
sustainability

Article

Zapote Seed (Pouteria mammosa L.) Valorization for
Thermal Energy Generation in Tropical Climates

Miguel-Angel Perea-Moreno 1,*, Quetzalcoatl Hernandez-Escobedo 2 ,
Fernando Rueda-Martinez 3 and Alberto-Jesus Perea-Moreno 4

1 Graduate School of Engineering and Technology, Universidad Internacional de La Rioja (UNIR),
Av. de la Paz, 137, Logroño, 26006 La Rioja, Spain

2 Escuela Nacional de Estudios Superiores Juriquilla, UNAM, 76230 Queretaro, Mexico;
qhernandez@unam.mx

3 Facultad de Ingeniería, Universidad Veracruzana Campus Coatzacoalcos, 96535 Coatzacoalcos, Mexico;
frueda@uv.mx

4 Departamento de Física Aplicada, Radiología y Medicina Física, ceiA3, Campus de Rabanales,
Universidad de Córdoba, 14071 Córdoba, Spain; aperea@uco.es

* Correspondence: miguelangel.perea@unir.net; Tel.: +34-941-210211

Received: 15 April 2020; Accepted: 20 May 2020; Published: 23 May 2020
����������
�������

Abstract: According to the Law for the Use of Renewable Energies and the Financing of Energy
Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources. Each year,
up to 2630 tons of residual biomass from the zapote industry are dismissed without sustainable use.
The main purposes of this study were to determine the elemental chemical analysis of the zapote
seed and its energy parameters to further evaluate its suitability as a solid biofuel in boilers for the
generation of thermal energy in a tropical climate. Additionally, energy, economic, and environmental
assessments of the installation were carried out. The results obtained show that zapote seed has a
higher heating value (18.342 MJ/kg), which makes it appealing for power generation. The Yucatan
Peninsula is the main zapote-producing region, with an annual production of 11,084 tons. If the stone
of this fruit were used as biofuel, 7860.87 MWh could be generated and a CO2 saving of 1996.66 tons
could be obtained. Additionally, replacing a 200 kW liquefied petroleum gas (LPG) boiler with a
biomass boiler using zapote seed as a biofuel would result in a reduction of 60,960.00 kg/year of CO2

emissions. Furthermore, an annual saving of $7819.79 would be obtained, which means a saving
of 53.19% relative to the old LPG installation. These results pave the way toward the utilization
of zapote seed as a solid biofuel and contribute to achieving Mexico’s energy goal for 2024 while
promoting sustainability in universities.
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1. Introduction

The increase in the worldwide population, which is expected to exceed 11 billion by the end
of the century, together with economic and social development, has led to an increase in energy
demand [1,2]. Despite progressive growth and the falling costs of renewable energy sources, coal,
oil, and gas remain the mainstay of the steadily growing energy consumption on a global scale [3].
The energy transition to a low-carbon economy is also threatened by geopolitical and commercial
tensions, and by declining investment in clean energy, according to a study published by Capgemini in
collaboration with De Pardieu Brocas Maffei and Vaasa ETT. As a result, the concentrations of the main
greenhouse gases (GHG) that trap heat in the atmosphere once again reached record levels in 2018:
carbon dioxide (CO2) increased by 147%, methane (CH4) by 259%, and nitrous oxide (N2O) by 123%.

Sustainability 2020, 12, 4284; doi:10.3390/su12104284 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-2981-7036
https://orcid.org/0000-0002-3196-7033
http://dx.doi.org/10.3390/su12104284
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/10/4284?type=check_update&version=2


Sustainability 2020, 12, 4284 2 of 21

These increases make climate change more acute as temperatures rise and extreme weather events
multiply [4].

Climate change represents by far one of the major threats facing our society [5]. On 12 December
2015, at the Conference of Parties 21 (COP21) in Paris, all signatory countries came to a historic
agreement to promote and accelerate the necessary measures in the fight against climate change, which
included accelerating the energy transition to a sustainable low-carbon economy. The purpose of
the Paris Agreement was to establish a coordinated global response to the threat of climate change
and to conclude a global agreement on the reduction of greenhouse gases (GHGs), which intends
to limit the increase in global temperature this century to below 2 ◦C compared to pre-industrial
levels and to maintain ongoing efforts to further reduce the rise in temperature to 1.5 ◦C. Furthermore,
the agreement seeks to enhance the capacity of countries to address the effects of climate change and to
ensure that economic streams produce low greenhouse gas (GHG) emissions [6,7].

According to the International Energy Agency, more than a third of the world’s energy is
consumed in buildings, 70% of which is used to meet heating and cooling requirements [8]. Buildings
are one of the main sources of greenhouse gas emissions, and for this reason, more effort is needed
to understand the energy consumption patterns in buildings and to establish strategies for energy
saving at the district level [9,10]. To reduce these emissions (up to 20% since 1990) and promote
the use of renewable energies, among other measures, the European Directive 2010/31/EU introduced
the definition of a nearly zero energy building (NZEB) and appeals for deployment in public
institutions by 31 December 2018, whereas it extends to the identical date in 2020 for privately owned
buildings [11–13]. The principal feature of low-energy buildings is that their energy demand must
be equal to their energy generated, that is, they must be able to produce the same energy or more
than they will consume over a whole year. Furthermore, the energy produced must be in situ or in
the closest environment and using renewable energies [14].

Mexico has clear goals regarding the use and exploitation of renewable energies, and Mexican
universities, in the context of their social and environmental liability, cannot remain on the sidelines of
this commitment. According to the Law for the Use of Renewable Energies and the Financing of Energy
Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources. To achieve
this goal, Mexico would have to increase the share of renewables by 400 percent in less than 10 years.
In Mexico, there are a large number of renewable resources with enormous potential for energy
generation. We can highlight the high levels of solar radiation, a multitude of dams and reservoirs
for the generation of hydroelectric energy, potential for the development of geothermal energy, areas
with intense wind activity, and the generation of large quantities of agricultural and industrial waste,
as well as solid urban waste [15,16].

Renewable energies are almost unlimited resources that nature provides us with and that we
must take advantage of due to their sustainable nature. Another important advantage is that these
resources are indigenous and increase a country’s energy resilience by decreasing its dependence on
energy imports. They also increase the diversification of the energy supply and boost the growth of
new technologies and job creation [17]. Under the term of renewable energy, different heterogeneous
categories of technologies can be grouped. Some technologies can generate electricity and heat,
as well as mechanical energy, while others can produce solid, liquid, or gaseous fuels that meet
multiple energy needs. On the other hand, while some technologies can be implemented within rural
and urban environments at the same place of consumption (centralized), others are generated at a
distance and therefore require large transport networks (decentralized) [18,19].

Among the available renewable energies, the use of biomass for heating has experienced great
growth in the last decade. Biomass is becoming more and more important as an alternative to
traditional fossil fuels, such as coal or oil derivatives, since it is a more accessible and a better-distributed
geographical resource, its theoretical balance of CO2 emissions is considered to be zero, and it is
renewable, among other advantages [20]. Biomass can be defined as the organic substances that have
their origin in the carbon compounds formed in photosynthesis and that can be used as an energy
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source. Under this definition, many materials can be considered biomass. Solid biofuel sources are
usually divided into those of primary nature and those of secondary nature. In the former, which
includes energy crops and forest biomass extracted for energy purposes, their management and use
are mainly oriented toward energy production. In the sources of secondary origin, in what is generally
called residual biomass, we find agricultural by-products (straw, cane, and fruit prunings), forest
by-products (remains from forestry interventions, such as branches and trees with no commercial
value), and industrial by-products (sawdust, fruit shells and stones, etc.). Both primary and secondary
biomass can be used either via direct combustion or thermochemical processes, such as pyrolysis
and gasification [21]. Additionally, both primary and secondary sources can be used for the generation
of thermal energy in boilers and district heating networks, as well as for the generation of electrical
energy in biomass plants.

Heating and domestic hot water generation are the most widespread thermal applications of
biomass, though it is also used for cooling and power generation. Biomass can be used to generate
the thermal energy necessary to power an air-conditioning system (heating and cooling), either at
a centralized level (single-family house or block of flats) or at a decentralized district level (several
buildings) [22,23]. Implementing a distribution network to supply not only housing estates and other
residential dwellings but also public buildings, industries, etc., is known as “district heating”,
and involves transporting the thermal energy over a distance through ducts that are not structurally
integrated into a single building [24].

A recent Reuters Business Insight report estimates that the contribution of bioenergy to the world’s
primary energy supply could reach 50% by 2050. Bioenergy projects are largely conditioned by
the location and availability of biomass resources, although in recent years, the market for standardized
biofuels has developed considerably. Within the applications of biomass for heating, its use in boilers
to replace fossil fuels has experienced a great boom in the last decade, mainly due to the significant
energy and economic savings obtained [25].

Among the most commonly used fuels for biomass boilers are pellets, mostly from the wood
and forestry industries that generate waste in the form of sawdust and chips. However, due to
the increase in the price of this biofuel in recent years, it is necessary to investigate new forms of
bioenergy that allow for reducing costs on the one hand and alleviating the pressure on the wood
industry on the other. The European standard EN 14961-1 promotes the use of new forms of
biofuels, and studies have already shown the potential of certain fruit shells and stones for generating
heat [26–29].

Today, Mexico is a country that depends heavily on fossil fuels for the production of its primary
energy. If we pay attention to its energy production between the years 2007 and 2017, this amounted to
8935 PJ, of which 88.2% was referred to fossil fuels, 7.2% was renewable energy (1.31% obtained from
biomass), 3.4% was from coal, and 1.2% was nuclear energy [30].

If we focus on primary energy production in Mexico from biomass, the main sources are firewood,
occupying 5.2%, and sugarcane bagasse with 0.9%. A large part of the energy production from sugar
cane bagasse (50%) is used by the sugar industry for the production of its energy [31].

According to the Mexican Secretary of Energy (SENER), 45% of the waste obtained from crops is
used as fertilizer or for cooking and heating houses in rural areas [31].

Honorato-Salazar et al. [32] studied the available agricultural residues in Mexico from twenty
crops. They estimated that there is between 17.5 and 58.1 megatons of dry matter produced per year
(Mt DM/yr). The corresponding bioenergy potential ranges from 313.4 PJ/yr to 1039.4 PJ/yr.

The zapote mamey (Pouteria sapota, also called Lucuma mammosa) is a tree species of the Sapotaceae
family. The zapote mamey tree is an ornamental, perennial tree that can reach a height of up to 40 m
and a diameter at breast height of more than 1 m. The trunk is straight and may have buttresses.
The external bark is cracked and falls off into rectangular pieces, brownish-gray to brownish-black in
color, with a thickness of 10 to 20 mm. The leaves are arranged in a spiral and agglomerate at the tips of
the branches. The fruits are berries that are up to 20 cm long, ovoid, reddish-brown in color, and rough
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in texture. The mesocarp is sweet, fleshy, orange to reddish, with small amounts of latex when unripe.
It usually contains a seed that is up to 10 cm long, ellipsoid, and black to dark brown. The percentage
in weight of the seed ranges from 8% to 16% of the total weight of the fruit [33].

Its exact origin is difficult to determine since it was already being cultivated throughout tropical
America before the arrival of Europeans. Its natural range probably extends from southern Mexico
to Nicaragua, Belize, and northern Honduras. In Mexico, the original areas of distribution are likely
to have been in Veracruz, Tabasco, and northern Chiapas; however, it is now found in all southern
Mexican states. It is cultivated from Florida (USA) to Brazil and Cuba. It has also been introduced to
the Philippines, Indonesia, Malaysia, and Vietnam. It is a plant that is widely distributed in its place of
origin, from southern Mexico to Guatemala and Belize, where it is found both wild and cultivated [34].

In Mexico, production has been concentrated since 2006, mainly in the states of Yucatan
and Guerrero, but the states of Chiapas, Michoacan, Veracruz, and Campeche are consolidating
their participation in production every year. The trend in the production of Mamey in Mexico has
had a greater momentum from 2006 to 2008; after that period of growth, the upward trend has been
constant but slow [33]. Figure 1 shows the zapote production in the main states of Mexico.
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Figure 1. Zapote production in the main states of Mexico.

The fruit is eaten raw or made into smoothies, ice cream, and fruit bars. It can be used to produce
jam and jelly. Some beauty products use pressed oilseed to produce what is known as sapayul oil.
However, the food and cosmetics zapote industries produce large amounts of waste, which is thrown
away without making environmentally responsible use of it.

The main purposes of this study were to determine the elemental chemical analysis of
the zapote seed and its energy parameters to further evaluate its suitability as a solid biofuel in
boilers for the generation of thermal energy in a tropical climate. Additionally, energy, economic,
and environmental assessments of the installation were carried out.
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2. Case Study

The heavy chemistry laboratory of the Faculty of Engineering of the University of Veracruz
in Mexico was taken as a case study (Figure 2). The Veracruzana University (UV) was founded
in 1944 and became autonomous in 1996. It is located in the state of Veracruz on the Gulf of
Mexico. It has five regional headquarters: Xalapa, Veracruz, Orizaba-Córdoba, Poza Rica-Tuxpan,
and Coatzacoalcos-Minatitlán. In terms of the number of students it serves, it is among the five largest
public state universities of higher education in Mexico.
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The dimensions of the chemistry laboratory (Figure 3) are 35× 15× 3 m, and among the equipment,
the laboratory has two evaporators and a reactor for the dehydration of food. These equipment are fed
by one 200 kW liquefied petroleum gas (LPG) boiler to produce steam. It consumes 200 L of LPG to
produce 400 kg/h of saturated steam. Figure 4 shows the evaporator–condenser assembly.
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Figure 5 shows the LPG boiler used to produce the steam needed.
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Initially, an energy audit was conducted, which served as the basis for the technical study.
Subsequently, all the required data was gathered to assess the feasibility of substituting the current
LPG boiler with a biomass boiler that would use zapote seeds as fuel.
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2.1. Climatological Data

The city of Coatzacoalcos in the state of Veracruz (Mexico) has a tropical, warm, and humid
climate characterized by a short dry season and heavy rainfall. The average annual temperature is
25 ◦C and the average rainfall is 2471 mm per year. Table 1 shows the most relevant climatic data for
the city of Coatzacoalcos in the state of Veracruz.

Table 1. Climatic data of Veracruz state.

Parameters Values

Longitude 94◦28′32.55” W
Latitude 18◦8′39.77” N
Altitude 10 m

Average maximum annual
temperature 29.2 ◦C

Average minimum annual temperature 22.9 ◦C
Average annual temperature 25.3 ◦C

Average temperature of the dry season 24.3 ◦C
Average temperature of the wet season 26.8 ◦C

Relative humidity 78%

2.2. Overview of the Existing Heating System

The 200 kW LPG boiler operates for approximately 4 h daily and an annual average of 300 days.
Therefore, the thermal power demanded is 240,000 kWh.

Figure 6 shows the operating diagram of the LPG boiler.
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3. Materials and Methods

Regarding the use of zapote seeds as biofuel, 2000 g of this waste was collected for the determination
of its chemical composition and the evaluation of its energy parameters (Figure 7).
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The UNE-EN 14961-1 standard “Solid biofuels–Specifications and fuel classes—Part 1: General
requirements,” was used to assign the biomass quality parameters and the standard UNE-EN 15148
was used for the determination of the volatile matter. These standards have been developed by the
Spanish Association for Standardisation and Certification (AENOR).

Table 2 shows the standards and measuring equipment used.

Table 2. Standards and the measuring equipment used in this study.

Parameter Unit Standards Equipment Standard Deviation (SD)

Higher heating value MJ/kg EN 14918 Calorimeter Parr 6300 (Parr Instrument
Company, Illinois, United States) 0.02

Total sulphur % EN 15289 Analyzer LECO TruSpec S 630-100-700 (LECO
Instrumentos S.L., Madrid, Spain) 0.002

Total hydrogen % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.03

Total chlorine mg/kg EN 15289 Titrator Mettler Toledo G20 6.73

Total carbon % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.12

Total nitrogen % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.009

Ash % EN 14775 Muffle Furnace NABERTHERM LVT 15/11
(Nabertherm GmbH, Lilienthal, Germany) 0.02

Moisture % EN 14774-1 Drying Oven Memmert UFE 700 (Memmert
GmbH, Schwabach, Germany) According to EN14774-1

Volatile matter and fixed carbon % EN 15148 Muffle Furnace NABERTHERM LVT 15/11
(Nabertherm GmbH, Lilienthal, Germany) 0.02

3.1. Humidity

The moisture content was determined by drying the fuel at a temperature of 105 ± 2 ◦C in a
MEMMERT UFE 700 oven and carrying out three to five complete hourly air swaps. After a period of
permanence that should not exceed 24 h to avoid releasing volatiles, the sample was weighed again.
The difference in mass corresponded to the sample’s moisture content.

The percentage of moisture in biofuel is a major factor when determining its energy efficiency.
This is because for the heat to be available, the water must first be evaporated, where the greater
the moisture percentage, the lesser the calorific value of the fuel. Furthermore, a high moisture
content leads to the appearance of slag that tends to accumulate in the flue pipes, leading to corrosion
and clogging problems. Most combustion reactions are complete with biomass moisture contents
below 30%, with a maximum heat transfer at 10% moisture [35].
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3.2. Elemental Composition

Except for the fraction corresponding to moisture and ash, the biomass is mainly made up of carbon
(C), hydrogen (H), nitrogen (N), oxygen (O), sulfur (S), and chlorine (Cl) compounds. The elemental
composition provides the relative amounts of these chemical elements.

For the calculation of the carbon, hydrogen, and nitrogen content, a given mass of the sample is
burnt in an oxygen-containing atmosphere, resulting in ash and gaseous products of combustion (carbon
dioxide, water vapor, elemental nitrogen, sulfur oxides, and hydrogen halides) [36]. Using instrumental
techniques and the LECO Tru Spec CHN 620-100-400 analyzer, the mass fraction of carbon, hydrogen,
and nitrogen in the gas stream was quantitatively determined.

The ultimate analysis of the biomass is required to evaluate the performance of biofuel and also
allows for the estimation of its calorific value through the use of analytical expressions. It is also
indicative of its environment-related burden since nitrogen turns to N2 and NOx, the last of which is
one of the main greenhouse gases. The carbon content also helps to evaluate CO2 emissions.

3.3. Ash Content

Ash is the inorganic and non-combustible fraction of biomass formed due to the minerals it
contains, some of which are sodium, potassium, chlorine, and phosphorus. The ash is considered an
indicator of the efficiency of the biofuel because the more residue it leaves when burned, the greater
the problems of clogging and corrosion in the installation [37].

For its determination, a muffle oven (NABERTHERM LVT 15/11) was used, quantifying the residual
mass after the sample was burned under controlled conditions of weight, time, and temperature.

3.4. Chlorine and Sulfur Content

The chlorine and sulfur contents are other indicators of the quality of a biofuel. After combustion,
chlorine is transformed into chlorides, which cause corrosion problems in the installation. On the other
hand, sulfur is transformed into sulfur oxide, which is one of the main precursors of SOx emissions
into the atmosphere [38].

The standard EN 15289 was followed for its determination. A calorimetric pump (Tirator Mettler
Toledo G20) was utilized to determine the chlorine content in the combustion washing water using
silver nitrate. For the sulfur, a tubular furnace (LECO TruSpec S 630-100-700 Analyzer) was used for
the combustion of the sample at high temperature (1350 ◦C) and further gas quantification.

3.5. Higher Heating Value (HHV) and Lower Heating Value (LHV)

By breaking the bonds of organic compounds, by direct combustion of biomass, or by combustion
of products obtained from it through physical or chemical transformations, carbon dioxide and water,
among other substances, are obtained and energy is released in the process. The quality of a biofuel
depends on the amount of heat it can release in the energy conversion process; this amount of heat
relative to the unit of mass is the power or calorific value.

Depending on how the calorific value of the biomass is measured, the higher heating value (HHV)
and lower heating value (LHV) can be defined. The HHV is the total amount of heat released in
the combustion of 1 kg of biomass considering the energy needed to evaporate the water since it is
assumed that the water vapor will be completely condensed, while the LHV is the heat released during
the combustion of 1 kg of biofuel without considering the energy consumed to evaporate the water
since it is considered that water vapor does not condense and therefore this energy is not transformed
into useful heat power and is lost.

Whereas the HHV is determined by experimentation using a calorimetric pump according to the
UNE-EN 14918 standard, the LHV can be calculated from it by using the following expression [39–41]:

LHV
(

kJ
kg

)
= HHV

(
kJ
kg

)
− 212.2×H%− 0.8× (O% + N%). (1)



Sustainability 2020, 12, 4284 10 of 21

3.6. Volatile Matter (VM)

The volatile matter content is determined by the loss of mass, less that due to moisture, when
the biofuel undergoes a process of heating due to high temperature without being in contact with
air. It can come from the organic or inorganic fraction of the biomass. Volatile matter conditions
the design of the installation. The higher the volatile content of the biomass, the better the ignition at
low temperatures will be since the reactivity is improved and the combustion process is enriched.

3.7. Fixed Carbon (FC)

Fixed carbon is the non-volatile part found in the crucible when the volatile materials have been
determined. The quantity of fixed carbon is not obtained from the weight of the waste but is obtained
using the equation:

FC = 100 – (%Ash + %VM).

The VM/FC ratio is known as the combustibility index. If the VM/FC ratio increases, the degree
of reactivity of the biomass also increases; therefore, the greater this quotient, the easier the ignition
and the lower time needed for complete combustion.

3.8. RETScreen Analysis

The analysis was carried out using the RETScreen software, which has been used to analyze
and assess several bioenergy projects. RETScreen is software developed by the Natural Resource of
Canada, which helped with the analysis of zapote seed as a source of energy [42]. The biomass heating
project analysis that RETScreen uses is presented in Figure 8.
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This process starts by specifying the biomass selected, which in this case was zapote seed.
The model calculates the building’s (or buildings’) heating requirements. The next phase considers
the heating load, where in this stage, all information about zapote seed is given. Finally, the energy
delivered and fuel consumption is calculated. This final stage uses the load and demand information
of the biomass heating system and/or the peak load heating system.

4. Results and Discussion

In this section, the results of the zapote seed’s physical, chemical, and energy parameter analyses
are presented and compared with the quality parameters of other standardized solid biofuels to
evaluate the use of this agro-industrial waste as a solid biofuel in thermal energy generation systems.
An energy, environmental, and economic balance of the thermal system is also presented.

4.1. Zapote Seed Values

In this section, we present the quality indicators of the zapote seed, for which 2000 g of a
sample of this waste from surrounding industries were collected and analyzed in the laboratory.
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Table 3 shows the mean value, the standard deviation, the maximum value, and the minimum value,
which determined the parametric distribution.

Table 3. Chemical and energy indicators derived from zapote seed profiling (parameters calculated on
a dry basis, except for moisture).

Magnitude Unit Mean Value Standard
Deviation (SD) Maximum Value Minimum Value

Moisture % 56.83 — 56.83 56.83
Ash content % 2.42 0.070 2.49 2.35

HHV MJ/kg 18.342 0.022 18.364 18.320
LHV MJ/kg 17.021 0.012 17.033 17.009

Total carbon % 48.12 0.007 48.127 48.113
Total hydrogen % 6.05 0.012 6.062 6.038
Total nitrogen % 0.83 0.052 0.882 0.778

Total sulfur % 0.05 0.002 0.052 0.048
Total oxygen % 45.02 2.542 47.562 42.478
Total chlorine % 0.06 0.003 0.063 0.057
Volatile matter % 85.73 0.060 85.79 85.67
Fixed carbon % 11.85 0.060 11.91 11.79

HHV: Higher heating value, LHV: Lower heating value.

As shown in Table 3, the main problem with zapote seed for use as a biofuel is its high moisture
content of over 50%. Due to this, instability in the thermochemical process is produced that diminishes
the efficiency of the combustion since it is necessary to evaporate the water first such that the heat is
available; as a result, the net calorific value of the biomass is reduced and causes problems of jamming
and corrosion in the thermal installation due to the emission of tars. Furthermore, environmental
pollution increases as a result of inefficient conversion processes in which carbon monoxide and volatile
organic compounds are generated.

The endothermic limit of biomass is 65% humidity; above this value, not enough energy is
released to satisfy the evaporation requirement and produce heat. Above a 50% moisture content,
some combustion systems will require a support fuel, such as natural gas or LPG. Therefore, in most
heat transfer processes, humidities below 30% are required, with an optimum performance occurring
at 10% humidity.

In our case study, a drying system needed to be implemented to reduce the humidity of the seed
to around 10% before it was used for direct combustion in a boiler. The drying of the biomass can be
done naturally in piles or forced with industrial drying systems.

On the other hand, the use of biomass via thermochemical conversion generates a solid residue or
ash that comes from the mineral matter of the original plants, as well as from that which may have
been added during the collection process. As it is an inert fraction, the energy available in any fuel is
reduced in proportion to its ash content.

Therefore, ash is the inorganic fraction of biomass that is mainly composed of metallic oxides,
such as calcium oxide (CaO), sodium oxide (Na2O), potassium oxide (K2O), phosphorus oxide (P2O5),
aluminum oxide (Al2O3), iron oxide (Fe2O3), silicon oxide (SiO2), and magnesium oxide (MgO),
with the oxides being either in the form of salts or organically associated compounds.

Calcium oxide (CaO) and silica (SiO2) affect the abrasion of the plant components due to
the dragging of the ashes toward the gas outlet. Alkaline metals (K and Na) react with phosphorus
and silica, which can cause slag deposits that prevent the correct transfer of heat, even generating
problems in the correct operation of the installation. Furthermore, alkaline and alkaline-earth metals
influence the melting temperature of the ashes, and consequently, the greater or lesser adhesion of
the deposits that are formed. Potassium and sodium also react with chlorine in the gas phase (HCl) to
form corresponding chlorides that can be deposited on the pipe surfaces and cause corrosion.
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In the case of the zapote seed, its ash content varies between 2.49% and 2.35%, which indicates
that despite being a moderate value, it is below other standardized solid fuels, such as almond shell
pellets (3.35%) or oak wood pellets (3.32%) [43].

The deviation in the results depends on multiple parameters. In addition to the number of
repetitions and samples analyzed, it also depends on the part of the plant analyzed. For example,
waste fractions, as in the case study, usually have a higher ash content (due to impurities that may
be introduced during collection and transport). On the other hand, the reproducibility of the results
depends significantly on the type of plant, the growth conditions, the use of fertilizers, and the type of
soil, which is related to the level of soluble inorganic elements (e.g., sandy soils give rise to less ash
compared to clay soils). It can be seen that C3 plants, such as zapote, tend to have a higher water
intake compared to C4 plants, and therefore have a higher ash content.

Table 4 contrasts the physicochemical indicators of the quality of various commercial biofuels
and industrial wastes versus those of zapote seed to assess the applicability of this by-product in boilers.

Table 4. Comparison between zapote seed and other biofuels.

Parameters Unit Mango Stone [26] Olive Stone [29,35,44] Pine Pellets [43,44] Almond Shell [44–46] Zapote Seed

Moisture % 59.70 18.45 7.29 7.63 56.83
HHV MJ/kg 18.049 17.884 20.030 18.200 18.342
LHV MJ/kg 17.271 16.504 18.470 17.920 17.021
Ash

content % 2.14 0.77 0.33 0.55 2.42

Total
carbon % 48.263 46.55 47.70 49.27 48.12

Total
hydrogen % 3.481 6.33 6.12 6.06 6.05

Total
nitrogen % 1.041 1.810 1.274 0.120 0.830

Total
sulphur % 0.086 0.110 0.004 0.050 0.050

Total
oxygen % 49.022 45.20 52.30 44.49 45.02

Total
chlorine % 0.070 0.060 0.010 0.200 0.060

Volatile
matter % 83.77 78.3 83.5 82.0 85.73

VM/FC
ratio % 5.63 3.84 5.49 5.19 7.23

HHV biomass
HHV zapote seed

% 98.40 97.50 109.20 99.23 100.0

FC: Fixed carbon, VM: Volatile matter.

As reflected in the comparison, zapote seed had a higher ash content than other standardized
fuels, which would suggest that the problems associated with corrosion and maintenance costs of
the installation could be greater.

When analyzing the calorific value of the zapote seed, we found that it was in the range of
18.320–18.364 MJ/kg, which was higher than the energy value of other standardized fuels, such as
olive stone (17.884 MJ/kg) or almond shell (18.200 MJ/kg), which shows the energy potential of this
residual biomass. The last row of the table shows the variation of HHV as a percentage, varying from
−2.5% to +9.2%.

Other parameters that indicate the quality of biofuel are its chlorine and sulfur contents. Sulfur has
a corrosive effect on the installation and causes the emission of SOx gases that contribute to global
warming and cause acid rain. The sulfur content of the zapote seed (0.05%) was very low, similar
to the sulfur content of almond shell and lower than that of olive stone (0.110%), which shows that
corrosion problems and SOx emissions would be lessened by the use of this biofuel.

The chlorine content has a decisive influence on the corrosion of the plant since the reaction
with potassium and sodium produces chlorides that have a dissociative catalytic action in the system.
The chlorine content of the zapote seed (0.06%) was very low, similar to that of other agro-industrial
wastes, such as olive stone (0.06%) or mango stone (0.07%), but lower than that of almond shells (0.2%),
which shows that corrosion problems in thermal installations could be lessened by using this biofuel.



Sustainability 2020, 12, 4284 13 of 21

Another important quality parameter of biofuel is its volatile matter content. As can be seen,
zapote seed had a higher volatile matter content than other solid biofuels. This high volatility and low
fixed carbon content suggest that it produces less corrosion and boiler fouling. On the other hand,
the combustibility index or VM/FC ratio was significantly higher than that of other solid fuels. This fact
was due to greater reactivity of the fuel and facilitated ignition, even at low temperatures, reducing
the residence state until the complete combustion.

It is necessary to take into account that not only is the zapote seed interesting because of its energy
potential but also for its carbon neutrality. This is because it is assumed that the plant is capable of
retaining more carbon during its life cycle than it releases during combustion, making the carbon
cycle neutral.

Zapote waste can be collected from industries processing this fruit in the surrounding area in
such a way that it both contributes to the sustainable environmental treatment of this waste and a
significant fall in CO2 emissions.

4.2. Energy and Environmental Assessment

Biomass is considered to be theoretically CO2 neutral because its combustion does not contribute to
the increase of the greenhouse effect. This is because the carbon that is released during the combustion
of biomass is the same that was continuously absorbed and released by the plants for their growth
(Figure 9). The CO2 emissions generated from biomass energy do not alter the balance of atmospheric
carbon concentration since it comes from carbon removed from the atmosphere in the same biological
cycle, and therefore do not increase the greenhouse effect. Its use contributes to reducing CO2 emissions
into the atmosphere whenever it replaces fossil fuel.
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Once the energy parameters of the zapote seed had been calculated, the next phase of this study
was to calculate the savings in CO2 emissions in the heavy chemistry laboratory of the Faculty of
Engineering of the University of Veracruz, derived from the use of this seed as biofuel. Furthermore,
the savings in CO2 emissions that would be produced in the states of Mexico that produce zapote
were calculated.
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The first step was to calculate the energy (MWh) that could be obtained from the zapote seeds,
considering the residues that would be obtained from all the zapote production in the main producing
states of Mexico. This was done using Equation (2) and the results are given in Figure 10:

Ep = RH× Pzapote ×HHV× fs × Fc, (2)

where:

Ep: energy obtained from the zapote seed (MWh);
RH: considering 10% humidity in zapote seed;
Pzapote: zapote production (kg);
HHV: higher heating value (18.342 MJ/kg);
fs: % of seed in a whole zapote (15%);
Fc: unit conversion factor (0.000277778 Wh/J).
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Once the energy that would be obtained by using zapote seed as a biofuel was calculated,
the savings in CO2 emissions that this would represent compared to the use of LPG were calculated.
As discussed in a previous section, biomass is a clean, environmentally friendly source of energy since
it produces zero CO2 emissions. The mass (kg/year) of CO2 emitted by the combustion of liquefied
petroleum gas (LPG) was calculated using:

MCO2 LPG = CLPG × FLPG, (3)

where:

MCO2 LPG : kg/year of CO2 emitted by the combustion of liquefied petroleum gas (LPG).
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CLPG: consumption of liquefied petroleum gas (LPG) per year (kWh/year).
FLPG : CO2 emission factor of liquefied petroleum gas (LPG) (kg/kWh).

Table 5 shows the CO2 emission factor for biomass and LPG and the total CO2 emissions reduced
annually using zapote seed as biofuel.

Table 5. CO2 emission (kg/kWh) of LPG and zapote seed [47].

Boiler CO2 Emissions (kg/kWh)

Liquefied petroleum gas (LPG) 0.254
Zapote seed 0

Total savings of CO2 emissions in
the heavy chemistry laboratory (kg/year) 60,960.00

The use of a biomass boiler in the heavy chemistry laboratory of the Faculty of Engineering of
the University of Veracruz in Mexico would save 60,960.00 kg/year of CO2 emissions.

Figure 11 shows the CO2 savings in the main producer states of Mexico using zapote seed as
biofuel (t).
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4.3. Economical Profit

The economic viability assessment of the project to replace the former gas boiler with a biomass
boiler fed by zapote seed was made by taking into consideration the following data:

• The number of annual operating hours of the installation.
• Calculation of the LPG (L) and biomass (kg) required to satisfy the energy demand.
• Lower heating value (LHV) of both the zapote seed and LPG.
• Current market prices of both types of fuel (biomass and LPG).
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The thermal demand of the installation was calculated by taking into account the fact that
the 200 kW LPG boiler works four hours a day for an average of 300 days a year. Under this scenario,
the annual consumption of the installation is 240,000 kW/h.

The market for biomass boilers for heat generation at both residential and industrial levels
is booming due to the rising cost of fossil fuels, which are also severely taxed in most countries.
To determine the economic savings that would be achieved with the new biomass heating plant
compared to the old LPG boiler, it was first necessary to calculate the amount of fuel required in both
cases to meet the annual thermal demand. From the values of the calorific value of LPG and its density,
it was calculated that 37,696.73 L of LPG are needed annually to meet the energy demand. Considering
the current market price of LPG ($0.39/L) [48], a total annual cost of $14,701.72 was calculated for
the LPG installation. Table 6 shows the economic analysis of the LPG installation and the zapote
seed boiler.

Table 6. Economic analysis of the LPG installation and the zapote seed boiler.

Parameter Unit LPG Boiler Biomass Boiler

Fuel Liquefied petroleum gas (LPG) Zapote seed
LHV kWh/kg 13.10 4.73
Price $/L 0.39
Price $/kg 0.108

Boiler efficiency % 90 80
Nominal power kW 200 200
Operating hours h 1200 1200

Thermal energy demand kWh/year 240,000 240,000
LPG consumption L 37,696.73

Biomass consumption kg 63,424.95
Annual cost $ 14,701.72 6,881.93

Annual saving $ 7,819.79
Annual saving % 53.19

Total investment $ 67,530.48

Once the calorific value of the biomass (LHV) had been determined and knowing the annual
thermal demand of the installation (kWh), the amount of biomass necessary to satisfy it could be
obtained from the following expression:

Biomass consumption =
Annual thermal demand
LHV×Boiler efficiency

. (4)

From this expression, it was calculated that 63,424.95 kg of zapote seed will be consumed,
and considering that the price per kilo of this residual biomass, once treated and transported to
the point of consumption, is $0.108/kg, an annual saving of $7,819.79 will be made, which represents a
53.19% saving compared to the old LPG installation.

Some financial parameters were calculated, such as the internal rate of return (IRR), payback,
and benefit/cost ratio (B/C).

The IRR represents the ideal interest yield provided by the project, considering all costs and benefits.
The IRR can be calculated when all the cash flow is at time 0 and the costs are equal to the incomes.

Payback is the time that the investment takes to recoup its initial investment; this analysis considers
the cash flows from its inception, as well as the leverage of the project.

B/C is the ratio of the net benefits to the costs of the project. Net benefits represent the present value
of the annual revenue and savings minus the annual costs, while the cost is defined as the project equity.

Table 7 presents the financial results and its feasibility.
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Table 7. Financial analysis.

Parameter Unit Biomass Boiler

IRR % 7%
Payback years 9.8

B/C 1.13

B/C: Benefit/cost ratio, IRR: Internal rate of return.

As seen in Table 7, the financial analysis describes the viability of the project, where the IRR is
predicted to be 7%, which is a competitive market rate; the payback period is predicted to be 9.8 years
to recover its investment, and the B/C is predicted to be 1.13, which means that the benefits are 13%
higher than the costs.

A sensitivity or what-if analysis was also done and is presented in Table 8.

Table 8. Sensitivity analysis of zapote seed. The bold amounts indicate the range of profitability of
the project.

Quantity of Biomass (kg)

Zapote Seed Price ($)

47,568.71 55,496.83 63,424.95 71,353.07 79,281.19
0.081 $ 3,853.07 $ 4,495.24 $ 5,137.42 $ 5,779.60 $ 6,421.78
0.095 $ 4,495.24 $ 5,244.45 $ 5,993.66 $ 6,742.86 $ 7,492.07
0.108 $ 5,137.42 $ 5,993.66 $ 6,849.89 $ 7,706.13 $ 8,562.37
0.122 $ 5,779.60 $ 6,742.86 $ 7,706.13 $ 8,669.40 $ 9,632.66
0.135 $ 6,421.78 $ 7,492.07 $ 8,562.37 $ 9,632.66 $ 10,702.96

In Table 8, it can be seen that $6,849.89 is the base of the project, that is, the feasibility of the project
requires 63,424.95 kg of zapote seed at 0.108 USD per kilogram; if the price and quantity increase in
different scenarios, then the project can be rejected. The bold amounts indicate the range of profitability
of the project.

4.4. Energy Policy

The implications of the Mexican Law of Promotion and Development of Bioenergetics (LPDB)
that can be taken into account in this paper are the promotion and development of bioenergetics to
contribute to the energy diversification and sustainable development as conditions that guarantee
support for the Mexican countryside. This law has three main objectives [49]:

1. Promote the production of inputs for bioenergetics from agricultural, forestry, algae,
biotechnological, and enzymatic processes in the Mexican countryside without jeopardizing
the country’s food security and sovereignty.

2. Develop the production, commercialization, and efficient use of bioenergetics to contribute to
the reactivation of the rural sector, the generation of employment, and a better quality of life for
the population, particularly those with high and very high marginality.

3. To seek the reduction of polluting emissions and greenhouse gases into the atmosphere in
accordance with international instruments contained in the Treaties to which Mexico is a party.

According to the Secretary of Agriculture and Rural Development, Ministry of Agriculture
and Rural Development (SAGARPA), Mexico is the leader in the production of zapote mamey,
with only five states in Mexico producing it [30]. The benefits shown in this study can be proposed to
SAGARPA and use the LPDB to increase the market opportunity for small producers and increase
the production overall. This necessitates an adequate credit policy for this sector, which includes
low interest rates, especially during the first few years, as well as flexibility in the terms and forms
of payment.
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Considering the results of this study, beginning with a sustainable proposal to universities along
with the five producer states of zapote mamey regarding their boiler equipment, this experience can be
shared with other institutions with similar conditions.

5. Conclusions

Biomass projects are an interesting alternative to fossil fuels where resources are widely available.
Due to its carbon-neutral condition and low price, biomass boilers are having an increasing presence in
international markets. According to the Law for the Use of Renewable Energies and the Financing of
Energy Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources.

Zapote mamey is one of the most widely grown fruits in Mexico, with an annual production of
17,515 t. Zapote industry waste could be used to generate power and reduce CO2 emissions; while
the CO2 emissions of LPG are 0.254 kg/kWh, the zapote seed emissions will be theoretically 0. Replacing
a 200 kW LPG boiler with a biomass boiler fed with dry zapote seeds in the heavy chemistry laboratory
of the Faculty of Engineering of the University of Veracruz in Mexico would mean a reduction in CO2

emissions of 60,960.00 kg/year.
The use of zapote seed as a biofuel has important advantages in the fight against climate change:

• It reduces the emissions of CO2, NOx, and HCl and emissions of sulfur and particles.
• Reduces boiler maintenance and the danger of toxic fuel gas leaks.
• Jobs are generated in the agro-food industry to produce food, waste is used to generate thermal

energy, and the planting of these crops aids the fight against erosion and soil degradation.

Comparing the annual costs of these two sources of energy, the amount saved was predicted to
be $US7,819.79, which means an annual saving of 53.19%. The total investment of the project was
estimated to be $US67,530.48. According to financial results, the project was predicted to be attractive,
with its financial variables showing a predicted IRR of 7%, a payback period of 9.8 years, and a B/C
ratio of 1.13.

A sensitivity or what-if analysis was carried out because the price and quantity of zapote seed
are sensitive to changes. In this case, the project can be accepted if the maximum quantity required
increases to 79,281.19 kg but the price decreases 25% (to 0.081 USD), or the maximum price increases
25% to 0.135 USD and the quantity decreases 25% (to 47,568.71 kg).

Regarding policy implications, this study shows that there is a market opportunity for small
producers and overall increases in production, which necessitates an adequate credit policy for this
sector, including low interest rates, especially during the first few years, as well as flexibility in the terms
and forms of payment.

These results pave the way toward the utilization of zapote seed as a solid biofuel, contribute to
achieving Mexico’s energy goal for 2024, and promote sustainability in universities.

One of the main limitations of this study was the humidity of the zapote seeds. In future work,
the possibility of designing dryers for these seeds, built in an environmentally sustainable way,
will be studied.
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