose, fats, and starches, as
natural polymeric constituents of the biomass, are broken down by the increasing tem-
perature [80]. Under pyrolysis conditions, three types of products are formed: pyrolytic
gas, which is composed of condensable and non-condensable gases that leave the reaction
system; bio-oil, a condensed vapor formed by freely flowing organic liquid fragments
and composed of acids, alcohols, aldehydes, esters, ketones, and phenolics [81]; and solid
biochar, a carbonaceous product composed by aromatic hydrocarbons and approximately
60% of carbon [79,82]. The pyrolysis process is illustrated in Figure 3.

Forest waste is used efficiently in a market that is constantly increasing, in addition
to the emergence of new wood products and new processes, such as densification, to
reduce the space occupied by biofuels, which facilitates its storage and transportation. The
increasing demand of products with enhanced calorific value and the required reduction
of pollutants emitted to the atmosphere are considered important. The adoption of new
technologies such as densification is necessary to obtain heat generation products and to
promote the integral use of the natural resources [77].
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3.3. Wastes from Non-Timber Species

Non-timber resources are abundant in Mexican semi-desert areas; most of them
correspond to vegetable products, such as fibers, wax, beverages, leaves, and charcoal,
which are obtained from plants [83]. According to the Mexican Ministry of Environment
and Natural Resources (SEMARNAT), the semi-arid zones produce 65,927 t/year of non-
timber resources, which represents around 40% of all the non-timber resources of the
country [44].

Two species have been specially studied by the scientific community: Agave lechuguilla
(lechuguilla) and Euphorbia antisyphilitica (candelilla) (Figure 4). In this section, the re-
ported information about these plant species is analyzed from the perspective of energy
production potential.
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Agave lechuguilla is a shrub that grows along the semi-desert region of Mexico and the
southern United States [84], which is used to obtain ixtle. Ixtle is a natural fiber used to ob-
tain products with high commercial value, such as ropes, carpets for luxury cars, handbags,
brushes, and others. Approximately 15% of the lechuguilla plant is ixtle; meanwhile, the
remaining 85% is a residue known as guishe that is disposed of outdoors without any treat-
ment, implying environmental risks. However, guishe contains several phytochemicals and
lignocellulosic components, which could be used as raw materials for producing fungicides,
herbicides, cosmetics, and other products. In addition, lignocellulosic components could
serve to produce biofuels or thermoelectric energy by using thermochemical processes such
as pyrolysis and gasification. The gasification process consists of the transformation of
biomass into a gaseous mixture by thermochemical reactions under controlled conditions:
partial oxidation reactions take place in the presence of amounts of oxygen lower than
those required stoichiometrically [85,86].

Therefore, several studies have addressed taking advantage of the characteristics of
guishe. Integrated processes to valorize guishe have been proposed; it was shown that
it can be used as a raw material to obtain added value products, including energy [4].
Table 4 reports some works related to the processing of A. lechuguilla for biofuels and
energy production.

According to the reported works, the production of ethanol by fermentation is the
main objective from an energy perspective. Fermentation is an ancient bioprocess where
carbohydrates become smaller and less complex molecules through the metabolism of
some microorganisms [87,88]. Specifically, alcoholic fermentation is the transformation
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of sugars to ethanol by yeast metabolism [89]. Yeast is the most useful microorganism
in the fermentation of sugars to produce ethanol; however, some bacteria are also used.
The main parameters involved in the fermentation process to produce ethanol are the
feedstock, fermenting microorganism, and operating conditions (temperature, dilution
rate, and pH) [90]. The operating conditions and type of microorganism have been deeply
studied and are well established. Regarding feedstock, many kinds of agricultural wastes
have been assayed.

The trend to revalorize biomass wastes into ethanol is based on the Law to Promote and
Develop Biofuels (Ley de Promoción y Desarrollo de los Bioenergéticos), recently published
by Mexican Government, considered an important strategy to diversify the national energy
matrix. Due to the availability of large amounts of biomass all around Mexico, ethanol has
been one of the most studied biofuels. Regarding the use of A. lechuguilla biomass to this
purpose, from the analysis of the reported documents, some remarks should be made:

• Most of the conducted research considers lechuguilla leaves, which implies competi-
tion with the current use of the plant (fiber extraction). To avoid this competition,
only guishe should be considered to obtain added value products. This is feasible
since fresh guishe recovered from leaves carving for ixtle extraction contains sev-
eral compounds. Thus, this waste could be used as a platform for a biorefinery
scheme [4].

• The production of ethanol requires a pre-treatment of the biomass. This pre-
treatment includes at least one step to obtain fermentable compounds which are
required for ethanol production. The implementation of a pathway to valorize
A. lechuguilla biomass requires solvents, specialized equipment, and significant
investments. Moreover, currently, the ethanol yields are too low to supply the
requirements [91,92]. Research is required to overcome the challenges imposed by
ethanol production; this is one of the most relevant opportunity areas regarding the
exploitation of A. lechuguilla.

• Biofuels other than ethanol need to be explored. Since the pre-treatment of A. lechuguilla
biomass produces fermentable sugars [93], different microorganisms must be identi-
fied to obtain biofuels such as hydrogen and methane. Since anaerobic fermentation is
a mature technology, it could be an adequate pathway to diversify biofuel production
from non-timber resources [4].

• Thermochemical transformation is considered to obtain biochar, ash, and syngas [4,94],
transforming solid material with low moisture content in high-value products. Leaves
from A. lechuguilla and fresh guishe present a high moisture level; therefore, a drying
period is required for the biomass used in a thermochemical process. These processes
should be incorporated to transform lignocellulosic biomass from A. lechuguilla, since
after the extraction of phytochemicals and fermentable sugars, large amounts of
biomass are still available, which can feasibly be transformed by either gasification
or pyrolysis [4]. Incineration transforms dried biomass to produce heat, which is an
important source of energy during cold season.

• The technical and economic feasibility of biofuel production should be evaluated. Most
experiments have been performed at lab scale for knowledge generation; however, it
is important to determine the scaling up feasibility. Thus, economic, technical, and
environmental feasibility need to be evaluated.
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Table 4. Research about the valorization of guishe to produce energy in Mexico.

Guishe Fraction Process Product Highlights Ref

Liquid guishe Fermentation Ethanol Simulation study in a
biorefinery scheme [4]

Solid guishe Gasification Methane, hydrogen Simulation study in a
biorefinery scheme [4]

Heart with attached
leaf bases Fermentation Ethanol Autohydrolysis and enzymatic

digestion before fermentation [91]

Heart with attached
leaf bases Fermentation Ethanol

Autohydrolysis before
fermentation. Different

configurations of fermentation
[95]

Heart with attached
leaf bases Fermentation Ethanol Acid pre-treatment

before fermentation [92]

Solid guishe Combustion Heat Secondary product [96]
Leaves Fermentation Ethanol Biomass pre-treated with fungi [97]
Leaves Anaerobic digestion Hydrogen Pre-treated by hydrolysis [93]

Leaves Consolidated Bioprocessing Hydrogen Pre-treated by autohydrolysis
and acid treatment [95]

Guishe Physico-chemical treatment Catalysis for biodiesel production Biochar obtained by pyrolysis [94]

Candelilla (Euphorbia antisyphilitica) has received attention due to its economic im-
portance at different regions in the Semi-arid areas of Mexico [8,98]. Candelilla is a shrub
composed of 200–1000 stems which are thin, long, upright, bluish-green, and pencil-like;
in spring and early summer, candelilla produce small pink-white flowers [99]. Estimation
results showed that there are ~19 million hectares suitable for candelilla forestry use in
Mexico; however, only ~650,000 ha could have permission to exploit the plant, and only
~150,000 ha are actually in use, distributed in Chihuahua, Coahuila, Durango, Hidalgo,
Nuevo Leon, Tamaulipas, and Zacatecas [98,100]. The exploited area represents only 24%
of the total authorized in Mexico; however, more than 3500 candelilla producers have
received economic benefits for several years [101]. Currently, the main product obtained
from candelilla is wax [59], which has applications in several areas such as food indus-
try [98], cosmetics and pharmaceutical products [102], chemical industry [103,104], and
many others [59].

The candelilla wax is obtained by extraction with a heated acid solution and the pro-
cess has been modified to reduce the environmental impact and to improve the extraction
yield [59,99]. According to a report of the Comité de Flora [105], the raw wax represents up
4% of the plant, but losses are registered during the crude wax extraction (6% of wastes)
and the wax refining process, where another 3% of the plant components are lost. Large
amounts of wastes are registered during the candelilla transformation process and con-
sidering that around 3000 t of wax are produced annually in Mexico [102,106], ~150,000 t
of candelilla stems need to be processed. Estimations showed that 147,000 t of candelilla
wastes are produced every year, which are usually discarded [106–108]. Candelilla wastes
revalorization includes obtention of polyphenolic compounds [109], ellagic acid [108], cellu-
lose [110], edible film [100], and compost [111]. Candelilla is also considered a petro-plant
since it contains hydrocarbons which can be used to produce biofuels [102,112–114]. A
small fraction of the candelilla lignocellulosic wastes is used to produce heat (by combus-
tion) during the wax extracting process [106–108]. Table 5 lists the reported works related
to the use of candelilla stems to produce energy and biofuels.
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Table 5. Studies related to candelilla use as an energy crop.

Candelilla Use Process Product Highlights Reference

Crop Agriculture techniques Petro-crop Candelilla adaptation under
degraded soils [112]

Crop Catalytic cracking Petroleum Biofuel production [115]

Bagasse Extraction, hydrolysis,
TEMPO oxidation Nanocrystalline cellulose Industrial waste, lab

scale experimentation [110]

Plant Extraction Hydrocarbons Methanol and hexane used as
extraction solvents [113]

Raw wax Cracking-Fractioned distillation Liquid biofuel Candelilla-based biofuels [114]

Bagasse Composting Additive for plastics Multiple candelilla-based products [111]

Stem residues Combustion Heat for wax extraction Empirical knowledge [106–108]

Candelilla waste underuse for energy generation was observed in Mexico and research
on the revalorization of these residues needs to be done. Candelilla wastes could be used to
obtain some chemicals [106,108,109] and for biofuel production, such as biogas (anaerobic
digestion), ethanol (fermentation), liquid fuels (pyrolysis) and syngas (gasification), and
heat generated by residue combustion. The next diagram illustrates the integrated use of
the candelilla plant (Figure 5).
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4. Uses and Potential Transformation Processes of Selected Species for Energy
Production in Mexican Highlands and Semi-Arid Areas
4.1. Firewood

Firewood refers to a type of fuel obtained from wood that undergoes combustion,
producing heat and energy [116]. It is a renewable resource that has been widely utilized for
centuries as a primary source of heat in homes and for cooking [117]. In the highlands and
semi-arid land of Mexico, the firewood is typically obtained from trees that are collected
for this purpose and derived as byproducts from forest management. The selection of tree
species commonly used for firewood includes both hardwoods, such as Prosopis sp., Acacia
sp. and Quercus sp., and softwoods, such as Pine sp. Firewood is prepared by cutting and
splitting wood into varying lengths and diameters, based on the intended use. The quality
of firewood varies depending on several factors, such as the tree species, tree age, and
the firewood moisture content. High-quality firewood exhibits properties of high density
and low moisture content, facilitating efficient and clean combustion. Firewood finds
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applications in heating homes and buildings, cooking, and various recreational purposes.
Figure 6 shows the main energy products resulting from biomass transformation processes.
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4.2. Charcoal

The process to produce charcoal is old and continues to be used in many regions
of the world due to the modernization of some components of technology. Thermal
decomposition of biomass in atmospheres with low oxygen content and high temperatures
produce charcoal, as well as condensable and non-condensable gaseous products. After a
pyrolysis process, firewood doubles its energy content and reduces the original weight by
75%, making it easier to transport and store [118]. In Mexico, this process is carried out in
various types of furnaces, such as parva type, pits, portable metal furnace, and brick [119].

In semi-arid regions, various firewood species are used to produce charcoal; the most
relevant is mesquite (Prosopis sp.), which is considered of premium quality, reaching calorific
values of 30,241 kJ/kg, while ebony (Ebenopsis sp.) and other plant species registered values
of 29,725 kJ/kg [37].
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4.3. Torrefacted Wood

Torrefaction is a thermochemical conversion process that involves the slow heating of
lignocellulosic biomass in an oxygen-free environment to improve its fuel properties [120].
This process entails the application of mild heat to the biomass in the presence of an inert
gas such as nitrogen, resulting in temperatures ranging between 200 ◦C and 300 ◦C [121].
The duration of the torrefaction process varies from a few minutes to an hour [122]. The
thermal treatment of biomass during torrefaction brings about several chemical, physical,
and structural transformations, which result in improvements in fuel properties, such as
higher calorific value, enhanced grindability, and reduced moisture content. The absence of
oxygen during the torrefaction process results in minimal oxidation, which helps preserve
the chemical composition of the biomass. Overall, torrefaction offers a promising approach
for the conversion of lignocellulosic biomass into a high-quality fuel source.

4.4. Briquettes

Biomass briquetting is a process of compacting lignocellulosic materials (such as
wood residues, leaves, and straw) to produce briquettes that are used as fuels for heat and
energy generation. Briquettes have high energy density and are burned efficiently, making
them ideal for use in stoves, boilers, and other heating and renewable energy systems. In
addition, briquetting biomass reduces its volume, facilitating storage and transport, also
contributing to waste reduction and climate change mitigation. The briquetting method
produces briquettes from 15 to 250 mm long by 50 mm in diameter.

The briquetting densification method was used to make briquettes from pecan nut
shells to evaluate their energy content (calorific value) [71]. Calorific value is defined as
the chemical energy of biomass that is transformed for energy generation when submitted
to a combustion process. Increments for calorific value were observed ranging from
17.00 MJ/kg for the base material to around 18.00 MJ/kg for briquettes, concluding that
the physical transformation of the pecan pericarp into briquettes improved its quality as a
solid biofuel [123]. Agricultural and agroforestry residues, coconut shells and husks, sugar
cane bagasse, palm kernel shells (PKS), and cashew shells are considered excellent options
for replacing coal, reducing greenhouse gas (GHG) emissions [124].

4.5. Pellets

Pelletization is another method for biomass densification used to elaborate bioenergy
products by increasing the density and reducing the moisture content of raw materials.
Pellets are obtained at 0.3–1.3 cm diameter, and with a pressure of 7 kg/mm3, taking the
shape of a long cylinder which is then cut to the desired length. The process of pellet
densification is illustrated in Figure 7.

Pelletization showed higher potential for use since it reduces biomass transportation
and storage costs, making it viable for income generation. The quality of pellets differs
according to several factors such as ash content and emissions level, but the decisive factor
is the type of waste used, since biomass presents variation in some traits such as calorific
value, moisture content, and biomass density, as well as transportation and storage costs.
All these factors determine the quality of the waste used in the energetic industry and
the energy level of the densification products. Biomass densification processes transform
wastes with little value into readily transportable energy products, capable of functioning
as an alternative to coal and fossil fuels. Significant reductions in air pollution emissions
will be also achieved.

The densification process has been found to provide dense, uniform, and durable
properties to lignocellulosic biomass, which significantly influences the transportation,
handling, and storage facility of the products. Experimental results demonstrated that
torrefaction and densification technologies were effective methods to obtain higher quality
torrefied pellets compared to regular wood pellets [125,126]. The pelletization process was
also used to revalorize the wastes from the mezcal industry [31], by using mixtures of Agave
durangensis fiber and pine sawdust. The proportion of 80% of A. durangensis fiber: 20% pine
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sawdust registered: volatile material 86.2%, ash 6.5%, fixed carbon 7.3%, calorific value
14.1 MJ/kg, and bulk density of 726.0 kg/m3. Results showed that research needs to be
reinforced to improve pellet quality according to international standards. Figure 8 shows
the pellets produced with fibers of A. durangensis and pine sawdust.
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5. Final Remarks

The agricultural, livestock, and forestry production systems in the highlands and semi-
desert areas of Mexico present great potential for bioenergy production from the residual
biomass they generate such as stubble, straw, branches, stems, and sawdust. Numerous
species, such as Zea mays, Phaseolus vulgaris, Pennisetum sp., Agave sp., and Pinus sp.,
sourced from natural habitats or commercial plantations, generate significant quantities of
residues that could be efficiently utilized in the production of biofuels and other bioenergy
products. Various technological approaches, such as pyrolysis and densification, have
the capacity to enhance the energy characteristics of the biomass wastes generated in
the highlands and semi-arid areas of Mexico. These technologies have the potential to
convert low-quality biomass into high-quality bioenergy products, contributing to the
development of sustainable and renewable energy sources. The utilization of pyrolysis
and densification for converting biomass waste into biofuels and other bioenergy products
could help to mitigate the adverse impacts associated with the use of fossil fuels while
promoting a greener economy in Mexico. Furthermore, the adoption of these technologies
fosters improved management and utilization of agricultural and livestock wastes, resulting
in reduced environmental impacts and the promotion of circular economy practices. By
harnessing the untapped potential of biomass resources in these regions, Mexico can
enhance its energy security, reduce greenhouse gas emissions, and advance its transition
towards a more sustainable future.
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