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Abstract

This study presents an experimental evaluation of the bioenergy potential of
Enterolobium cyclocarpum (“orejero”) fruit peel residue, an underutilized agroforestry
by-product in tropical America. Although the species is widely used for shade and fod-
der in livestock systems, its fruit peel has not yet been characterized for energy recovery
purposes. Fruit samples were collected in rural areas of Tesalia (Huila, Colombia), and
the peel fraction was analyzed in certified laboratories. The moisture content of the peel
was determined as 11 wt%, and the lower heating value was measured as 0.015 T] /t fol-
lowing ASTM E711-06. Elemental analysis according to ASTM D5373-16 yielded (dry ba-
sis): 37.2 wt% C, 4.09 wt% H, 0.45 wt% N and 0.13 wt% S. Based on Colombian cultivation
and production data, the theoretical energy potential was estimated as 3.6 TJ/year per
hectare. The technical energy potential reached 0.18 and 0.21 TJ/year per hectare for com-
bustion and gasification, respectively. CO,-equivalent emissions were also estimated for
both conversion routes, revealing a trade-off between the higher energy yield and higher
specific emissions associated with gasification. Overall, the results show that E. cyclocarpum
fruit peel residue has a calorific value comparable to widely used agri-food residues in
Colombia (e.g., sugarcane bagasse and oil palm fiber), but with a substantially higher per-
hectare energy potential due to its large residue fraction. Its high availability, favorable fuel
properties, and compatibility with decentralized combustion and gasification technologies
support its use as a promising feedstock for bioenergy generation in rural or off-grid areas,
in line with circular economy and sustainable energy transition strategies.

Keywords: Enterolobium cyclocarpum; fruit peel residue; biomass-to-energy; gasification;
combustion; circular economy

1. Introduction

Enterolobium cyclocarpum, commonly known as “orejero,” belongs to the family
Mimosaceae, genus Enterolobium, and species cyclocarpum [1]. Native to the American
tropics, E. cyclocarpum is widely used in reforestation and the restoration of degraded
forested areas. It is also commonly employed to provide shade and fodder in livestock
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systems and has applications based on its agroindustrial, nutritional, and medicinal prop-
erties. In many regions, the fruit is used as a feed supplement for cattle, improving
meat and milk production, and in some cases, it is also consumed by humans [2]. How-
ever, despite its multiple uses, no studies have addressed the energy valorization of its
fruit peel residue to date [3]. This contrasts with the growing body of literature evaluat-
ing the energy potential of other agricultural and agroforestry residues, indicating that
E. cyclocarpum remains an underexplored resource in the field of bioenergy. Hereafter,
the species is referred to as E. cyclocarpum, and the studied biomass is referred to as
E. cyclocarpum fruit peel (also termed “peel residue” when discussing recoverable
residue flows).

Utilization of agricultural residual biomass as an energy source can support fossil-fuel
substitution and decentralized energy supply in rural or off-grid contexts. In addition, di-
verting residues from uncontrolled disposal (e.g., open burning or landfilling) can improve
resource efficiency and reduce local environmental impacts when conversion technologies
are applied [4,5]. At the global and regional scale, several assessments have shown that
agricultural residues can provide substantial theoretical and technical energy potentials,
even after accounting for sustainability constraints and competing uses [6,7].

In Colombia, the National Energy Plan 2020-2050 projects growth of up to 8% in
energy generation from biomass, with an expected installed cogeneration capacity of
314 MW by 2028 [8]. The country has favorable natural and structural conditions for
rural energy development based on biomass, primarily due to its strong agroindustrial
capacity [5]. At the national level, several studies have been conducted on the energy
potential of residual biomass from crops such as potato, maize, plantain, banana, sugarcane,
cassava and oil palm [9-11], with significant contributions from these sectors [8]. More
recent analyses have evaluated the spatial distribution and energy potential of agricultural
residues for rural households and decentralized energy systems in departments such as
La Guajira and high-mountain municipalities of the Santurban paramo, reinforcing the
strategic role of residual biomass in Colombia’s rural energy transition [12-14]. Despite
these advances, a large fraction of agricultural residues remains underutilized or discarded
due to the lack of appropriate technologies or technical knowledge, which poses both
environmental and resource-efficiency challenges [15].

Biomass is a renewable energy source with near-neutral greenhouse gas emissions,
and its efficient use can significantly reduce fossil fuel consumption. However, one key
limitation to its widespread utilization is the potentially low calorific value and heteroge-
neous quality of certain residues [16]. For this reason, physicochemical characterization is
essential to assess the combustion quality and energy potential of each specific biomass. In
particular, fruit processing and fruit peel residues have attracted increasing attention as
feedstocks for energy and materials, since they are generated in large amounts and are often
landfilled or used in low-value applications such as compost or animal feed [17]. Several
studies have demonstrated that waste products from fruit preparation and processing can
exhibit lower heating values comparable to, or only slightly below, those of conventional
agricultural residues, making them suitable for thermochemical conversion [18,19]. Beyond
direct combustion/gasification approaches, fruit peel residues have also been widely inves-
tigated under pyrolysis pathways to obtain co-products such as biochar and bio-oil, often
targeting subsequent resource utilization (e.g., adsorption, soil amendment, or chemical
platforms). Recent work has emphasized the role of feedstock physicochemical properties
in controlling pyrolysis kinetics and product distributions [20]. Multiple studies have
reported the feasibility of converting fruit peels into functional biochars or bio-oils through
slow/fast pyrolysis routes [21,22]. Nevertheless, the energy potential of E. cyclocarpum fruit
peel has not yet been explored.
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The fruit peel residue generated by Enterolobium cyclocarpum can be considered an
agricultural by-product with promising energy recovery potential. Its use as a substitute
for conventional fossil fuels (e.g., coal, gasoline, diesel) in various thermal or power appli-
cations could provide substantial environmental and economic benefits [23]. To evaluate
this potential, however, a detailed analysis of the physicochemical properties of the residue
is required. Physicochemical analyses are employed to determine the energy content of
biomass. These assessments are expressed on a dry basis. Thus, determining the moisture
content is the first step in evaluating fuel quality [24]. Subsequently, elemental analysis is
conducted to quantify the concentrations of key elements—carbon, hydrogen, nitrogen,
and sulfur—responsible for combustion reactions and associated emissions [25]. The lower
heating value (LHV) and elemental composition are then used to estimate the theoretical en-
ergy potential (EP) and to compare different energy conversion technologies. This approach
is consistent with national guidelines such as the Colombian Atlas of Residual Biomass
Energy Potential, which provides a methodological framework for the quantification of EP
and technical energy potential (TEP) in agricultural and agroindustrial systems [26].

The scientific contribution of this study is twofold: (i) it provides new experimental
physicochemical data for E. cyclocarpum fruit peel residue obtained from accredited labora-
tory analyses, and (ii) it delivers a comparative assessment of combustion and gasification
as decentralized conversion routes using a consistent energy-potential framework under
Colombian conditions. Specifically, this study (i) characterizes the peel residue in terms of
moisture content, lower heating value and elemental composition, (ii) estimates theoretical
and technical energy potentials using Colombian cultivation and production data, and
(iii) evaluates combustion versus gasification for rural/off-grid deployment. While pyrol-
ysis is an important thermochemical option for fruit peel residues, it is considered here
primarily as a contextual benchmark and a future pathway for co-product valorization.

2. Materials and Methods

This study was carried out in four stages: (i) selection and preparation of E. cyclocarpum
fruits and peel residue, (ii) determination of residue percentage and moisture content,
(iii) physicochemical characterization of the peel (elemental composition and lower heating
value), and (iv) estimation of the theoretical and technical energy potentials, including an
assessment of CO,-equivalent emissions for different conversion technologies. The overall
sampling and sample-preparation procedure is illustrated in Figure 1.

Dried fruits were collected from rural areas in Tesalia (Huila, Colombia), where orejero
is traditionally used as a fodder supplement. Tesalia is located in the upper Magdalena
Valley, within the Colombian tropical dry-forest belt, which represents a typical eco-climatic
setting for E. cyclocarpum in the country [27,28]. E. cyclocarpum is characteristic of seasonally
dry tropical forests and is commonly retained in pasture-based agroforestry/silvopastoral
systems because it provides shade and its pods are used as a dry-season feed source for
livestock [29,30]. Accordingly, Tesalia provides a representative and biomass-available
setting to evaluate a fruit-peel by-product generated in livestock landscapes, while enabling
collection of fruits with homogeneous maturity and immediate processing to minimize
storage-related variability.

The fruits were transported to the laboratory, where seeds and peel were separated
and weighed to determine the fraction of residual biomass. The peel fraction was then
ground, sieved, and conditioned for moisture and calorimetric analyses.
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Figure 1. Experimental procedure for the characterization of Enterolobium cyclocarpum fruit peel

residue: (a) bulk dried peel residue collected in Tesalia (Huila, Colombia); (b) individual fruits
labelled for the determination of peel and seed mass fractions; (c) grinding and sieving of the peel
fraction; (d) weighing of the prepared samples on an analytical balance.

2.1. Residue Percentage and Moisture Content

The samples used in this study consisted of fruit peels from Enterolobium cyclocarpum,
collected from mature fruits in 2022 in the rural area of Tesalia, Huila (Colombia). A total
of 1000 g of fruit was gathered for analysis.

Each fruit was individually weighed to determine the total weight, including the peel.
Subsequently, the seeds were manually separated from the peel, and both components
were individually weighed in order to calculate the proportion of residual biomass. The
percentage of residue was determined using Equation (1).

% residue = (mass of peel/mass of whole fruit) - 100% @)

Moisture content was then assessed using a thermogravimetric moisture analyzer
(MB-120C, PCE Instruments, Meschede, Alemania) at the Laboratory of the Universidad
Santo Tomds. The equipment consists of a precision balance integrated with a heating
chamber capable of reaching up to 160 °C, maintaining a set temperature with a precision of
£1 °C during the drying process. The drying temperature is adjustable, and the maximum
weighing capacity is 210 g, with a readability of 0.01 g or 0.001 g. The device determines
the moisture content by comparing the initial and final weights of the sample after the
drying cycle [31].
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2.2. Physicochemical Analysis

The fruit peels were first ground using a mechanical mill and then sieved through a
0.75 mm mesh. From the pulverized biomass, 5 g were collected and sent to an accredited
environmental laboratory for analysis. For the residue fraction analysis, n = 10 fruits were
randomly selected and manually separated into peel and seed fractions prior to weighing.

Elemental composition analysis was performed in accordance with the ASTM D5373 stan-
dard (Standard Test Methods for Determination of Carbon, Hydrogen, and Nitrogen in
Analysis Samples of Coal and Carbon in Analysis Samples of Coal and Coke) [32]. While
these standards require internal replicate measurements and quality-control procedures to
ensure method precision, the laboratory issued an official report providing only the final
certified values; standard deviations were not reported in the delivered certificate. Hence,
the values reported in this study correspond to the certified final results.

In addition, the LHV of the Enterolobium cyclocarpum fruit peel residue was determined
following the ASTM E711-06 standard (Standard Test Method for Gross Calorific Value of
Refuse-Derived Fuel by the Bomb Calorimeter) [33]. The procedure involved combusting
samples in a bomb calorimeter, a device used to estimate the energy content of a fuel under
conditions of constant volume.

2.3. Theoretical Energy Potential Calculation Methodology

The EP was calculated based on the mathematical models presented in Annex D of
the Atlas of Residual Biomass Energy Potential in Colombia [26] (Equation (2)).

EP=M, - E )

where EP is the theoretical energy potential [T]/year]; M;s is the mass of dry residue
[t/year], and E is the energy content of the residue per unit mass [T]/t].
Energy content E is equivalent to the LHYV, expressed in TJ per ton of dry biomass.
The annual dry mass of agricultural residue was calculated using Equation (3).

Mis=A-Re- Mrg “Yrs 3)

where My; is the mass of dry residue [t/year]; A is the cultivated area [ha/year]; R. is
the crop yield [t of main product per ha]; My, is the residue-to-product ratio [t of residue
per t of main product], and Y, is the dry matter fraction of the residue [t dry residue per
t wet residue].

2.4. Selection of Energy Conversion Technologies

The selection of suitable technologies for the energy recovery of Enterolobium cyclocarpum
fruit peel was based on the BREF document titled Best Available Techniques (BAT) Refer-
ence Document for Large Combustion Plants, developed under the Integrated Pollution
Prevention and Control (IPPC) framework [34]. This reference outlines the most efficient
and environmentally sound practices for energy generation from agricultural residues in
large-scale facilities.

In recent years, the industrial sector has shown increasing interest in utilizing agroin-
dustrial residues as alternatives to landfill disposal. According to the BREF document, the
two principal thermal conversion technologies identified for biomass are combustion and
gasification. For combustion systems, the best available techniques (BAT) include fluidized
bed combustion, pulverized fuel combustion, and grate firing systems. In the case of
gasification, the highest-performing configurations are pressurized gasification integrated
with combined cycle systems and gasification units coupled with internal combustion
engines (G-ICE) [35].
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Further insights into the range of available technologies and their possible configu-
rations for biomass energy recovery were drawn from recent technical literature [36,37],
which categorizes and compares technologies in terms of efficiency and scale of applica-
tion (Figure 2).

EFGT-CC

25
/ g
/ CRC-SE

2 /

20 / // CRC-AT
< /// / s CRC-RT
& s
? 15 ¥ 7 r 4 —  G-ICE
k2 / ® s ORC-SE
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Figure 2. Biomass energy conversion technologies and their efficiencies [18]: Externally Fired Gas
Turbine Combustion Chamber—EFGT-CC; Conventional Rankine Cycle—CRC; Organic Rankine
Cycle—ORC; Gasification—Internal Combustion Engine—G-ICE; Gasifier with Externally Fired Gas
Turbine—G-EFGT; Axial Turbine—AT; Radial Turbine—RT; Screw Expander—SE.

Figure 2 presents a comparative overview of available biomass energy conversion
technologies based on their efficiency and typical output capacity. Among these, the G-ICE
technology (Gasification + Internal Combustion Engine) stands out with an efficiency range
of 22-24% and an average power output of approximately 1000 kW. As a secondary option,
the Organic Rankine Cycle (ORC) shows efficiencies between 16% and 23%, with a typical
output around 900 kW [38].

In general, small-scale generation systems tend to operate below 24% efficiency,
while high-capacity systems can reach up to 60%, depending on the technology used.
However, these values may vary depending on the characteristics of the biomass feed-
stock [35]. The technologies discussed above are considered suitable for the energy recovery
of E. cyclocarpum peel due to their relatively high efficiency and technological maturity,
especially when compared to other options still under development [36].

Table 1 summarizes the electrical efficiencies and nominal capacities of various biomass
conversion technologies, supporting the selection rationale outlined in this section [39].

2.5. Technical Energy Potential Calculation Methodology

Based on the selected conversion technologies, the percentage IAR was estimated, and
Equation (4) was applied to calculate the TEP [40].

TEP=EP - 04 - IAR - PTy @)

where TEP is the technical energy potential; EP is the theoretical energy potential; 0.4 is the
technology capacity utilization factor, IAR is the industrial agricultural residue fraction,
and PT is the efficiency of the selected technology.

The IAR represents the technically recoverable share of the total agricultural residue,
after accounting for field losses, logistics, and residue retention requirements for soil con-
servation. Reported technically recoverable fractions are typically 30-50% in practice [41],
and soil-quality constraints often require 25-30% of residues to remain on the field, limiting
the usable fraction to approximately 40-60% [42]. Similar values (=0.4-0.5) are used in
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biomass availability assessments [43]. Based on these ranges, we adopted IAR = 0.6 as an
upper-bound recoverability assumption for a high-yield tropical agricultural residue.

Table 1. Electrical efficiency and nominal capacity of biomass-based power generation technologies.

Technologies Flgctricalﬂ No‘minal
Efficiency (%) Capacity (MW)
Small-scale gas engines 20-32% <0.5
Large-scale gas engines 26-36% 0.5-3.0
Diesel engines 23-38% >3.0
Steam turbine 15-35% 1-50
Small-scale gas turbine 24-31% 0.8-10
Large-scale gas turbine 26-31% 10-100
Combined cycle (Brayton + Rankine) 30-45% 1-30
Combined cycle (Gas engine + Rankine) 40-50% 1-10
Fuel cell 35-60% 0.01-1
Stirling engine 11-20% <0.1

The fixed power coefficient (0.4) was used as a typical overall conversion factor
from solid biomass to useful energy under realistic operational conditions. Overall con-
version efficiencies for conventional biomass pathways are commonly reported within
~35-45% [44,45], and similar coefficients (~0.35-0.45) are used by international organiza-
tions in technical potential and pre-feasibility assessments [46,47].

By applying Equation (4), the amount of energy that can be effectively recovered using
each selected technology was estimated. This enables the identification of the most suitable
conversion pathway for valorizing the E. cyclocarpum residue under practical conditions.

2.6. Emissions Estimation Methodology

The estimation of CO;-equivalent emissions for the two selected conversion path-
ways (combustion and gasification) was based on stoichiometric balances derived from
the ultimate analysis of E. cyclocarpum peel. The elemental mass fractions of carbon, hy-
drogen, nitrogen and sulfur measured in Section 3.2, together with oxygen calculated by
difference [48,49], were converted into an empirical formula of the form C,H,O:Ng4Se on a
dry basis. Based on the stoichiometry of combustion and gasification reactions, a molar
balance was performed using the elemental composition values obtained from laboratory
analyses [50]. The coefficients a—e were calculated by dividing each elemental mass fraction
by its atomic weight and normalizing with respect to carbon.

For complete combustion with air, the global reaction of the biomass can be written
as Equation (5):

CaHbOCNdSe + Vo2 (Oz + 3.76 Nz) —

5
aCOz+(b/2) H20+(d/2) N2+e502+3.76v02 Nz ( )

where v is the stoichiometric molar coefficient of oxygen, obtained from the elemental
balances (Equation (6)):
vop=a+b/4—c/2—e 6)

assuming that sulfur is fully oxidized to SO, and that fuel-bound nitrogen is released
as Ny. On this basis, the molar amounts of CO,, H,O, SO; and N in the flue gas were
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calculated per mole of biomass and subsequently converted into mass emissions per unit
mass of dry peel.
For air-blown gasification, a sub-stoichiometric global reaction of the type of Equation (7):

CaHbOCNdSe +A (02 +3.76 Nz) —
vcoO CO + YCO2 COz + VH2 Hz + VCH4 CH4 + VH20 HzO + VN2 Nz + VH2s st

(7)

was assumed, where A is the molar air-to-fuel ratio (A < vpy) and v; are the molar coefficients
of the main product-gas components. These coefficients were determined by solving the
elemental balances for C, H, O, N and S, using representative product-gas compositions for
biomass air gasification reported in the literature.

In both cases, CO,-equivalent emissions were estimated by assuming that all carbon
present in the flue gas (combustion) or in the product gas (gasification) is ultimately ox-
idized to CO; during energy conversion. The resulting CO, mass per unit mass of dry
biomass was then related to the useful energy output by dividing by the corresponding
TEP for each technology (Section 2.5). This yields CO,-equivalent emissions expressed
per unit of recovered energy, enabling a consistent comparison between combustion
and gasification.

The CO;-equivalent values reported in Results section are intended as a theoretical
indirect indicator associated with the total process air volume required /handled by each
conversion pathway, expressed per unit of useful energy, and not as the direct biogenic
CO; released by biomass carbon oxidation.

3. Results
3.1. Residue Percentage and Moisture Content

The residue fraction in Table 2 was determined from 10 randomly selected fruits
(n=10). This sample size is consistent with preliminary morphological and biomass-
partition characterization in tropical tree species. In such cases, within-tree variability
in fruit component proportions is often low and sample sizes of ~8-15 fruits are com-
monly used for exploratory estimates. Technical botanical and agroforestry references
also recommend sampling on the order of 10-12 fruits for preliminary fruit morphological
descriptions and partition assessments [51-53]. Given that the purpose here is to obtain an
average residue fraction for energy-potential calculations, the current sampling is adequate
for an exploratory assessment, although broader sampling would be required for full
variability characterization.

Table 2. Residue percentage.

Sample No. Fruit Weight with Peel (g) Seed Weight (g) Peel Residue Weight (g) Peri{eftljguee(%)
1 19.91 7.12 12.79 64.24
2 19.13 8.67 10.46 54.68
3 18.14 6.74 11.39 62.79
4 13.02 4.57 8.45 64.90
5 20.98 8.51 12.47 59.44
6 28.10 12.81 15.29 54.41
7 15.15 4.37 10.79 71.22
8 20.81 11.15 9.66 46.42
9 11.76 2.28 9.48 80.61
10 12.75 5.20 7.54 59.14
Average 17.98 7.14 10.83 60.26
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Table 2 shows that the average weight of the Enterolobium cyclocarpum fruit is 17.98 g,
of which 39.74% corresponds to the seed and 60.26% to the peel. This indicates that
approximately 60% of the fruit is not utilized, resulting in a generation of 270 tons of
peel residue per hectare per year. This value corresponds to an upper-bound scenario
obtained by applying the experimentally measured peel fraction to a theoretical maximum
fruit yield.

In addition to the residue fraction, the moisture content of E. cyclocarpum peel was
determined using the thermogravimetric moisture analyzer described in Section 2.1. Mois-
ture measurements were performed on a composite peel sample prepared from the same
batch of fruits used for the residue percentage analysis, rather than on individual fruits,
since the objective was to obtain a representative value for subsequent energy calculations.
Several replicate determinations yielded an average moisture content of 11 wt% (wet basis).
The variability between replicates was within the precision of the instrument, so this mean
value was adopted as representative of the peel moisture under the conditions of this study.

In this study, the fruit yield used in Equation (3) was set to R; =450 t/ha-year, represent-
ing a maximum-productivity (upper-bound) scenario under intensive planting conditions,
adopted to estimate the maximum theoretical energy potential of Enterolobium cyclocarpum.
The experimentally determined residue fraction was Mg = 0.60 (t wet peel per t fruit).
The dry-matter fraction of the residue was computed from the measured moisture content
(~=11% wt), giving Yy = 0.89 (t dry peel per t wet peel). For the base calculation, A =1 ha.
The input values adopted for Equation (3) are summarized in Table 3.

Table 3. Input parameters used for the peel residue yield estimation (upper-bound scenario).

Parameter Value
Cultivated area (A) [ha/year] 1
Crop yield (R¢) [t fruit per ha-year] 450
Residue-to-product ratio (Myg) [t wet peel per t fruit, experimental] 0.60
Dry matter fraction of the residue (Y;s) [t dry peel per t wet peel, from moisture content] 0.89

3.2. Physicochemical Analysis

Table 4 presents the results of the physicochemical parameters. The LHV of
E. cyclocarpum peel was found to be 6435 BTU/Ib, equivalent to 0.015 TJ/t. This value
is comparable to those of other commonly utilized agri-food residues, such as sug-
arcane bagasse (0.0186 TJ/ton) [6], oil palm fiber (0.0185 TJ/t) [11], and coffee husk
(0.0186 TJ/t) [54-56].

Table 4. Physicochemical properties of E. cyclocarpum peel.

Parameter Result Units Method
Lower Heating Value 0.015 TJ/t ASTM E711-06 [33]
Elemental Analysis
Nitrogen 0.45
Carbon 37.2
Sulfur 013 ASTM D5373-16 [32]
Hydrogen 4.09 % dry basis (DB)
ASTM D3176-24 [49]
Oxygen 551 ASTM E870-82 [48]
Ash 3 assumed

Additionally, the dry-basis chemical composition of the residue was determined,
yielding the following percentages: Carbon 37.2%, Hydrogen 4.09%, Nitrogen 0.45%,
and Sulfur 0.13%. Oxygen was not measured directly in this study. Following ultimate-
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analysis methodologies for solid fuels, oxygen is commonly obtained by difference from
the quantified elements and ash [48,49]. Accordingly, oxygen was calculated on a dry basis
as shown in Equation (8):

O (%)=100 — (C+H+ N +S + Ash) (8)

Since ash content was not determined experimentally for this residue in the present
dataset, a representative value of Ash =3.0 wt% (dry basis) was adopted for a lignocellulosic
peel/fruit residue, consistent with literature discussing typical ash contents in biomass
and their implications [57]. Using the measured values (dry basis: C = 37.2%, H = 4.09%,
N =0.45%, S = 0.13%), the resulting oxygen content is O ~ 55.1% (dry basis).

3.3. Theoretical Energy Potential

In the case study, the EP of E. cyclocarpum peel residue was estimated at 3.6 T]/ year per
hectare, reflecting the high yield of residual biomass associated with this species (Table 5).

Table 5. Theoretical energy potential of E. cyclocarpum peel.

Parameter Value
Theoretical Energy Potential (EP) [T]/year] 3.6
LHV of Enterolobium cyclocarpum [BTU/Ib] 6435
LHYV of Enterolobium cyclocarpum [kcal/kg] 3577 .4
LHYV of Enterolobium cyclocarpum [T]/t] 0.015

In contrast, crops with similar LHV but lower residue production show significantly
lower energy potential, as shown in Table 6. These differences are primarily due to the
smaller amount of residue generated per hectare compared to E. cyclocarpum [40].

Table 6. Comparison of theoretical energy potential from agricultural residues.

Crop Residue Theoretical Energy Potential Per Hectare (T]/Year)
Sugarcane Bagasse 2.49
Oil palm Fiber 0.35
Coffee Husk 0.0043
E. cyclocarpum Peel 3.6

3.4. Technical Energy Potential

The TEP for both combustion and gasification technologies was calculated, as these
two are the most widely used and efficient biomass energy conversion systems available
on the market [58]. The analysis showed that combustion of 270 t of peel residue/year per
hectare could generate approximately 0.18 T]/year. In contrast, gasification could produce
up to 0.21 TJ /year. This difference is primarily attributed to the higher energy conversion
efficiency associated with gasification compared to combustion [59] (Table 7).

3.5. Emissions Estimation

Regarding greenhouse gas (GHG) emissions, the values presented in Table 8 must be
interpreted carefully. In this study, the reported CO,-equivalent values do not represent
the biogenic CO; released by oxidation of the biomass carbon (which is of the same order
of magnitude for both pathways for a given fuel composition and useful energy output).
Instead, the reported values correspond to a theoretical indirect CO,-equivalent indicator
associated with the total process air volume required /handled by each conversion pathway,
normalized per unit of useful energy [9].
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Table 7. Technical energy potential calculation results.

Parameter Value
Technical energy potential —Combustion (T]/year) 0.18
Technical energy potential—Gasification (T]/year) 0.21
Theoretical energy potential (EP) (T]/year) 3.6
IAR—Industrial agricultural residue 0.6
Constant 0.4
Technology efficiency—Combustion 0.21
Technology efficiency—Gasification 0.25

Note: IAR = 0.6 denotes the technically recoverable fraction of total agricultural residues (not the peel frac-
tion reported in Table 2), and it is adopted within commonly reported ranges of recoverability (~0.3-0.6)
considering logistics and soil-residue retention constraints [41-43]. The 0.4 coefficient represents a typical
overall biomass-to-useful-energy conversion factor (~0.35-0.45) for conventional biomass conversion routes and
technical-potential estimations [44—47].

Table 8. Theoretical CO;-equivalent indicator associated with total process air handling (indirect),
by technology.

Technology CO; Equivalent (t CO; eq/T])
Combustion 0.0007
Gasification 3.5898

Combustion was modelled with an air demand close to the stoichiometric requirement
(relatively low total air handled per unit of useful energy) [60]. In contrast, air-blown gasifi-
cation is an oxygen-deficient (sub-stoichiometric) process typically operated at equivalence
ratios well below 1 (commonly ~0.2-0.4), but it may involve a larger overall volume of
process air handled across the conversion system to sustain reactor thermal conditions and
enable stable syngas production [61-63].

Finally, biomass-based energy is often treated as “carbon-neutral” in many assessment
contexts; however, the climate interpretation of biogenic CO, depends on the selected
accounting framework and system boundary assumptions. Therefore, Table 8 should not be
interpreted as a full life-cycle climate comparison of combustion versus gasification [64,65].

4. Discussion
4.1. Energy Potential of E. cyclocarpum Peel in the Context of Residual Biomass

The experimental characterization shows that E. cyclocarpum peel has an LHV of
approximately 0.015 TJ/t, which falls within the typical range reported for agricultural
residues and lignocellulosic biomasses used for thermochemical conversion [18,19]. When
compared with other agroindustrial residues commonly used for energy purposes, such
as sugarcane bagasse, oil palm fiber or coffee husk, the calorific value of E. cyclocarpum
peel is slightly lower but of the same order of magnitude, indicating that it falls within
the operating window of conventional combustion and gasification technologies already
applied to similar feedstocks [18].

A brief comparison with other biomass-to-energy studies indicates that the fuel prop-
erties obtained here are consistent with those reported for fruit-processing residues used
for thermochemical conversion. For example, a recent study reported that several fruit-
processing by-products exhibit moisture contents around ~15 wt% and average LHVs in
the range of typical solid biofuels, supporting their suitability for energy recovery [19]. In
this context, the measured LHV and moisture content of E. cyclocarpum peel fall within the
range commonly reported for fruit-derived residues considered for direct energy use.

What differentiates E. cyclocarpum peel from more established residues is not its
calorific value but its very high residue yield per unit area. The experimentally determined
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peel fraction (60.26% of fruit mass), combined with a fruit yield of 450 t/year per hectare,
results in an estimated 270 t of peel/year per hectare. Together with the measured lower
heating value and dry matter fraction, this translates into an EP of 3.6 T]/year per hectare.
On a per-hectare basis, this EP exceeds values typically reported for many agricultural
residues once they are normalized by cultivated area [6,7]. For instance, studies on cereal
straws and similar field residues often report EP values on the order of 0.1-0.3 T]/year per
hectare, depending on yield, residue-to-product ratios and moisture content [6,7]. The high
EP of E. cyclocarpum peel can be interpreted as the combined effect of (i) a large fraction of
the fruit mass becoming peel and (ii) the relatively high productivity of E. cyclocarpum trees
in the case-study region.

The adopted value of 450 t/ha-year represents a maximum-productivity (upper-bound)
scenario and is used to estimate the maximum theoretical energy potential. Reported
fruit/pod production can vary substantially with site conditions and management and is
often reported on a per-tree basis. Importantly, the estimated peel residue yield and the
derived energy indicators scale linearly with the assumed fruit yield; therefore, site-specific
yields lower than the adopted maximum would proportionally reduce the reported EP and
TEP values.

From an environmental and systems perspective, this means that a residue currently
underutilized or disposed of as waste may represent a significant source of renewable
energy, particularly in rural areas where the species is already integrated into livestock and
agroforestry systems. Recent assessments of agricultural biomass residues in Colombia
and other Latin-American regions highlight the contribution that such resources can make
to rural energy supply and to the implementation of circular bioeconomy strategies [12-14].
The elemental composition of E. cyclocarpum peel (moderate carbon content and very low
nitrogen and sulfur) is consistent with other lignocellulosic biomasses used for thermo-
chemical conversion and supports its suitability as a fuel from both a combustion and an
emission-control standpoint [18,19].

4.2. Technical Assessment of Conversion Technologies

The transition from a theoretical energy potential of 3.6 TJ/year per hectare to technical
energy potentials of 0.18 and 0.21 TJ/year per hectare for combustion and gasification,
respectively, reflects the combined effect of restricting the residue to its industrially avail-
able fraction, the assumed capacity factor and the conversion efficiencies of the selected
technologies. The resulting technical potentials correspond to approximately 5-6% of the
theoretical potential. This magnitude of reduction is consistent with what is usually ob-
served when theoretical, technical and sustainable potentials are compared for agricultural
residues at national and regional scales, once competing uses, logistics and technological
constraints are accounted for [6,7,14].

The assumptions used to transition from EP to TEP are also aligned with commonly
reported ranges in residue-availability assessments. Studies on sustainable residue re-
moval frequently conclude that only a fraction of the theoretical residue production is
technically and sustainably mobilizable once soil protection, competing uses, and logis-
tics are considered, with reported sustainable/technical removal fractions spanning wide
ranges depending on crop, soil, and management [66-68]. Likewise, the performance
values adopted for small-scale biomass power pathways are consistent with recent reviews
reporting typical electrical efficiency ranges of ~20-35% for gasification—engine systems,
depending on scale and gas cleaning [69,70].

Since TEP scales linearly with both IAR and the 0.4 coefficient, alternative site-specific
assumptions within the reported literature ranges would proportionally change the re-
ported TEP values.

https://doi.org/10.3390/en19020360


https://doi.org/10.3390/en19020360

Energies 2026, 19, 360

13 of 19

The higher technical energy potential obtained for gasification is directly linked to the
larger electrical efficiency assumed for gasification—internal combustion engine (G-ICE)
systems (around 25%) compared with small-scale combustion-based power plants (around
21%). The efficiency advantage of gasification—engine configurations for small-scale
biomass power generation has been widely documented, especially in the context of
decentralized rural electrification [60,71]. In addition, G-ICE systems are modular and can
operate effectively in the sub-megawatt range, which makes them attractive for off-grid or
weak-grid settings that are common in many rural areas.

Nevertheless, the selection of gasification as the preferred option must be nuanced by
practical considerations. Experience from demonstration projects shows that small-scale
gasifiers require relatively narrow moisture ranges, robust gas cleaning systems and an
adequate level of local technical capacity to ensure stable operation and to avoid engine
damage caused by tars and particulates [71,72]. In this respect, the moderate moisture
content of E. cyclocarpum peel (=11 wt%) is favorable, as it reduces pre-drying requirements.
However, logistical aspects such as collection, preprocessing (size reduction, screening)
and on-site storage must be carefully evaluated in future techno-economic assessments.

Combustion-based systems, by contrast, are technologically simpler and can be more
robust under variable operating conditions, particularly when heat is the primary output
(e.g., drying, hot-water production or low-temperature process heat) rather than electricity.
Technologies such as biomass-fired steam cycles and Organic Rankine Cycle (ORC) units
can reach electrical efficiencies in the range of 16-23%, but they generally involve higher
capital costs and more complex auxiliary systems than engine-based plants of comparable
size [71,72]. The choice between combustion and gasification will therefore depend not
only on achievable efficiencies and technical energy potentials, but also on project scale,
energy-use profile (heat versus power), local skills and financing conditions.

4.3. Environmental Implications and CO,-Equivalent Emissions

The comparison of CO;-equivalent emissions per unit of useful energy indicates that,
under the assumptions adopted in this study, gasification leads to higher emissions than
direct combustion. To avoid misinterpretation, it is important to distinguish between
(i) process-related emissions indicators reported at the conversion unit level and (ii) life-
cycle emissions, which include upstream and downstream stages (e.g., collection, transport,
auxiliary electricity, infrastructure, and end-use). In widely used reporting frameworks,
biogenic CO, from biomass combustion/conversion is typically reported separately from
fossil emissions, and climate-change indicators may be disaggregated into fossil vs. biogenic
contributions [73,74]. Therefore, the CO,-equivalent values discussed here should be
interpreted as process-level theoretical indicators under the adopted methodology, and
not as a full life-cycle assessment (LCA)-based climate comparison between technologies.
The CO,-equivalent values in Table 8 are reported as an indirect air-handling indicator and
should therefore not be interpreted as biogenic CO, intensity or as a full life-cycle climate
comparison [64,65]. This result is mainly associated with the larger air injection required to
sustain the gasification process and with the presence of intermediate carbonaceous species
(CO, CH4 and light hydrocarbons) that are subsequently oxidized to CO; in the engine.
Similar patterns have been reported in other assessments where gasification pathways
exhibit higher specific CO, emissions at the conversion stage, even when they outperform
combustion in terms of overall energy efficiency [71,75].

It is important to interpret these results within a broader environmental framework.
The carbon in E. cyclocarpum peel is biogenic, and the residue is currently underutilized
or disposed of as waste. When such biomass replaces fossil fuels like coal, diesel or heavy
fuel oil in thermal and power applications, the net effect can be a reduction in life-cycle
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greenhouse gas emissions, provided that sustainable harvesting practices and appropriate
logistics are ensured [12,14]. Furthermore, the use of a residue that might otherwise be
landfilled or openly burned contributes to reducing local environmental impacts such
as uncontrolled emissions, odors and vector proliferation, and to implementing circular
economy strategies in agroindustrial systems [13].

In this context, the environmental relevance of E. cyclocarpum peel lies less in the
absolute magnitude of its CO; emissions during conversion and more in its capacity to
displace fossil-based energy carriers, mitigate local environmental impacts associated
with residue accumulation and landfill disposal, and close nutrient and carbon loops in
agroforestry systems.

4.4. Limitations of the Study

This study has several limitations that should be considered when interpreting the
results. First, the experimental characterization of E. cyclocarpum peel was carried out at
laboratory scale using samples collected in a single Colombian municipality. The physico-
chemical properties and residue yields of E. cyclocarpum may vary with climatic conditions,
soil characteristics, management practices and genetic variability of the trees. Therefore, the
values reported here should be viewed as representative of the specific case study rather
than universally applicable.

Second, the estimation of EP and TEP relies on a set of simplifying assumptions
regarding cultivated area, fruit yields, residue-to-product ratios, dry matter content and
industrially available residue fractions. Although these parameters are consistent with
existing guidelines and biomass potential assessments for agricultural residues, their
uncertainty has not been explicitly quantified [6,14]. Third, the analysis of conversion
technologies is based on literature values for electrical efficiencies and capacity factors,
rather than on pilot-scale tests using E. cyclocarpum peel as feedstock. No detailed techno-
economic evaluation was conducted, and aspects such as investment cost, operation and
maintenance expenses, and revenue streams were beyond the scope of this work [71,72].
In addition, the practical availability of E. cyclocarpum fruit residues may be reduced by
competing uses in livestock—agroforestry systems. The species’ pods/fruits are widely
used as livestock feed supplements in tropical systems, and in some contexts residues
may also be returned to the soil or composted to support soil organic matter and nutrient
cycling [30,66,76]. Such competing uses can reduce the fraction realistically recoverable for
energy conversion and should be considered when scaling-up supply chains; this is partly
reflected in the recoverability assumption adopted in the technical potential calculations.

Finally, the environmental assessment was limited to CO;-equivalent emissions
at the conversion stage, without performing a full LCA that would include upstream
(cultivation, harvesting, transport) and downstream (ash management, infrastructure)
processes. A more comprehensive LCA would be required to quantify the net greenhouse
gas savings and other environmental trade-offs associated with large-scale deployment
of E. cyclocarpum-based energy systems [75].

4.5. Perspectives for Future Research

Building on the results presented here, future research should address these limitations
through an integrated experimental and modelling approach. Pilot-scale trials of both
combustion and gasification technologies using E. cyclocarpum peel as feedstock would
provide more accurate data on conversion efficiencies, operational stability, emission
profiles and maintenance requirements under realistic conditions [71,72]. Techno-economic
assessments could then be developed to evaluate investment and operating costs, levelized
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cost of electricity and heat, and the sensitivity of project feasibility to key parameters such
as plant size, feedstock price and capacity factor [75].

From an environmental perspective, a full LCA comparing E. cyclocarpum-based energy
systems with conventional fossil and alternative biomass pathways would help clarify
their contribution to climate-change mitigation and other impact categories. In parallel,
spatially explicit analyses—similar to those recently conducted for agricultural residues in
Colombian departments such as La Guajira—could be used to identify priority areas where
E. cyclocarpum plantations and peel residues overlap with unmet energy demand in rural
communities [12,14].

Finally, future work could explore complementary valorization routes for E. cyclocarpum
peel beyond power generation, such as heat-only applications, densified biofuels (pellets,
briquettes) or integration into biorefinery schemes, in line with emerging strategies for the
sustainable use of agroindustrial residues in tropical and subtropical countries [13,18]. And
may extend the present screening by assessing pyrolysis of E. cyclocarpum peel residue to
co-produce biochar/bio-oil and evaluate downstream resource utilization options under
Colombian local conditions.

5. Conclusions

This study provides the first experimental dataset and a comparative screening of the
energy-potential of Enterolobium cyclocarpum (“orejero”) fruit peel residue as a bioenergy
feedstock under Colombian conditions. The certified laboratory characterization indicates
that the peel residue exhibits fuel properties within the range of lignocellulosic agricultural
residues commonly considered for thermochemical conversion, supporting its technical
suitability for energy recovery.

The main differentiating factor of this resource is not an unusually high calorific value,
but the high peel fraction of the fruit and the potentially high residue yield per unit area
under the upper-bound production scenario adopted in this work. When combined with a
consistent methodological framework for theoretical and technical potential estimation, the
results suggest that E. cyclocarpum peel residue can represent a relevant local biomass stream
for decentralized energy applications in rural or off-grid contexts. Detailed quantitative
outputs are reported in Tables 4-8.

From a technology-comparison perspective, both combustion and gasification are
feasible conversion routes. Gasification shows slightly higher technical energy recovery
in the assessed configuration, whereas combustion remains a simpler and generally more
robust option depending on the required energy service (heat versus electricity), local skills,
and operational constraints. The reported CO,-equivalent values should be interpreted as
process-level theoretical indicators under the adopted methodology, not as full life-cycle
climate results; a complete LCA would be required to quantify net greenhouse-gas benefits
versus fossil alternatives.

Practical deployment will depend on site-specific residue availability (including po-
tential competing uses in livestock and soil-return practices), logistics, and technology
operation at scale. Future work should prioritize multi-site sampling and pilot-scale con-
version tests. Integrated techno-economic and life-cycle assessments will be required to
support real implementation.
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