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Editorial

Trends in Artificial Intelligence for Power Grid Automation
from an Academic Viewpoint

José Guillermo Guarnizo Marín1�*

1 Assistant professor, Electronics Engineering Program, Universidad Distrital Francisco José de Caldas,
Colombia . Researcher at the Alternative Energy Sources Research Laboratory (LIFAE). Electronic engineer,

Master in Industrial Automation, PhD in Industrial Computing, Robotics, and Automation.

Electric power networks are interconnected systems entrusted with
transforming, transmitting, and distributing electricity from generation
points to the end user. Within this architecture, electrical substations
perform the intermediate function of voltage transformation and help
to ensure power quality through appropriate control and protection
systems. Accordingly, they require automation technologies that
enable the continuous monitoring, control, and protection of the
infrastructure involved in these processes. Although there are international
standards for grid-automation processes—most notably IEC 61850 for
communications (1)—, current advances in artificial intelligence (AI) open
a window of opportunity to enhance control responses to grid fluctuations.

From an academic perspective, these processes have undergone a notable
evolution over the past four decades. In the 1990s, university research
groups working on AI for the power sector focused on expert systems
and fuzzy logic, aiming to build computational models that codified the
empirical knowledge of substation technicians and other field personnel (2).
The most common applications involved fault diagnosis, substation
restoration, power control, and peak-load estimation in distribution
systems.

In the 2000s, neural networks regained prominence and found varied
applications in automation. Within power systems, they were trained
on data from substations and grids for tasks such as load forecasting,
fault diagnosis, and anomalous-event classification. This shift was enabled
by the growing digitization of energy-infrastructure monitoring, which
provided the necessary data to train detection and prediction models. For
example, according to a report published by Renewable Energy World in
September 2001, the number of projects involving automated meter reading
installations in the United States grew by 40 % between 1999 and 2000 (3).
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As of 2001, this translated into roughly 13.2 % of all meters served by AMR, with similar trends
persisting throughout the decade.

Between 2010 and 2015, improvements in processing power and digital storage expanded data
acquisition capabilities, increasing the volume of information available to train machine-learning
models for power-sector applications. For example, in 2012, researchers at Columbia University
presented a supervised learning approach to fault prediction using historical data from New York
City (4). During this period, other studies focused on embedding neural networks into industrial
controllers such as programmable logic controllers (PLCs), in order to enhance the on-device processing
and interpretation of sensor data (5).

Building on the 2015 Nature article on deep learning by Yann LeCun, Yoshua Bengio, and Geoffrey
Hinton (Nobel Prize in Physics, 2024) (6), researchers in the energy sector began exploring these
methods in electric power grids. Notable lines of work included the optimal siting of electrical
substations using aerial imagery, the training of high-capacity models for fault detection and
anomalous-event classification, and intrusion detection in substation and grid communication
networks.

Since 2021, and into the current decade, research on AI for the power sector has increasingly
adopted hybrid models that fuse deep-learning techniques with physics-based or model-driven
methods. Other lines of work combine multiple deep-learning architectures to enable real-time
estimation, e.g., inferring harmonic distortions from three-phase current and voltage measurements,
as reported by researchers at the University of Johannesburg in 2023 (7). There has also been a
marked rise in edge-computing approaches, wherein data are preprocessed locally before storage,
monitoring, or cloud-level control, an evolution enabled by the broader deployment of smart meters.
In the United States, the share of advanced meters rose from roughly 5 % in the late 2000s (≈4.7 % in
2007-2008) to 72.3 % in 2022, according to the Federal Energy Regulatory Commission’s 2024 assessment.

AI continues to open meaningful avenues for improving automation across electric power networks
by enhancing system-wide efficiency, reliability, and responsiveness. Key benefits include predictive
maintenance, fault detection and diagnosis, and operations optimization, particularly at the substation
level. However, widescale deployment still faces material hurdles: integration with existing—often
legacy—systems, cybersecurity risks inherent to communications-connected infrastructures, and data
quality and privacy constraints that affect both model training and dependable operation. These
challenges create a timely opportunity for Colombian research groups in the energy sector to contribute
from academia to the country’s most ambitious objectives—most notably, a credible and sustained
energy transition.
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A Novel Rotational Limestone Treatment System for Effective
Acid Mine Drainage Remediation

Un sistema novedoso de tratamiento rotacional de roca caliza para la
remediación eficaz del drenaje ácido de minas

C.R. Blanco-Zúñiga1 , L.D. Ulloa-Amador1, and N. Rojas-Arias1,2,3 �*,

1Universidad Pedagógica y Tecnológica de Colombia , Avenida Central del Norte 39-115 – PO Box
150001, Boyacá, Colombia

2School of Mechanical Engineering, University of Campinas , Rua Mendeley, 200, Campinas, SP,
13083-860, Brazil

3C.I. Hábitat a Vibe Company S.A.S. 110931, Bogotá, Colombia

Abstract

Context: The mining industry is the main culprit behind the generation of acid
mine drainage (AMD). During coal extraction processes, sulfide minerals react with
groundwater, releasing ions such as Fe2+ and Fe3+, sulfates (SO−2

4 ), and protonic
acidity (H+). The low pH of AMD can cause significant environmental damage.
AMD remediation is usually achieved using alkaline systems, wherein the AMD
passes through limestone to be neutralized. Nevertheless, this process requires
prolonged treatment times and constant cleaning steps to remove the coating
formed on the limestone, which reduces its effectiveness.
Method: This study evaluates a novel oxic-limestone rotational system for the
treatment of AMD produced by the coal industry. The AMD collected was
characterized in terms of pH, dissolved oxygen, Fe (Fe total, Fe2+, and Fe3+), and
SO2−

4 .
Results: The results demonstrate the optimal efficiency of the proposed system,
reducing the treatment time from 120 h in conventional systems to 1.5 h when
applying a ratio of 0.25k g of limestone per liter of AMD.
Conclusions: The rotational system enables the superficial degradation of the
limestone, maintaining an active contact area for longer periods. This allows for
optimized AMD remediation efficiency, reducing operating costs and necessitating
fewer system cleanup steps.

Keywords: coal mining, acid mine drainage, rotational system, superficial
degradation
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Resumen

Contexto: La industria minera es el principal responsable de la generación de drenaje ácido minero (DAM).
Durante los procesos de extracción del carbón, los minerales sulfurados reaccionan con las aguas subterráneas,
liberando iones como Fe2+ y Fe3+, sulfatos (SO−2

4 ), y acidez protónica (H+). El bajo pH del DAM puede generar
importantes daños medioambientales. La remediación del DAM generalmente se realiza a través de sistemas
alcalinos, donde el DAM pasa a través de roca caliza para ser neutralizado. No obstante, este proceso requiere
tiempos prolongados de tratamiento y etapas de limpieza constante para eliminar el recubrimiento formado en la
roca, lo que reduce su eficacia.
Método: Este estudio evalúa un novedoso sistema rotacional de óxido-caliza para el tratamiento de DAM
producido por la industria del carbón. El DAM recolectado se caracterizó en términos de pH, oxígeno disuelto, Fe
(Fe total, Fe2+ y Fe3+), y SO−2

4 .
Resultados: Los resultados demuestran la eficiencia óptima del sistema propuesto, que reduce el tiempo de
tratamiento de 120 h con sistemas convencionales a 1.5 h al aplicar una relación de 0.25 kg de caliza por litro de
DAM.
Conclusiones: El sistema rotacional facilita la degradación superficial de la caliza, manteniendo un área de contacto
activa durante periodos más largos. Esto permite optimizar la eficiencia de remediación del DAM, reduciendo los
costes de operación y las etapas de limpieza requeridas por el sistema.

Palabras clave: minería del carbón, drenaje ácido minero, sistema rotacional, degradación superficial
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Highlights

• A novel oxic limestone rotational drainage system for the treatment of AMD is proposed in this

study.

• The rotational system promotes a superficial degradation of the limestone, increasing its activity

for longer periods.
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• The novel system improves the efficiency process, cutting AMD treatment time by 98.7 % over

conventional static systems.

1. Introduction

The acid mine drainage (AMD) produced during mining activities is a polluting byproduct formed

by the reaction between minerals, oxygen, and water (1). In the case of coal mining processes, AMD

is characterized by a low pH and a high concentration of ions in the form of SO2−
4 , Fe2+, and Fe3+,

produced by the oxidation of pyrite (FeS2), in addition to other contaminating metal ions in lower

proportions, such as Mn2+ and Al3+, which are typical of AMD waste (2–5). The concentrations of these

ions vary according to the geology of the area where the mining activity takes place (6).

In Colombia, the coal industry is one of the main mining activities, carried out mainly in the Boyacá

region. This region contributes 38 % of the national coal production, which represents 3.087 million

metric tons destined for use in the thermal and metallurgical sectors (7, 8). Coal mining operations in

the area are not efficient, producing a high amount of pollutants that threaten nearby tributaries (9, 10).

This problem is exacerbated by stormwater runoff, which can carry large amounts of AMD along with

particulates and dissolved materials, substantially reducing the oxygen and nutrient content of the soil,

as well as degrading aquatic systems and dependent biota (11, 12).

The application of systems such as aerobic wetlands and limestone drainage are potential

alternatives that allow treating AMD (13,14). The application of an active system (oxic) enables a higher

rate of neutralization and removal of metal contaminants (15, 16). The high concentrations of SO2−
4

depend on the mineralogy of the place (17, 18), which makes water treatment difficult. Furthermore,

the efficiency of open limestone channel (OLC) systems is compromised by the formation of gypsum

(CaSO4·2H2O) on the limestone surfaces, acting as a barrier that reduces its effectiveness during AMD

treatment (19).

Similarly, optimal Fe removal values can be obtained using these systems (3). Nevertheless, these

systems require continuous maintenance stages for their proper functioning, in addition to prolonged

periods of fluid retention (20).

Considering the above, this study aims to evaluate the application of a novel rotational oxic

limestone system to optimize AMD treatment processes. As a control mechanism, a non- moving device

is used, called a static system. Tests were carried out in a controlled manner, using AMD samples collected

from the area of interest. The authors did not find literature related to the evaluation of the effect

of alkalization and the treatment of AMD using similar devices, which reinforces the novelty of this

research.
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2. Experimentation

The AMD used in this study was supplied by Cooperativa Agro-Minera (Coagromin Ltda.), located

at Km 5 of the Paipa-Tunja road in Boyacá, Colombia. The AMD was later processed by adding

limestone with a particle size between 1.27 and 2.54 cm. The limestone used was collected from Cantera

Metrópolis, located at Km 6.6 of the Moniquirá-Arcabuco road (Boyacá). The limestone used in this

study was analyzed via X-ray diffraction (XRD) in a Pananytical diffractometer (Co, λ = 1.75 Å). The

analysis of the XRD pattern was carried out using the HighScore-Plus software, the Crystallography

Open Database (COD), and the Inorganic Crystal Structure Database (ICSD).

3. Static tests

Static tests were performed on the system presented in Fig. 1. The proposed system was isolated

during the analysis period in order to avoid agitation, favoring a greater sedimentation and settling

of the compounds that may be generated. The tests were conducted under controlled conditions, i.e.,

at 2800 meters above sea level (m.a.s.l.), with a pressure of 740 hPa and an average temperature of

17 °C (21). The limestone:AMD ratio was 2.5:1 (in weight), ensuring the total coverage and reaction

of the AMD. In this study, we evaluated the concentration of Fe ions (i.e., Fe2+ and Fe3+) and sulfates

(SO2−
4 ), considering that these are the main dissolved ions in AMD from coal mining processes due to the

presence of pyrite (22). Therefore, other trace metals in AMD samples were not characterized. The tests

were carried out until an optimal removal of Fe (total, Fe2+, and Fe3+) and SO2−
4 was achieved. Fe and

sulfate measurements were taken using the FerroVer (iron reagent, Hach, USA) and SulfaVer IV (sulfate

reagent, Hach, USA) reagents along with a DR6000 spectrophotometer (Hach, USA). The dissolved

oxygen (DO) content was obtained from a Hach-Flexi HQ30d oximeter, and pH measurements were

carried out using a SCOTT HandyLab pH11. Alkalinity was determined using 25 mL of undiluted AMD

samples mixed with phenolphthalein and bromocresol green. The AMD sample was titrated with 0.02

N H2SO4 (i.e., 10 mol·m−3). Likewise, acidity was evaluated by adding phenolphthalein as an indicator

solution. The mixture was also titrated with 0.02 N NaOH (i.e., 20 mol·m−3) (23).

3.1. Dynamic tests using a rotational limestone system

Dynamic tests were performed in a two-reactor rotational mechanical system. The vessel had an

internal length of 30 cm and a diameter of 12 cm, containing a maximum volume of 3393 cm3. The

system was not operated at maximum capacity to preserve the functionality of the pressure gauges

used to measure carbon dioxide (CO2). We employed a vessel inclination of 6° and a rotation speed of

11 rpm. Although an angle of 10° is typically used, as has been reported by (3, 24, 25), we opted for a

smaller inclination to ensure a greater retention of the liquid within the system. Fig. 1 shows a scheme

of the devices used in this study. 0.25 kg of limestone were used for every 1 L of AMD (Limestone:AMD

ratio of 0.25:1). The mixing process was carried out for 0.5, 1, and 1.5 h. pH. DO, alkalinity, acidity, Fe2+,

Fe3+, and SO2−
4 measurements were made using the above-presented procedure.
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Figure 1. Schematic illustration of the AMD treatment device used in this study

4. Results

Fig. 2 shows the XRD pattern of the limestone used in this study. A semi-quantitative

analysis, conducted using the Rietveld refinement method, revealed the presence of calcite—CaCO3,

space group P121/c1 (14), ICSD 150 (26)—, which was the main mineralogical compound (73.2 %).

Likewise, we observed the presence of dolomite—9.3 %, CaMg(CO3)2, R3̄H (148), ICSD 10404 (27)—,

magnesite—0.5 %, MgCO3, R3̄cH (167), ICSD 10264 (28)—, and silicates—17 %, mainly SiO2, P3221 (154),

ICSD 16331 (29)—in a lower proportion. The composition of the limestone was similar to that found in

other regions of Colombia, as reported by (30). A high content of carbonates in the limestone favors an

optimal degree of alkalinity, as well as the limestone’s ability to react with AMD (31). The presence of

amorphous material can be observed in the first degrees of diffraction, which corresponds to organic

material typical of sedimentary rocks.

Figs. 3 and 4 illustrate the behavior of the AMD when treated with a static and a rotational system,

respectively. We followed the Colombian resolution no. 0631/2015 (32) to determine the efficacy of both

systems. An initial characterization of the AMD is presented in Table I. Note that the values are outside

the permissible values as per the aforementioned resolution, which was issued by the Colombian

Ministry of the Environment and Sustainable Development.

Table I. Chemical characterization of the AMD sample used in this study and maximum permissible

limit values for water resources linked to the extraction of coal and lignite according to Resolution 0631

of 2015 (32)

Parameter Unit This study
0631/2015

Legislation

pH a.u. 2.5 6.0-9.0

DO mg·L−1 7.09 -
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FeTotal mg·L−1 228.75 2

Sulphates mg·L−1 3300 1200

Acidity mg SO4·L−1 1180 analysis and report

Alkalinity mg CaCO3·L−1 0 analysis and report

5. Discussion

Limestone is an inexpensive, natural, and efficient raw material for the treatment of AMD from coal

mining processes. Dolomitic limestone, i.e., CaMg(CO3)2, is widely used within AMD systems due to its

ease of reaction (33). Limestone reacts in the presence of hydrogen, enabling the release of carbonic acid,

which can subsequently be converted into bicarbonate ions (3). The process is governed by the chemical

reactions shown in Eqs. (1) and (2) (14, 34). This dissociation generates a buffer effect within the system

that maintains stable pH values during the formation of metal precipitates. The presence of bicarbonate

ions and limestone also favors the removal of Fe, according to Eqs. (3) and (4) (35, 36).

CaCO3(s) + 2H+ ↔ Ca2+ + H2CO0
3 (1)

CaCO3(s) + H2CO3 ↔ Ca2+ + 2HCO−
3 (2)

Fe2+ + CaCO3 → Ca2+ + FeCO3 (3)

Fe2+ + HCO−
3 → FeCO3 + H+ (4)

A lower rate of acidity reduction in AMD after rotational treatment for 0.5 h may be due to the

release of acidity (H+) during the formation of siderite (FeCO3). Nevertheless, part of the H+ produced

can also react with the limestone, which generates CO2, favoring carbonic acid formation (20, 36).

2H+ + CaCO3 → Ca2+ + H2O + CO2 (5)

CO2 + H2O ↔ H2CO3 (6)

Although the generation of acidity by hydrogen should lower the pH of the solution, it can also be

slowed down when carbonic acids come into contact with the limestone, as shown in Eq. (1), as well as

by the formation of CO2 when reacting with part of the carbonic acids formed, i.e.,

HCO−
3 +H+ → CO2 + H2O (7)

Likewise, the pH and alkalinity of the AMD can be leveled by the formation of passive layers

of gypsum and siderite, which can be deposited on the surface of the limestone rock (Fig. 5). These

precipitates act as a barrier that reduces the reactivity between the AMD and the rock (35, 37). Calcium
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Figure 2. SXRD pattern of the limestone used in this study and collected in the region of Boyacá,

Colombia

sulfate (CaSO4) hydrates with two water molecules, forming gypsum (CaSO4·2H2O). Based on a

stoichiometric analysis, for every 136.14 g of anhydrite, 36.03 g of water are required to form 172.17

g of gypsum. Therefore, no significant reduction in the volume of water in the system is expected due

to this reaction. The volume of gypsum formed may be regarded as negligible, since these are very thin

layers deposited on the limestone, formed to mitigate the rock’s activity.

CaCO3 + SO2−
4 + 2H2O → CaSO4 · 2H2O + CO2−

3 (8)

CO2−
3 + Fe2+ → FeCO3 (9)

The formation of these passive layers allows explaining the low efficiency of the AMD treatment

when occurring in a static system, which is unable to remove the precipitates deposited on the limestone

surface (35,38). Although the limestone:AMD ratio is ten times lower in the rotational system, the latter

favors an autogenous grinding effect of the limestone (39), degrading the particles and removing the

gypsum and siderite coatings.

The delay in Fe2+ removal may be due to the low reactivity of this ion to generate compounds

other than siderite within the AMD, so it is highly dependent on their reactivity with limestone. A

DO concentration greater than 0.5 mg·L−1 favors the reaction of Fe2+ ions with AMD (35, 37, 40). The

difficulties in creating other compounds, e.g., Fe(OH)2, which is greenish, is impaired by the formation

of limonite, Fe(OH)3, from Fe3+, which has a 5/8 10YR (Munsell Soil Color Chart (41)) color, as seen
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Figure 3. Values of a) pH, b) DO, c) acidity, and d) alkalinity for untreated and treated AMD in static

and rotational systems. The pH and DO values obtained in this study were compared against those in

resolution no. 0631/2015 for water quality (32)

Figure 4. Concentration of a) Fe and b) sulfate ions in untreated and treated AMD after static and

rotational treatment. The permissible values for pH and DO obtained in this study were compared

against those in resolution no. 0631/2015 for water quality (32)
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Figure 5. Schematic illustration of gypsum binder formation from the reaction between AMD and

limestone

in Fig. 6. Likewise, the formation of Fe(OH)3 is favored by pH values between 6.5 and 8 (42–45). Our

measurement of the potential in the static and dynamic systems showed values between 0.1 and 0.15

V. As shown in Fig. 7, the final conditions obtained in this study favor the formation of the Fe(OH)3
mineralogical phase.

Figure 6. Photographs of the limestone samples used in this study a) before and b) after the AMD

treatment. A change in the color of the limestone can be observed, which is due to the formation of

precipitates on the rock surface
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Figure 7. Generalized Pourbaix diagram for the Fe-H2O system. The pH values obtained in this work

show a greater tendency towards the formation of the Fe(OH)3 phase

It has been reported that the Fe3+/Fe2+ ratio present in leachate from coal minerals can favor

biodesulfurization through the reaction of sulfate ions, allowing for the formation of pyrite and,

subsequently, the iron (II) (FeSO4) and iron (III) (Fe2(SO4)3) sulfate phases (20, 46). A reduction of Fe3+

ions, in addition to the potential formation of gypsum precipitates adhered to the limestone surface,

explains the blockage during sulfate removal from the AMD. Stagnation in the process of removing

sulfate ions could be observed. This is because the increase in pH caused by the interaction between the

limestone and the AMD inhibits the reactive capacity of the limestone particles with the sulfate and iron

(II) ions, so their concentrations are generally not significantly affected (47). Although removal levels

of 28 and 33 % were obtained for the samples treated in the static and rotational systems, respectively,

it is necessary to apply secondary stages in order to comply with Colombian legislation. Even so, the

application of a limestone system still exhibits an economic advantage compared to other technologies

for the treatment of AMD and the removal of sulfates (35).

A system’s operation must be evaluated based on its working time, as well as on the cost of the raw

materials. The application of our rotational system in this affected region is facilitated by the ease of

obtaining limestone. The authors express their motivation for the further development of this project,

which can help to address the effects generated by mining activities in the region. The application

of raw materials from the affected area and the construction of passive treatment systems allows for

significant cost reductions.

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e23475 | 10 of 17



A Novel Rotational Limestone Treatment System for Effective. . . C.R. Blanco-Zúñiga et al

While these systems can be used in other regions and for different types of AMD, it is necessary

to consider that the effectiveness of the treatment depends on the characteristics and initial conditions

of the raw materials, i.e., the AMD and the limestone. In this study, the feasibility of this system was

supported by the nearby availability of limestone. Therefore, when considering implementation in

other affected areas, the costs of transporting limestone—as well as sustainability and logistical factors

related to mining and transportation—must be considered.

During the AMD treatment, some residual materials were produced in the form of precipitates

and clays. The chemical and toxic complexity of the waste generated currently precludes direct use in

industrial activities due to the high risk of contamination associated with its release into the environment

(48). The authors hope to conduct a feasibility analysis of the waste generated in subsequent studies,

hoping to increase the sustainability of the proposal through new industrial products made from said

waste.

6. Conclusion

This study evaluated the applicability of oxic-limestone drainage for the treatment of AMD and its

effectiveness in the removal of Fe2+, Fe3+ and SO2−
4 using a novel rotational system.

The application of a static system, which was used for comparison, required longer treatment

times and yielded a lower ion removal efficiency compared to the rotational system. This was mainly

due to the formation of precipitates that served as a barrier between the limestone and the AMD,

hindering the system’s ability to react due to a reduction in the active area of the limestone. This barrier

cannot be directly removed within the static system. In contrast, the dynamic behavior of our proposed

solution generates an autogenous grinding process that favors the removal, by wear, of the precipitates

deposited in the limestone, thus maintaining a continuous active contact area between the limestone

and the AMD. The inability to remove sulfate ions was due to the premature depletion of Fe2+ ions and

the formation of precipitates adhering to the limestone surface, which slowed the chemical reactions

generated during the treatment of the AMD.

The authors would like to express their interest in the application of this type of system for the

treatment of AMD and other leachates generated during different industrial activities in the region, as

well as in the application of new raw materials from the area that allow for optimized industrial water

treatment.
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Abstract
Context: The high rate of road accidents in Colombia constitutes a serious public
health issue. This study seeks to identify spatial patterns in the occurrence of
traffic accidents at the departmental level. Based on these data, the aim is to better
understand the factors that influence road accidents in order to propose more
effective prevention strategies.
Method: To this effect, a cluster analysis based on the K-means algorithm
and binomial analysis was used. These statistical techniques allowed grouping
Colombian departments according to their accident profile, considering variables
such as geographical location, incidents, the validity of vehicle documents, and the
presence of new road actors.
Results: The results of the analysis revealed three groups of departments with
different accident rates: high, medium, and low. This classification makes it possible
to identify regions with a higher risk of suffering road accidents and determine
their associated factors, such as population density and road conditions. This study
demonstrates the usefulness of cluster analysis to identify spatial patterns in road
accidents at the departmental level.
Conclusions: The results obtained contribute to a better understanding of the
factors that influence the occurrence of traffic accidents in Colombia, which enables
the design of more focused and effective prevention strategies. Future research
could delve into the analysis of the socioeconomic and cultural factors associated
with road accidents, in addition to exploring the application of predictive models to
anticipate the occurrence of accidents.
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Resumen

Contexto: La alta accidentalidad vial en Colombia constituye un serio problema de salud pública. Este estudio
busca identificar patrones a nivel departamental en la ocurrencia de accidentes de tránsito. Con base en los datos
de accidentalidad, se busca comprender mejor los factores que influyen en los sucesos para proponer estrategias de
prevención más efectivas.
Método: Se utilizó un análisis de conglomerados basado en el algoritmo K-medias y un análisis binomial. Estas
técnicas estadísticas permitieron agrupar los departamentos colombianos según su perfil de accidentalidad,
considerando variables como: la ubicación geográfica, los incidentes, la validez de los documentos vehiculares y la
presencia de actores viales.
Resultados: Los resultados del análisis mostraron tres grupos de departamentos con diferentes tasas de
accidentalidad: alta, media y baja. Esta clasificación permite identificar las regiones con mayor riesgo de sufrir
accidentes viales y determinar los factores asociados, como la densidad poblacional y el estado de las carreteras.
Este estudio demuestra la utilidad del análisis de conglomerados para identificar patrones de comportamiento
espacial en accidentalidad vial a nivel departamental.
Conclusiones: Los resultados obtenidos contribuyen a una mejor comprensión de los factores que influyen en la
ocurrencia de accidentes de tránsito en Colombia, lo que permite diseñar estrategias de prevención específicas
y eficaces. Futuras investigaciones podrían profundizar el análisis, con factores socioeconómicos y culturales
asociados a los accidentes de tránsito. Además, de explorar la aplicación de modelos predictivos para anticipar la
ocurrencia de accidentes.

Palabras clave: accidentalidad, vehículos, tráfico, análisis binomial, seguridad vial, conglomerados
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1. Introduction

According to the National Road Safety Agency (1), the main causes of traffic accidents in the

country are excessive speed (42.91 %), failure to obey traffic signals (32.51 %), and driving under the

influence of alcohol (4.94 %). These factors pose a significant risk to road safety and highlight the need

to strengthen control and prevention strategies regarding mobility.
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According to (2), five risk factors associated with traffic accidents have been identified, among

which driving under the influence of alcohol, excessive speed, and the lack of protective systems (e.g.,

helmets and seat belts) stand out. The same study reports that, in 2002, out of 6063 traffic-related deaths

in Colombia, 39 % involved pedestrians, 19 % involved passengers, and 15 % involved motorcyclists.

Additionally, 75 % of these accidents involved men, indicating that the male gender has been the most

affected. This trend has remained consistent over time.

The analysis of accident rates in the context of risky and aggressive driving behaviors, as presented

in the study by (3), reveals that factors such as age and gender significantly impact traffic accident rates.

The results indicate that men and young drivers tend to exhibit riskier driving behaviors, which are

associated with a higher likelihood of accidents. This study underscores the importance of identifying

and addressing these behaviors to improve road safety.

In a different context, the study by (4) in Neiva, Colombia, examines the road infrastructure and its

relationship with urban traffic accidents. The findings indicate that factors such as vehicle type, time of

day, and road infrastructure characteristics play a crucial role in accident frequency, with motorcyclists

being the most vulnerable victims. Combining these studies highlights the relevance of both driver

behavior and road infrastructure in preventing traffic accidents, suggesting that improving road safety

requires interventions targeting both driver conduct and infrastructure improvements.

Additional important factors, such as location, the lack of road safety systems for drivers, and

road infrastructure conditions, contribute to a higher incidence of traffic accidents in certain areas (5).

Likewise, studies such as that of the Colombian Safety Council (6) have shown that road conditions

are a determining factor in the occurrence of accidents, as they influence both driver behavior and

vehicle performance. In this context, geographic location and driving behavior play a significant role (7).

In an article on how black spots can significantly improve road safety, (8) argue that this is a key

aspect in analyzing road safety. Addressing these areas, where most accidents occur, helps to reduce

the likelihood of their recurrence. Moreover, in a broader sense, this approach could not only identify

specific black spots, but also reveal ‘black departments’, or regions characterized by high accident

rates. This may be influenced by multiple factors such as vehicle flow, the mandatory traffic accident

insurance (SOAT), driver’s licenses, and vehicle registrations, among other elements that contribute

to this phenomenon. In 2023, the Colombian government implemented various initiatives aimed at

strengthening driver capabilities and improving road safety. These actions align with the objectives

of the Decade of Action for Road Safety. The Ministry of Transport’s territorial programs (9) and the

Global Plan for Road Safety 2021-2030 (10) prioritize the improvement of road infrastructure as a key

measure to reduce traffic-related fatalities, with projections extending to the year 2030 (11).

Research in the field of road safety has advanced significantly due to the development of statistical

models and machine learning techniques. Studies such as those by (12) and (13) have demonstrated the

usefulness of these models in identifying patterns in accident data and assessing the impact of various
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risk factors. By analyzing variables such as vehicle type, traffic flow, and road characteristics, these

models enable the development of more effective strategies for accident prevention and road safety

improvement.

The studies by (14) and (15) address issues related to traffic accidents in Colombian urban contexts,

emphasizing the importance of identifying high-risk points to enhance road safety. In the case of

Tunja, (14) applied spatial analysis, using geoprocessing techniques and kernel density estimation to

identify risk-prone areas based on accident concentration while considering socio-spatial variables

such as land use and traffic flows. This approach helps to delineate zones with a high probability of

accidents, offering a useful framework for planning and managing road safety in urban areas. On the

other hand, (15) focused on Ibagué, determining that, aside from factors such as mechanical failures

and recklessness, decision-making errors at critical points like roundabouts significantly contribute to

accident rates. Both studies agree on the need for an integrated approach to road risk management,

incorporating both infrastructure and driver behavior to reduce accidents and improve public safety.

According to (16), the K-means and K-medoids algorithms are widely used in partition- based

clustering techniques. These algorithms form clusters based on their centers, but they require the

number of clusters (k) to be specified beforehand. To determine this optimal number, it is essential

for the user to have adequate knowledge of the application dataset, as the value of k depends on the

specific characteristics of the data. There are various methods for identifying the correct number of

clusters, including the rule of thumb, cross-validation, the elbow method, information-based criteria,

and the core matrix. However, most of these approaches require clustering beforehand in order to

estimate the appropriate number of clusters.

According to the study by (17), which was conducted in a hospital in Metropolitan Lima during

the COVID-19 pandemic, a significant increase in occupational accidents was observed during the

pandemic. These included crush injuries, assaults, internal trauma, sprains, and fractures, notably

impacting the lumbosacral region and fingers. This rise highlights the risks faced by healthcare workers

during a public health crisis. In contrast, the work by (18) on the handling of traffic accident data in

Brazil demonstrates how information can be effectively managed by integrating multiple databases.

This process, implemented in five pilot capitals of the Vida no Transit project, enabled the creation of a

unified victim list and the reclassification of accidents as severe or fatal. The results showed a significant

increase in the number of recorded victims, emphasizing the importance of accurate data for planning

and evaluating road safety actions. Although they address different contexts (occupational and traffic

accidents), both studies agree on the importance of data collection and analysis to understand and

mitigate risks in various domains. They suggest that improving safety requires integrating effective

information systems and making decisions based on reliable data.

Furthermore, (19) analyzed factors affecting traffic accidents in Cartagena, Colombia, using a

geographic information system (GIS) and a Bayesian approach. They identified 69 sections with a

high propensity for accidents, noting that motorcycles have a higher accident rate than cars, and
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that commercial areas experience more accidents due to the high presence of pedestrians. The study

by (20) compared the adjusted traffic accident mortality rates (TAMR) in Colombia, Spain, and the

United States, highlighting that Colombia has higher rates due to its lesser development in road safety.

However, the European guidelines implemented by Spain have contributed to a reduction in mortality

rates, whereas the United States demonstrates limited adherence to international guidelines, which also

affects its TAMR.

As for developing countries, the analysis by (21) highlights Colombia’s progress in adopting

regulations to improve road safety. Nevertheless, despite recent legislative efforts, the country still faces

significant challenges in enforcing and ensuring the effectiveness of these measures. This reflects the

general situation in developing nations, where implementing road safety policies remains a priority.

After conducting a literature review, we determined that the factors with the most significant

influence on road accidents are those provided by the National Road Safety Agency (ANSV). Therefore,

this research aimed to find solutions to traffic safety problems by addressing questions such as: Do

vehicle registration data influence accident rates? Is it possible to predict accidents based on the analysis

of this data? and Is it feasible to classify accident-prone zones by department using this information? In

line with these questions, the research objectives were firstly, to demonstrate the influence of vehicle

registration records on road accident rates; secondly, to demonstrate the importance of analyzing

variables in understanding road accidents and how they affect road behavior; and finally, to identify

critical accident zones based on available information and analyze how these affect road safety in their

corresponding regions.

2. Methodology

2.1. Location

Fig. 1 shows the geographical distribution of Colombia’s 32 departments, serving as a fundamental

reference for territorial and regional analysis. This spatial context is essential for identifying

accident-prone areas and understanding regional differences regarding road safety. This map supports

the examination of factors such as traffic flow, infrastructure, and administrative divisions. It provides

the basis for targeted strategies aimed at reducing road accidents across the country.

The research methodology was structured in three main phases, as illustrated in Fig. 2: database

construction and segmentation, cluster center analysis, and the accident prediction model for improving

road safety in Colombia. To conduct an analysis of accidentality based on a cluster distribution, various

methods were employed to segment the data according to their characteristics and behavior. The criteria

for segmentation were dictated by the distance between the data points. Grouping was executed using

the K-means method, one of the most commonly utilized techniques for the specific purpose of data

clustering (23).
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Figure 1. Map with the 32 departments of Colombia

Source: (22)

This cluster analysis method aims to classify data related to a specific study, facilitating the formation

of groups with a higher level of identification. This process is executed through the approximation

of distance matrices, which are developed according to specific criteria (24). This method seeks to

unite similar elements, providing solutions for addressing challenges related to pattern clustering,

decision-making, data mining, and machine learning, among others. Conceptually, it deals with the

representation of patterns, evaluates similarities, performs grouping, and ultimately aids in visualizing

the resulting clusters (25).
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Figure 2. Methodology

The database utilized in this study was obtained from the National Single Traffic Registry

(RUNT) and the ANSV. These data were essential for the efficient consolidation and distribution

of vehicle-related variables, including registrations (the official identification records of vehicles,

comprising a unique combination of letters and numbers), transfers (the formal process of transferring

vehicle ownership), the number of fatal accidents (the total number of accidents resulting in the loss

of human lives), the SOAT (the mandatory traffic accident insurance, covering medical expenses for

victims), technical inspections (mandatory reviews ensuring compliance with safety and emissions

standards), and driver’s licenses (official documents authorizing individuals to operate vehicles on

public roads after passing the required examinations). Based on these variables, an analysis was

conducted in order to determine the distribution of the 32 departments in Colombia, following a data

normalization process that incorporated population figures from the 2018 census conducted by the

National Statistics Department (DANE).

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e23371 | 7 of 23



Analysis of Road Accidents in Colombia: Departmental. . . K. F. Mora Chacón et al.

2.2. Equations

To conduct this type of analysis, it is essential to determine the number of clusters into which the

data will be divided. Consequently, it is necessary to normalize the data in order to ensure that all groups

are on equal footing (26). In this work, the K-means method was employed for group separation (27).

This method groups the data’s spatial position and their distance to a random point within an iterative

process directed by Eq. (2). The proposed process includes: (i) assigning a random position to each

element (speed profile), (ii) calculating the distance of each element and grouping those with similar

values according to Eq. (1), (iii) calculating the group center location using Eq. (2), and (iv) iterating

between steps (iii) and (iv) until the sum of the distances of the elements is minimized, as evaluated via

Eq. (3) (28).
n∑

i=1

∣∣D(
Xi+1, Cj(k)

)
−D

(
Xi, Cj(k)

)∣∣2 (1)

Cj(r + 1) =
1

n
X

(j)
i (2)

E(r + 1) =
k∑

i=1

n∑
w∈W

|w − Cj(r + 1)|2 , (3)

where n is the number of iterations, k the number of clusters, Cj(n) the cluster center for j =

1, 2, . . . , k; D(Xi+1, Cj(k) the distance for i = 1, 2, . . . , k; and Wj the cluster center. The result of this

process assigns a value (1, 2, 3, . . . , n) to each analyzed speed profile, indicating the cluster to which it

was assigned.

3. Results

This section provides a detailed overview of the results obtained from the analyzed methodological

procedures.

Table I presents data related to the 32 departments of Colombia and their vehicular records,

including registrations, transfers, SOAT, and technical-mechanical inspections. These descriptive

statistics characterize the sample to facilitate grouping based on accidentality.

Table II presents the classification of the departments according to their population, which

was normalized based on the analysis using the K-means method. This was complemented with a

distribution selected through predefined criteria. Through this analysis, each department was assigned

to one of three groups (1, 2, or 3). Subsequently, the incidence of accidents within each group was

evaluated and classified as high, medium, or low, according to the criteria established in this study.

Fig. 3 presents the distribution of the 32 departments of Colombia, comprising three clusters based

on the number of accidents for every 100 000 inhabitants in 2022 and 2023. The departments are

represented by colored points, with each cluster identified by a specific color and number, providing an
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overview of the spatial distribution of accidents in Colombia. Note that the departments with a higher

number of accidents are concentrated in the central part of the country, while those with a lower number

of accidents are located in peripheral regions.

Table I. Basic statistical description of the sample

REGISTRATIONS TRANSFERS SOAT
TECHNICAL-ME-

CHANIC INSP.
LICENSES

Min. 568 Min. 36 Min. 2002 Min. 117 Min. 0

1stQu 8669 1stQu 2708 1stQu 26152 1stQu 10 738 1stQu 3588

Median 15 532 Median 13 128 Median 122 279 Median 81 976 Median 15 174

Mean 26 167 Mean 41 227 Mean 283 017 Mean 196 864 Mean 27 607

3rdQu 26 668 3rdQu 28 189 3rdQu 225 378 3rdQu 156 080 3rdQu 26 500

Max. 167 566 Max. 310 006 Max. 1 911 332 Max. 1 478 598 Max. 197 663

A2022 A2023 A2024

Min. 2 Min. 0 Min. 1

1stqQu 70.75 1stqQu 64.5 1stqQu 104

Median 158.5 Median 176 Median 237

Mean 187.1 Mean 192 Mean 258

3rdqQu 226.5 3rdQu 231 3rdQu 300.75

Max. 788 Max. 806 Max. 1093

Note: A2022 and A2023 correspond to accidents recorded in the years 2022 and 2023

Table II. Group distribution of the 32 departments of Colombia

DEPARTMENT GROUP
POPULATION

(DANE,
normalized)

DEPARTMENT GROUP
POPULATION

(DANE,
normalized)

DEPARTMENT GROUP
POPULATION

(DANE,
normalized)

CUNDINAMARCA 1 2 792 877 BOLÍVAR 3 1 909 460 LA GUAJIRA 2 825 364

ANTIOQUIA 1 5 974 788 MAGDALENA 3 1 263 788 CHOCÓ 2 457 412

VALLE
DEL CAUCA

1 3 789 874 CESAR 3 1 098 577 CAQUETÁ 2 359 602

BOGOTÁ D.C 1 7 181 469 CAUCA 3 1 243 503 GUAVIARE 2 73 081

HUILA 3 1 009 548 NARIÑO 3 1 335 521 PUTUMAYO 2 283 197

SANTANDER 3 2 008 841 META 3 919 129 AMAZONAS 2 66 056

NORTE
DE SANTANDER

3 1 346 806 CALDAS 2 923 472 GUAINÍA 2 44 431

TOLIMA 3 1 228 763
SAN ANDRÉS

Y PROVIDENCIA
2 48 299 CASANARE 2 379 892

BOYACÁ 3 1 135 698 RISARALDA 2 839 597 ARAUCA 2 239 503

ATLÁNTICO 3 2 342 265 QUINDÍO 2 509 640 VICHADA 2 76642

CÓRDOBA 3 1 555 596 SUCRE 2 864 036

The center of cluster 1 includes the departments with the lowest number of accidents, with 24

to 25 accidents for every 100 000 inhabitants. The departments in this group are Cundinamarca,

Antioquia, Valle del Cauca, and Bogotá DC. Cluster 2 comprises the departments with the highest

number of accidents, with 14-15 accidents for every 100 000 inhabitants. The departments in this group

include Huila, Santander, Norte de Santander, Tolima, Boyacá, Atlántico, Córdoba, Bolívar, Magdalena,

Cesar, Cauca, Nariño, and Meta. Cluster 3 encompasses the departments with a moderate number of
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Figure 3. Cluster distribution

accidents, reporting 4 to 5 accidents for every 100 000 inhabitants. This group includes the remaining 19

departments, significantly influencing the overall distribution of accidents in the country.

However, departments with a higher number of accidents and a higher risk classification should

be the central focus of road safety policies. Prioritizing these areas enhances decision-making processes

and encourages the implementation of specific measures, such as contingency plans, road infrastructure

and signage improvements, and awareness campaigns.

Fig. 4 presents a graphical analysis of the weighting of the cluster centers. It illustrates how they

are grouped based on their proximity to other groups, identifying accidents that occurred in 2022 and

2023. This information could prove valuable in determining the areas of the country that require greater

attention with regard to accident prevention. Here, the cluster with the lowest number of accidents is in

black, the cluster with a moderate number of accidents is labeled green, and the cluster with the highest

number of accidents is in red.

In the Cartesian plane, the X-axis quantifies the number of traffic accidents that occurred in 2023

(A2023), while the Y-axis represents the incidents recorded in 2022 (A2022). Each point on the graph

corresponds to a department, and the color coding indicates cluster membership as defined through

the K-means algorithm. Additionally, the asterisks represent the location of each group’s centroid,

which serves as the geometric center of each cluster within the analytical space. This facilitates the

interpretation of regional trends in road accidentality, revealing marked regional differences that are

associated with traffic density and the effectiveness of local road safety policies.
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Figure 4. K-means clustering

The following three figures analyze the variation in the percentage of accidents by department for

the years 2022 and 2023. This analysis is based on the classification of cluster centers 1, 2, and 3, which

enables a deeper understanding of the distribution and behavior of accidents in the country. The main

objective is to identify patterns and trends at the departmental level. This information is crucial for

decision-making regarding road safety.

This article sought to analyze the departments with the highest and lowest percentage of accidents,

the trends in accidents, and the impact of socioeconomic factors in this regard. The results have

important implications for the design of public policies and academic research in the field of road safety.

Although there are limitations in relation to the availability and quality of the data, we expect that this

analysis will serve to understand and address the issue of road accidents in Colombia.

Fig. 5 shows the results of the classification performed using cluster analysis, which identified

territorial groupings with similar characteristics in terms of variables associated with the occurrence

of road accidents. In the specific case of cluster 1, corresponding to the areas or departments with

the highest incidence of accidents, a direct relationship is evident between this classification and key

variables such as the number of registered vehicles, population density, and vehicular activity. This is

observed in Bogotá, as it belongs to this cluster 1 and represents the lowest percentage of accidents

in this classification, accounting for approximately 5 % of the total number of recorded accidents. This
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allows inferring and highlighting the importance of this city, combined with its high population density

and level of road activity, reinforcing and consolidating its position within this group. Based on the

above, this classification not only responds to the absolute number of accidents; it is also influenced

by the behavior of the variables considered in this work, which show greater intensity and correlation

in this group when compared to clusters 2 and 3. Therefore, the results suggest that the grouping of

these departments is strongly determined by structural and dynamic factors of vehicular traffic, which

provides a consolidated technical criterion for interpreting and prioritizing road safety intervention

within the analyzed areas.

Figure 5. Cluster 1

Fig. 6 presents a comparative representation of the total percentage of records and the percentage of

accidents with respect to the total number of registered vehicles for each of the departments in cluster 2.

We evidenced a heterogeneous distribution of accidents concerning the proportion of each department

within the group. Some departments, such as Santander and Norte de Santander, exhibit higher

accident percentages than the cluster average, highlighting that, despite having similar relationships

with the total records, their road accident rates are higher in comparison with others in the same group.

In contrast, departments such as Boyacá and Tolima show a lower proportion of accidents in relation to

their total representation, which suggests a more favorable behavior in terms of relative road safety.

Fig. 7, representing cluster 3, shows the departments with the lowest levels of road accidents

in Colombia. This cluster is particularly notable for its low population density, lower volume of

registered vehicles, and lower traffic volumes, which reflects its low percentages regarding both the

absolute number of accidents and its relative incidence within the country. Some departments, such as

Guainía, Vaupés, Amazonas, and Vichada, have near-zero percentages in both variables, suggesting a

rather limited road exposure, attributed to their geographic location. Departments such as Putumayo,
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Figure 6. Cluster 2

Guaviare, and Caquetá also have higher proportions within the cluster, although their percentages are

lower than 2 %, which is consistent with the classification. Considering that this cluster corresponds to

a low accident rate, its analysis is vital, as the presence of specific events or future territorial growth

can alter these conditions, especially in departments with emerging development dynamics. Finally,

an approximate prediction of accident behavior was generated through a negative binomial analysis,

which initially utilized the analyzed variables. The aim was to consolidate and adjust this analysis by

examining the strength of the variables in the prediction.

Eq. (4) presents the initial model, which was based on accident data from the year 2022. In contrast,

Eq. (5) represents an updated version of the model that incorporates data from 2023 in order to generate

an accident prediction for 2024.

Accidents = exp
(
A+REGISTRATIONS ∗B + TRANSFERS ∗ C + SOAT ∗D (4)

+TECHNICAL−MECHANICAL INSPECTIONS ∗ E + LICENSES ∗ F +A2022 ∗G
)

Accidents = exp
(
A+REGISTRATIONS ∗B + TRANSFERS ∗ C + SOAT ∗D (5)

+TECHNICAL−MECHANICAL INSPECTIONS ∗ E + LICENSES ∗ F +A2023 ∗G
)

According to Table III, we analyzed each of the constants in the mathematical model related to

accident prediction. Each constant (A-G) indicates the influence of a variable on the number of accidents.

Constant A represents the baseline level of accidents when all other variables are zero. Coefficient B

shows that a higher number of registered license plates increases the number of accidents. Conversely,

coefficient C indicates that more transfers are associated with fewer accidents, possibly due to vehicle

renewal. Coefficient D (SOAT) also shows a slight inverse relationship, suggesting that greater insurance
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Figure 7. Cluster 3

compliance may slightly reduce accidents. The technical-mechanical inspection variable has a positive

effect, perhaps because more inspections reflect a greater number of vehicles in circulation. Coefficient

F indicates that more licenses mean more drivers and, therefore, a higher risk of accidents. Finally,

coefficient G (accidents in 2022) has the greatest influence, showing that accident rates tend to remain

similar from one year to the next.

Table III. Accident prediction by department of Colombia

Constants

Estimate Std. Error p-value

(Intercept) A 4.13E+00 2.89E-02 142.888 2.00E-16

REGISTRATIONS B 1.47E-05 1.01E-06 14.607 2.00E-16

TRANSFERS C -2.22E-05 1.25E-06 -17.778 2.00E-16

SOAT D -1.32E-06 3.40E-07 -3.877 0.000106

TECHNICAL-

MECHANICAL

INSP.

E 2.02E-06 5.15E-07 3.929 8.53E-05

LICENSES F 3.44E-05 2.65E-06 12.984 2.00E-16

A2022 G 2.11E-03 1.51E-04 14.024 2.00E-16

The p-value indicates whether the estimated effect of each variable on accidents is statistically

significant. When the p-value is less than 0.05, there is sufficient evidence to indicate that the variable has

a real effect on accidents. For example, variables such as transfers, licenses, and A2022 have extremely

low p-values (2.00E-16), indicating a high statistical significance. The SOAT variable, although it has

a very small coefficient, has a p-value of 0.000106 (also less than 0.05), so its effect, although weak,
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is statistically significant. It should be noted that a low p-value does not necessarily imply that the

variable has a large impact on the equation but rather highlights that its effect is consistent.

Considering the above, it should be highlighted that the prediction model uses the exponential

function through a regression equation, as the variables to be analyzed are related to the number of

accidents. This ensures that the predictions are always positive values.

4. Discussion

In order to improve road safety, policies aimed at reducing accidents must be designed based on

the identification of patterns regarding the factors that influence accident records, driver behavior,

and vehicle conditions. With this information, both the Ministry of Health and the Ministry of

Transportation, in collaboration with the ANSV, will be able to identify how various variables influence

the occurrence of traffic accidents. Key variables to consider include vehicle registration, the number

of licenses, technical-mechanical inspections, and the SOAT. This not only optimizes the control of

road safety but also contributes to a more efficient and equitable management in the distribution

of preventive measures, especially in departments with high accident rates. This allows for policies

focusing on specific areas and creates a more robust structure for accident reduction.

In this sense, one possible strategy could be the creation of point-based license types, which would

incentivize responsible driving and reduce accidents. With a more effective license allocation system,

adapted to the needs of each driver according to their history and performance, which considers and

understands the impact of these variables on accidents, public policies can be formulated in order

to mitigate the occurrence of accidents in high-risk and critical areas through improvements in the

registration and regulation of licenses, the SOAT, and technical-mechanical inspections.

Table IV presents the public policies considered in this work, as well as their proposed aims,

penalties, and requirements.

Table IV. Public policies analyzed in this work

Category Aims Penalties Requirements

SOAT

(mandatory

traffic accident

insurance)

To ensure that

vehicles are insured

and covered

Monetary fine for not having

a valid SOAT
One-year validity

To guarantee

medical attention in

case of a traffic

accident

Vehicle immobilization Availability of sales points
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Technical-

mechanical

inspection

To ensure that

vehicles are in safe

conditions to

circulate

Fines for not passing the

inspection

Inspections to be

conducted at authorized

centers (CDA)

To identify

mechanical failures

Vehicle immobilization Annual inspection for

vehicles over six years oldProhibition to circulate

Vehicle

ownership

transfers

To regulate the

change of ownership

of vehicles

Legal issues if the vehicle is

reported as stolen

Complete and updated

documentation: SOAT,

technical-mechanical

inspection, ID card

To ensure that

transfers are legal

and properly

registered

Verification of tax

payments

Driver’s

licenses

To regulate and

certify trained drivers

Fines for driving without a

license

Theoretical, practical, and

medical exams

To conduct medical,

theoretical, and

practical exams

Fines for driving with an

expired license

Compliance with age and

health requirements

To issue driving

licenses
Vehicle immobilization

Updated knowledge on

road safety

Our model for accident prediction by department in Colombia was tested in Cundinamarca, Cauca,

and Tolima, based on data from 167 566 vehicle registrations, 158 595 ownership transfers, 1 242 294

vehicles with SOAT and 795 736 with technical-mechanical inspection, 639 590 driver’s licenses, and

420 accidents during 2022—as well as 493 in 2023 for the department of Cundinamarca. Using these

data, the model demonstrated high accuracy. It predicted 458 accidents, and 493 actually occurred in

2023; there was a difference of only 35 accidents compared to the initial figures based on 2022 data.

This analysis validated the robustness of the model and its ability to anticipate the number of

accidents with a minimal margin of error. The early prediction of accidents allows authorities and

road safety agencies to design and implement more effective prevention and mitigation strategies,

as it enables the identification of patterns, trends, and risk factors associated with accidents. With

this advance information, resources can be optimized, efforts can be focused on critical areas, and

awareness campaigns aimed at reducing the incidence of accidents in each department can be promoted.

Based on the above, Tables V and VI present a summary of the departments and the years analyzed,

confirming the accuracy obtained with respect to an update made for the year 2024. This demonstrates

that the prediction model continues to function correctly, as the estimated values closely match the

observed data.
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Table V. Accident prediction for 2023

PREDICTION FOR 2023 ACCIDENTS IN 2023 DEPARTMENT

420 493 CUNDINAMARCA

299 213 CAUCA

324 250 TOLIMA

Table VI. Accident prediction for 2024

PREDICTION FOR 2024 ACCIDENTS IN 2024 DEPARTMENT

534 664 CUNDINAMARCA

306 262 CAUCA

320 318 TOLIMA

It is essential to highlight that this study presents an initial analysis, whose purpose is to establish a

baseline for understanding the observed conditions. In addition, it incorporates data from the previous

year, which makes it easier to identify key trends for a correct interpretation. According to (29), traffic

accidents are a major public health issue and the second leading cause of death for individuals aged

five to 29. This study examines the application of geosimulation as a means to prevent these accidents.

Through computational models that integrate geospatial data and traffic variables, it is possible to

simulate various scenarios and evaluate the impact of factors such as road infrastructure and driver

behavior. This approach enables the identification of high-risk areas and the planning of more effective

interventions to enhance road safety.

The use of advanced tools such as GIS, neural networks, and agent-based models is significantly

transforming the analysis and prevention of traffic accidents. These technologies offer a more dynamic

and detailed approach, allowing for a deeper understanding of the conditions that contribute to these

events and facilitating the design of specific strategies to mitigate them. GIS, for instance, are essential

for creating maps that identify areas with the highest incidence of accidents. Moreover, they enable the

integration of key information, such as traffic volume, weather conditions, and proximity to high-risk

locations. These comprehensive analytical capabilities provide traffic management authorities with a

more complete understanding of the factors associated with accidents, thereby facilitating the planning

of targeted interventions for each problematic area.

In this research, however, we were unable to apply this method due to its reliance on specific

variables such as traffic density, vehicle speed, road characteristics (including geometry and pavement

conditions), and driver behavior, all focused on a specific study area. Instead, our data were gathered

on a global scale using information from the RUNT and the ANSV, covering all 32 departments of

Colombia. Nonetheless, in a more detailed study, it would be feasible to combine these approaches and

replicate the method to achieve more accurate results.
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A study conducted in Kazakhstan applied K-means clustering analysis to vehicle liability insurance

data, classifying claims based on their frequency and severity. This technique allowed insurers to

optimize premium pricing and improve risk detection. Although the study was carried out in a

different context, the results could be applicable to systems such as the SOAT in Colombia, using

equivalent variables to identify accident patterns among policyholders (30).

Similarly, in the city of Medellín, Colombia, a geospatial K-means clustering model was

implemented to analyze high-risk areas associated with traffic accidents, grouping zones according to

the type of incident (e.g., collisions, pedestrian runovers, etc.). This approach enabled the identification

of accident patterns related to specific environmental features, such as proximity to bars or parks.

Although the study did not include variables like driver’s licenses or technical-mechanical inspections,

it demonstrated that spatial clustering techniques are useful for identifying high-accident zones based

on environmental characteristics (31).

In developed countries such as Switzerland and other European nations, latent class clustering

(LCC) techniques have been applied for analyzing the severity of pedestrian accidents using contextual

and geographic variables. This methodology has allowed researchers to identify specific factors

influencing accident severity. By employing LCC, more adaptive and accurate predictive models have

been developed to enhance prevention strategies and improve road safety by integrating various factors

that affect accident occurrence (32).

Furthermore, studies conducted in the United States and Ethiopia have combined the use of

K-means methods with classification algorithms such as random forests and naïve Bayes to improve

accident severity predictions. This process involves grouping incidents by shared characteristics and

then applying classification models within each group to determine severity levels (33).

Finally, in Italy, researchers have explored the integration of geographic information—such as

climate, land use, and points of interest—through machine learning techniques. This combination has

significantly improved the prediction of accident risk by considering multiple environmental factors (?).

It should be highlighted that these studies were mostly conducted in highly developed countries,

which allows them to rely on advanced road intelligence systems and robust databases. In contrast,

developing countries like Colombia are beginning to adopt integrated techniques that combine

clustering and classification, although they still face significant challenges related to data availability,

quality, and standardization.

5. Conclusions

In summary, this work confirmed the viability of the classification of groups using the K-means

method based on the incidence of accidents from current data. Three clusters were identified: high,

medium, and low accident rates. We acknowledge the potential to improve the results through the

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e23371 | 18 of 23



Analysis of Road Accidents in Colombia: Departmental. . . K. F. Mora Chacón et al.

expansion of the database provided by the RUNT and the ANSV. The inclusion of additional data,

especially those related to vehicle records, could significantly enrich the analysis and enhance the

accuracy of the initial accident prediction model. This approach could offer valuable insights for traffic

safety management by providing a more comprehensive and detailed understanding of the factors

contributing to accident incidence.

After identifying the departments with high accident rates based on various records (vehicle

registrations, SOAT, and technical-mechanical inspections, among others), the actions to be

implemented by the ANSV and other government entities could be more precisely focused.

Additionally, by assessing the influence of factors such as driving licenses and technical-mechanical

inspections on accident prediction, it can be concluded that increasing the number of issued licenses

and improving the review process for said inspections will lead to significant improvements in road

safety. These actions can be implemented through educational, preventive, and punitive campaigns.

Moreover, an initial accident prediction model was developed in this work, which, as previously

mentioned, considers vehicle parameters such as vehicle registration, SOAT, and ownership transfers,

among others. These aspects are essential for enhancing the accuracy and effectiveness of the analysis,

as they facilitate targeted actions aimed at establishing sustainable and long-lasting mechanisms for

improving road safety and designing safer roadways. Ultimately, it is emphasized that cluster analysis

is a tool with significant potential in the field of road engineering, although it has not received the

necessary attention, as there are limited references on the subject. This type of analysis can be employed

to understand and improve various aspects, such as road safety to prevent traffic accidents, human

factors, simulation, and traffic flow on highways. It is also crucial to have a database derived from real

information.

6. Limitations of this work

The study faced several limitations, including limited data availability, as the analysis was

constrained by the scarcity of available data; the lack of temporal continuity, since there were no

continuous data series, particularly because the study involved future predictions; evaluation at the

macrozone level, as the study focused on a broad territory without reaching the level of specific zones,

which limited the thoroughness of the analysis; and the absence of an average daily traffic analysis due

to the scope and magnitude of the data used.

7. Lines of research

Future research directions include access to complementary variables, where including additional

variables and more specific data on accidents would enrich the analysis and improve the model’s

accuracy; international comparison, aimed at evaluating the applicability of the model in countries

with similar conditions, which would help validate its robustness and adaptability; and the exploration
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of new statistical methods, which could enhance both the prediction and the identification of clustering

patterns in accident data.

Finally, as future studies, the analysis of underdeveloped countries that have this type of records

will allow verifying the usefulness of the method in identifying regions with high accident rates, thus

contributing to improving road safety in these areas.
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Abstract
Context: Industrial growth and various anthropogenic activities have generated
multiple pollutants, including heavy metals such as hexavalent chromium, or
Cr(VI), which pose a major threat to both humans and the environment, as their
characteristics make them persistent, bioaccumulative, and non-biodegradable.
Method: In this paper, computer-aided process engineering (CAPE) was used to
simulate an industrial-scale adsorption column packed with a biomass based on
cocoa husk residues for the removal of Cr(VI) in solution. A parametric sensitivity
analysis was conducted, using Aspen Adsorption as a simulation tool to analyze
different column configurations.
Results: The Freundlich isothermal model, in combination with the linear
driving force (LDF) kinetic model, yielded efficient results in removing Cr(VI)
via adsorption, with values of up to 97.1 %. The best operating conditions included
an initial concentration of 5000 mg/L, a bed height of 5 m, and an inlet flow rate of
100 m3/day.
Conclusions: This study demonstrates that the use of computational assistance
holds great potential for predicting the performance of an adsorption column
packed with agro-industrial waste, which constitutes a safe and cost-effective
alternative for the design and modeling of industrial-scale columns.
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Resumen

Contexto: El crecimiento industrial y diversas actividades antropogénicas han generado múltiples contaminantes,
entre los que se encuentran metales pesados como el cromo hexavalente, o Cr(VI), los cuales representan una
amenaza significativa tanto para el medio ambiente como para el ser humano, pues sus características los hacen
persistentes, bioacumulativos y no biodegradables.
Método: En este artículo se empleó la ingeniería de procesos asistida por ordenador (CAPE) para simular
una columna de adsorción a escala industrial llena de biomasa a base de residuos de cáscara de cacao para la
eliminación de Cr(VI) en solución. Se realizó un análisis de sensibilidad paramétrica, utilizando Aspen Adsorption
como herramienta de simulación para analizar diferentes configuraciones de la columna.
Resultados: El modelo isotérmico de Freundlich, junto con el modelo cinético de fuerza motriz lineal (LDF) arrojó
resultados eficientes en la remoción de Cr(VI) mediante adsorción, con valores de hasta 97.1 %. Las mejores
condiciones de operación incluyeron una concentración inicial de 5000 mg/l, una altura del lecho de 5 m y un
caudal de entrada de 100 m3/día.
Conclusiones: Este estudio demuestra que el uso de la asistencia computacional tiene gran potencial para predecir
el rendimiento de una columna de adsorción llena de residuos agroindustriales, constituyéndose en una alternativa
segura y rentable para el diseño y modelado de columnas a escala industrial.

Palabras clave: biomasa residual, columna de adsorción, cromo (VI), simulación, tratamiento de agua, tratamiento
de aguas residuales

Table of contents

Page

1. Introduction 3

2. Materials and methods 5
2.1. Parameterization and modeling . . 5
2.2. Mathematical fundamentals . . . . 6

2.2.1. Mass balance . . . . . . . . 6
2.2.2. Freundlich isothermal model 7
2.2.3. LDF kinetic model . . . . . 7

3. Results and discussion 7
3.1. Evaluating the mathematical mo-

dels using Aspen Adsorption . . . 7
3.2. Influence of the inlet flow rate . . . 7

3.3. Influence of initial concentration . 7

3.4. Influence of bed height . . . . . . . 9

3.5. Comparison with other results in
the literature . . . . . . . . . . . . . 10

4. Conclusions 11

5. Acknowledgements 11

6. Author contributions 12

7. Funding 12

8. Data availability 12

9. Conflicts of interest 12

10. Use of artificial intelligence 12

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e23141 | 2 of 17



Use of Computational Tools in the Modeling of Columns for Cr(VI). . . A. D. González-Delgado et al.

Nomenclature

Ce Pollutant concentration in solution at equilibrium (mg/L)

n Effect of initial concentration on adsorption capacity

kf Freundlich’s constant indicating adsorption capacity
(

mg
g

)(
Lm
g

)n

MTC Global mass transfer coefficient
(
m
s

)
Cf

Co
Efficiency

wk Instantaneous equilibrium adsorbate loading on the adsorbent
(

mg
g

)
z Distance along the bed (m)

Qi Quantity of metal ions adsorbed by the adsorbent (mg/g)

Ci Concentration of cadmium ions in the liquid phase (mg/L)

ρs Bulk density (g/cm3)

t Time (min)

ε Bed porosity

uo Fluid velocity (m/s)

1. Introduction

Water sources play an essential role in human life due to their great usefulness and versatility in

different activities, e.g., industrial processes, agricultural and livestock activities, hospitals, shopping

centers, rural areas, and domestic households, among others (1). Using this resource generates different

types of wastewater that are loaded with pollutants. A large portion of this water, which originates

from industrial activity, is considered to be of great concern due to its properties, as is the case

with the toxic substances it contains (2, 3). This toxicity depends on various factors such as chemical

composition, which varies from sector to sector, making the elimination of these substances a challenge,

as each effluent contains unique pollutants that require customized treatment (4, 5). Among the various

pollutants present in industrial wastewater are heavy metals, a worldwide concern due to their high

toxicity, their detrimental impact on both the environment and human health, and their high strength

and non-biodegradability (6).

Despite being an essential metal, chromium is considered to be one of the 16 main toxic pollutants

with adverse effects on human health. This metal, which can be ingested, inhaled, or absorbed through

the skin (7), is used in various manufacturing sectors, such as the metallurgy, tanning, cement, textile,

and dyeing industries. These sectors represent major sources of pollution (8). Chromium ranks second

in abundance among the heavy metal pollutants, surpassed only by lead. It is naturally found in three
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forms: metallic, trivalent, and hexavalent, with the latter, Cr(IV), being the toxic one. This form has

a variety of detrimental health effects, such as digestive, urinary, reproductive, and immune system

dysfunctions. Therefore, it is necessary to treat any water sources contaminated with Cr(IV) that are

discharged into the environment (9). In Colombia, the limit for chromium in drinking water, as dictated

by Law 0631 of 2015, is 0.5 mg/L (10), while the World Health Organization’s permitted level is 0.05

mg/L for Cr (11).

Adsorption is an effective method for removing unwanted pollutants, given its feasibility and easy

scalability. This method is also able to effectively remove various inorganic chemicals that affect the

adsorption system (12). This technique has several advantages that make it a very attractive method

for use in water treatment. Among these advantages are its efficiency in removing various types of

pollutants, including heavy metals, dyes, emerging contaminants, and other types of substances (13);

its applicability at low temperature and pressure, since, compared to other water treatment processes,

it does not require extreme conditions; its versatility in dealing with pollutants in both gaseous and

liquid form (14); the regenerative capacity of the materials used in the adsorption process, which

allows reusing biomaterials multiple times depending on the type of biomass employed and its

characteristics (15); the speed at which this technique removes pollutants, allowing for effective and

fast processes; and its versatility in enabling a modular and scalable design of the adsorption process in

the form of columns or adsorbent beds, modeled on a small or a large scale as required (16).

This technique may involve one of two different adsorption methods: physisorption, wherein

adsorption stems from the presence of weak attractions between the pollutant and the adsorbent

material, generated by short-range electrostatic forces (i.e., van der Waals forces) (17); and chemisorption,

where adsorption takes place due to the presence of chemical bonds between the adsorbate and

the adsorbent, causing a stronger and more selective interaction. This process is less reversible than

physisorption and requires considerably more energy for the desorption of the adsorbed species (18).

The adsorption process can be carried out in two ways: in batches or in columns (19).

This technique has been recognized as one of the simplest and most economical strategies due to

its remarkable ability for heavy metal removal (20, 21). Different biomaterials have been developed and

used to this effect, such as Ulva flexuosa, a species of algae (22); babano shell (23); rapeseed (Brassica

napus) (24); and coconut (25), among others. Cocoa (Theobroma cacao L.) is a widely cultivated product in

Colombia, and it generates a large amount of residual biomass, comprising the husk of the cob, the husk

of the bean, and the pulp. Among the different byproducts of this plant, the husk is a promising material

for the production of adsorbent materials, given its abundance, low cost, and renewable nature. The

cocoa husk is composed of cellulose, hemicellulose, and lignin, and it offers a high adsorption capacity,

which makes it a sustainable alternative for the elimination of pollutants in aqueous media, e.g.,

heavy metals (26). Most adsorption studies have been conducted at the laboratory level under simple

conditions and on small scales. This is due to different limiting factors, such as resource, space, and

time availability, among others. In light of the above, several computational tools like Aspen Plus (27)

or ChemCAD (28), have been developed for modeling processes on a larger scale, but scaling to solids
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in adsorption towers is still in its early stages. Therefore, researchers have searched for new ways to

scale their proposals under the existing limitations. Among them, the Aspen Adsorption software has

proven to be a tool for adsorption columns. This tool allows modeling multi-scale adsorption columns

by simulating key phenomena such as mass transfer, adsorption equilibrium, and fluid dynamics. It

allows predicting performance at the laboratory, pilot, and industrial scales, optimizing system design

and operation based an experimental data. Its use in treating chromium-contaminated water also

demonstrates its ability to respond to various operating conditions, improving process efficiency and

supporting scaling from laboratory-level to industrial applications. This tool constitutes an advantage

for a broader exploration of different parameters or operating variables such as flow, bed height, and

pollutant concentration, among others, facilitating the optimization of the process before designing a

pilot or building industrial plant.

A study published by (29) delved into the performance of dolochar as a Cd(II) adsorbent, using

Aspen Adsorption to simulate a large-scale process. The results, obtained via the response surface

methodology, show that, with optimal bed height, inlet concentration, flow rate, and fixed biosorbent

mass values, the CD(II) ion adsorption capacity and depletion time of the packed dolochar bed are 1.85

mg/g and 11.39 hours, respectively.

Using Aspen Adsorption V11, the study by (30) simulated the adsorption of Pb(II) on tire-based

activated carbon (TAC) and commercial activated carbon (CAC) in a fixed-bed column while

considering different concentration ranges, bed heights, and flow rates. The optimal conditions found

in this study included a concentration of 500 mg/L, a bed height of 0.6 m, and a flow rate of 9.88×10−4

m3/s, which yielded breakthrough times of 488 and 23 s for TAC and CAC, respectively, with removal

capacities of 114.26 and 7.72 mg/g.

In light of the above, the objective of this study was to model an industrial column packed with

Theobroma cacao L. for the adsorption of Cr(VI) in solution, using Aspen Adsorption to conduct a

parametric sensitivity analysis and evaluate the performance of the system by altering key parameters.

Our work demonstrates the potential of computational tools for predicting the performance of

adsorption columns and provides a solid basis for the design and simulation of large-scale adsorption

systems that employ agro-industrial materials for water treatment.

2. Materials and methods

2.1. Parameterization and modeling

In this study, we used Aspen Adsorption V12.1 to simulate an adsorption column packed with

Theobroma cacao L. for the removal of Cr(VI) in an industrial stream. A parametric study was carried

out regarding the inlet flow rate, the initial concentration, and the column height, with the aim of

determining the extent to which modifying these factors affects adsorption performance. We also

conducted a sensitivity analysis that considered the breakthrough profile. Different parameter ranges
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were used to evaluate the performance of the adsorption system. For the inlet flow rate, values of

250, 200, 150, 100, and 50 m3/day were employed; for the bed height, we established values of 3, 4,

and 5 m[30]; and, finally, for the initial concentration of Cr(VI), 5000, 3500, 2000, and 1000 mg/L were

considered (31, 32).

To design our proposal, studies on the use of columns for the removal of heavy metals from

industrial wastewater were used as a basis, considering the different parameters required to simulate

the process in Aspen Adsorption. In this vein, we established a bed diameter of 1 m (33), a bulk density

of 0.0365 g/cm3 for the biomaterial (34), a bed porosity of 0.67 (m3 of voids per m3 of bed), a total

vacuum porosity of 0.4 (35, 36), and a constant mass transfer coefficient of 1.37×10−4 s−1 (37).

To understand the behavior caused by the interactions between the adsorbate and the adsorbent

during the process, we employed the Freundlich isothermal model (38), while the linear driving force

(LDF) kinetic model was used to determine the rate at which the adsorption occurred (39). Fig. 1 presents

the simulation flowchart for the column.

Figure 1. Simulation flowchart for the adsorption column

2.2. Mathematical fundamentals

2.2.1. Mass balance

The equation used by Aspen Adsorption for the mass balance of the adsorption column is presented

below:

u0ε
∂Ci

∂z
+ ε

∂Ci

∂t
+ ρs

∂Qi

∂t
= 0 (1)
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2.2.2. Freundlich isothermal model

The Freundlich model considers a multilayer adsorption on a heterogeneous surface, where the

distribution of the components depends on the time and energy of the secured sites (40,41). This model

is described by Eq. 2.

qe = kfC
1/n
e (2)

2.2.3. LDF kinetic model

The LDF kinetic model implies that the driving force for the mass transfer of components is a

linear function of the concentration of the component in the liquid or solid phase (42, 43). This model is

presented in Eq. 3.
∂wk

∂t
= MTCsk (w

∗
k − wk) (3)

3. Results and discussion

3.1. Evaluating the mathematical models using Aspen Adsorption

The Freundlich isothermal model and the LDF kinetic model were evaluated while considering the

above-presented parameters and ranges. The results indicated that, by reducing the height of the column

and increasing the flow rate, the break and saturation times can be reduced. This is due to the fact that,

with a low bed height and a high flow rate, the fluid passes through the bed more quickly, which results

in reduced process times. The results for the break time (TR) and the saturation time (TS) are shown in

Table II.

3.2. Influence of the inlet flow rate

By means of a parametric sensitivity analysis, the influence of the inlet flow rate on the performance

of the adsorption column was evaluated. To this effect, inlet flow rates of 250, 200, 150, 100, and 50

m3/day were considered. Fig. 2 shows the breakthrough profiles obtained from the Freundlich-LDF

model. Note that the efficiency increases with the flow rate, but the breakthrough and saturation times

are reduced. This behavior is due to the fact that a high inflow rate has a positive effect on mass transfer,

causing a faster accumulation of the pollutant and decreasing the number of available active sites, which

leads to reduced times. This behavior is also evident in the efficiency values obtained: 95.2 % for 250

m3/day, 94 % for 200 m3/day, 92.1 % for 150 m3/day, 88.4 % for 100 m3/day, and 78.1 % for 50 m3/day

(44, 45).

3.3. Influence of initial concentration

For the parametric sensitivity analysis of the initial Cr(VI) concentration, values of 5000, 3500, 2000,

and 1000 mg/L were considered. Fig. 3 shows the breakthrough profiles obtained from the simulation of

the Freundlich-LDF model. Note that, when this parameter is increased or decreased, the rupture times
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Table II. Results obtained for the analyzed models

Freundlich -LDF

Flow rate (m3/day)

250 200 150 100 50

Bed height (m)

Concentration

(mg/L)
Results 3 4 5 3 4 5 3 4 5 3 4 5 3 4 5

5000

TR

(min)
105 144 184 135 184 233 184 250 315 282 381 480 579 778 978

TS

(min)
1194 1540 1884 1449 1884 2294 1884 2440 2978 2708 3499 4264 5014 6429 7792

3500

TR

(min)
112 153 195 143 195 247 195 264 334 299 403 507 612 822 1032

TS

(min)
1161 1494 1820 1409 1820 2231 1820 2361 2880 2678 3394 4129 4830 6187 7475

2000

TR

(min)
124 169 214 157 214 271 214 289 365 327 441 555 669 898 1129

TS

(min)
1100 1422 1732 1341 1732 2111 1732 2234 2731 2480 3201 3885 4545 5783 6967

1000

TR

(min)
141 192 242 179 242 306 242 327 412 370 498 626 755 1013 1272

TS

(min)
1037 1331 1620 1254 1620 1969 1620 2081 2518 2307 2950 3555 4146 5240 6239
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Figure 2. Breakthrough curve for a bed height of 5 m and an initial concentration of 500 mg/L at different

flow rates

(TR) and saturation times (TS) obtained for each column configuration are very close to each other.

Similarly, the efficiencies achieved show a similar trend, indicating that, under these conditions, the

influence of concentration on the difference between TR, TS, and the overall system performance is

limited. This phenomenon is due to the high presence of Cr(VI) in the flow, which causes an early break

in the curve—this behavior is also observed at different times. Nevertheless, varying this parameter

does not affect the adsorption performance, as the observed difference was less than 1 %. This can

be attributed to different factors, such as the number of active sites available in the adsorbent, the

strong affinity between the adsorbent and the adsorbate (which allows quickly reaching adsorption

equilibrium), and the operating conditions considered, among others (46).

3.4. Influence of bed height

We also analyzed the influence of bed height on the performance of the adsorption column used

for the removal of Cr(VI) in aqueous solution. The values considered in this analysis were 3, 4, and 5

m. Fig. 4 shows the breakthrough profiles obtained from the simulation of the Freundlich-LDF model.

The breakthrough and saturation times increase with bed height, whereas efficiency is reduced. This

is due to the fact that, with a larger adsorption surface, the fluid entering the column takes longer to

exit. In addition, there are more active sites available, which extends the useful life of the adsorbent

material, since it does not saturate as quickly, resulting in increased process times. On the other hand,

the efficiency values obtained after the simulation were 92.9 % for 3 m, 90.6 % for 4 m, and 88.4 % for 5

m (47).
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Figure 3. Breakthrough profiles for a column height of 5 m and an inlet flow rate of 100 m3/day at

various Cr(IV) concentrations

Figure 4. Breakthrough profiles for an initial concentration of 5000 mg/L and a flow rate of 100 m3/day

at different bed heights

3.5. Comparison with other results in the literature

The data obtained after conducting various simulations of the industrial cocoa-packed adsorption

column were compared against the results of studies published in the specialized literature. It should
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be noted that this comparison has relative value, since each study was carried out under different inlet

flow rate, initial concentration, bed height, and biomaterial conditions. The results of this work indicate

that Theobroma cacao L. offers an acceptable in Cr(VI) removal. Table III shows de aforementioned

comparison.

Table III. Comparison with literature-reported results

Contaminant Adsorbent Parameters Results Source

Pb(II)
Activated

alumina

Initial concentration: 0.1 mg/L

Inlet flow rate: 54.52 m3/day

Bed height: 1.459 m

Rupture time:

40 320 min
(48)

Pb(II)
Bambusa

spp.

Initial concentration: 20 mg/L

Inlet flow rate: 1.728 m3/day

Bed height: 1 m

Rupture time:

52 min
(49)

Cr(VI)
Theobroma

cacao L.

Initial concentration: 5000 mg/L

Inlet flow rate: 100 m3/day

Bed height: 5 m

Rupture time:

480 min

Saturation time:

4264 min

This

study

4. Conclusions

This study presented an innovative approach to modeling and simulating large-scale adsorption

columns using agro-industrial waste (cocoa residues in this case) to remove heavy metals such as

Cr(VI) from water systems. This work provides valuable quantitative data that contribute to the

development and understanding of industrial adsorption processes. A parametric sensitivity analysis

allowed evaluating the effect of varying the column’s bed height, inlet flow rate, and initial pollutant

concentration on the efficiency of the process. The results that increasing the bed height increases the

break and saturation times but reduces the adsorption efficiency. On the other hand, high inlet flows

improve the adsorption efficiency but decrease the biomaterial’s saturation times. It is also noteworthy

that the initial concentration does not have a significant effect on adsorption efficiency. These results

constitute a robust technical basis for the design and optimization of industrial effluent treatment

systems, as they allow anticipating the behavior of the system prior to its full-scale implementation.
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Abstract
Context: The cooling performance of a thermal battery plays a critical role in its
efficiency, lifespan, and safety. This importance stems from the heat generated
during charging and discharging processes. As temperatures rise, key battery
characteristics are significantly affected.
Method: Using the ANSYS Fluent computational fluid dynamics software, a 2D
numerical simulation was conducted to study the cooling of a lithium-ion battery
in the presence of nanofluids. The flow of nanofluids was analyzed using the
multiphase mixture model.
Results: It was found that the coolant inlet velocity significantly impacts the
module’s temperature distribution and the maximum temperature difference,
where the temperature differences almost stabilize for inlet velocities exceeding
0.3 m/s. The effect of using nanofluids was studied with three different types of
nanoparticles (alumina, copper, and fullerene) dispersed in water as the base fluid.
The results show that the temperature difference in the module varies depending on
the nature and volume fraction of the nanoparticles. The incorporation of nanofluids
leads to a significant reduction in module temperatures. Fullerene nanoparticles
were found to exhibit superior cooling performance compared to other nanoparticle
types. On the other hand, a nanoparticle volume fraction exceeding 2 % yields a
nearly uniform temperature distribution within the module, as well as reduced cell
temperatures.
Conclusions: Nanofluids have an important effect on battery cooling. Optimizing
nanoparticle concentration and flow dynamics can effectively improve thermal
management strategies for lithium-ion battery systems.
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Resumen

Contexto: El rendimiento de refrigeración de una batería térmica desempeña un papel fundamental en su eficiencia,
vida útil y seguridad. Esta importancia se debe al calor generado durante los procesos de carga y descarga. A
medida que aumentan las temperaturas, las características clave de la batería se ven significativamente afectadas.
Método: Utilizando el software de dinámica de fluidos computacional ANSYS Fluent, se realizó una simulación
numérica 2D para estudiar el enfriamiento de una batería de iones de litio en presencia de nanofluidos. El flujo de
nanofluidos se analizó utilizando el modelo de mezcla multifásica.
Resultados: Se observó que la velocidad de entrada del refrigerante afecta significativamente la distribución
de temperatura del módulo y la diferencia máxima de temperatura, donde las diferencias de temperatura
prácticamente se estabilizan para velocidades de entrada superiores a 0.3 m/s. Se estudió el efecto del uso de
nanofluidos con tres tipos diferentes de nanopartículas (alúmina, cobre y fullereno) dispersas en agua como fluido
base. Los resultados muestran que la diferencia de temperatura en el módulo varía según la naturaleza y la fracción
de volumen de las nanopartículas. La incorporación de nanofluidos produce una reducción significativa en la
temperatura del módulo. Se observó que las nanopartículas de fullereno presentan un rendimiento de refrigeración
superior al de otros tipos de nanopartículas. Por otro lado, una fracción de volumen de nanopartículas superior al
2 % da como resultado una distribución de temperatura prácticamente uniforme dentro del módulo, así como una
reducción en la temperatura de la celda.
Conclusiones: Los nanofluidos tienen un efecto importante en la refrigeración de las baterías. Optimizar la
concentración de nanopartículas y la dinámica del flujo puede mejorar eficazmente las estrategias de gestión
térmica de los sistemas de baterías de iones de litio.

Palabras clave: dinámica de fluidos computacional, batería de iones de litio, refrigeración, nanofluidos, mezcla,
gestión térmica de la batería.
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Nomenclature

Symbols

C Specific heat, J/kg·K

Nu Nusselt number

p Pressure, Pa

Q Heat

Re Reynolds number

T Temperature, K

t Time, s

V Velocity, m/s

Greek Symbols

ρ Density, kg/m3

µ Dynamic viscosity, Pa·s

λ Thermal conductivity, W/m·K

ϕ Nanoparticles volume fraction

Subscripts

b Battery

dr,k Drift velocity of the k-th phases

k Number of phases

m Mixture

p Particles

w Water

Acronyms
BTMS Battery thermal management system

CFD Computational fluid dynamics

CPCM Composite phase change material

EV Electrical vehicle

LIB Lithium-ion battery

PCM Phase change material

SOC State of charge

TEC Thermoelectric cooling

1. Introduction

Lithium-ion (Li-ion) batteries play an essential role in many modern applications, including electric

vehicles, portable electronic devices, and renewable energy storage. The rapid development of this

technology has led to a growing demand for efficient cooling systems to maintain batteries’ optimum

operating temperature. Inadequate battery cooling can lead to reduced efficiency, a shorter lifespan,
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and even safety risks, such as overheating and fire. In response to these challenges, extensive research

has focused on the use of nanofluids to improve battery cooling processes.

Most researchers have investigated the impact of improved heat transfer on battery performance

through experimental, theoretical, and numerical studies. Experimental studies are frequently used

to validate numerical results in practical cases, but they are generally more costly than other types of

investigations.

(1) proposed an optimization method for the architecture of battery sensor systems based on an

online sensing method to capture global electrothermal profiles in large-scale battery packs. Their

results demonstrate that the double-layered technique can capture more information in a single step.

(2) experimentally studied the heat generation parameters of battery modules using three

electrothermal models: Model A (constant resistance), Model B (resistance varying with depth of

discharge), and Model C (resistance varying with both depth of discharge and temperature). They

found that model C offers the best results for improving Li-ion battery performance and safety.

(3) numerically investigated the thermal performance of a battery thermal management system

(BTMS) using phase change material (PCM) with three different mesh types. Their results demonstrated

that the hexahedral mesh performs the closest to the experimental values.

(4) conducted a numerical investigation of the interaction between various fin configurations

(namely sinusoidal and positive/negative straight fins) and local oscillation within a finned rectangular

enclosure. They found that negative rectangular fins offer higher thermal performance, and that the

effectiveness of oscillation decreases when localized between fins.

(5) examined the performance characteristics of Samsung li-ion batteries, i.e., a INR21700 30T

high-power (HP) cell and a INR21700 50E high-energy (HE) cell. According to their results, the HP cell

had a greater rate capability, retaining 93.8 % of its capacity at 2C discharge, whereas the HE cell did the

same at 1.6C.

In another work, the impact of using a thermoelectric cooler (TEC) to cool a Li-ion plate battery

was numerically simulated using the COMSOL software (6). The heated part of the TEC was cooled

by a heat sink, while the cold part was mounted on the battery. Three main types of heat sink were

used. In addition, a non-Newtonian hybrid nanofluid served as the working fluid. For nanofluids with

volume fractions of 0.05, 0.25, and 0.5 %, the heat sink temperature, the battery temperature, and the

TEC’s hot end temperature were calculated by varying the inlet Reynolds number (Re) between 200

and 800. The results showed that the application of Model C resulted in higher TEC temperatures.

Models A and B kept the battery and heat sink temperatures low during periods of both low and high

Re. As Re increased, the battery, TEC, and heat sink temperatures decreased, while the amount of ∆P

increased. The highest and lowest ∆P values were found in Models C and A, respectively. The addition
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of nanoparticles increased the ∆P by 267 and ≈ 95 % at Re = 200 and 800, respectively. (7) created

electrochemical-thermal combination models for Li-ion cell modules arranged in series, investigating

a unique mixed thermal management system comprising (PCM) and liquid cooling via a thermally

conductive structure. The hybrid cooling system was initially tuned using this method, studying the

impact of cell separation and incoming liquid velocity on electrical, chemical, and thermal efficiencies.

As spacing increased, the highest temperature and the selection temperature difference decreased, but

once the gap reached around 4 mm, the rate of decrease almost disappeared. The main reason for the

discharge imbalance between cells in the battery module was diffusion polarization in the electrolyte,

which can be corrected by the proposed hybrid cooling system, according to a theoretical calculation

used to assess and quantify unequal discharge.

(8) studied a liquid cooling BTMS for 18650 Li-ion batteries. Nanofluids with high thermal

conductivity were used as coolants to improve thermal performance. Various nanofluids were

compared against water in order to evaluate their cooling effectiveness. The best-performing solution

was a Cu water-based nanofluid, which reduced the maximum temperature difference between the

battery and the water by 1.066 K and 12.6 %, respectively. The results show that, although the volume

percentage and the displacement velocity of the nanofluids increased simultaneously with the pressure

drop, the maximum temperature difference and the maximum battery temperature decreased.

(9) investigated a dual cooling method combining forced convection cooling and convergent

channels with composite phase-change material (CPCM). The results showed that, when hybrid cooling

is used, the unit temperature drops below the safety limit. In addition, higher temperature uniformity

and improved thermal performance are achieved when the CPCM surrounds the battery cell rather

than being sandwiched between the cold plates and the battery cell.

Furthermore, a unique liquid cooling system, with stepped and zigzag channels consisting of

alumina nanofluid and copper coating, was numerically investigated to improve the cooling capacity

and temperature distribution of battery thermal control systems during discharge and charge processes

(10). The results suggest that the maximum temperature and the temperature non-uniformity of the

battery module were significantly reduced when a cooling alumina nanofluid with a volume fraction of

2 % was added. Various studies using numerical, experimental, and mathematical methods have been

conducted to examine the impact of different cooling systems and various coolants on the electrical and

thermal performance of many engineering systems (11–26).

2. Physical model

A 2D numerical simulation was conducted in order to study the cooling of a Li-ion battery in the

presence of nanofluids. This was done using the ANSYS Fluent computational fluid dynamics (CFD)

software. The battery module consisted of 90 cylindrical Li-ion cells with nominal specifications of 54

V/13.2 Ah. The cooling plates, made from aluminum, were sandwiched between two rows of cells. The

gaps between two adjacent cells in the x- and y-axes measured 2 and 4 mm, respectively, with air filling
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the space between adjacent cells in the x-axis. A detailed schematic diagram of the battery module is

shown in Fig. 1.

Figure 1. Schematic diagram of the battery module

The key technical specifications of an actual Li-ion battery cell typically include a nominal voltage

of 3.7 V and a maximum voltage of around 4.2 V. The lowest voltage that the cell can reach before

discharging becomes detrimental is usually around 3.0 V (27). The C-rate is commonly used to represent

the charge/discharge rate. It is calculated by dividing the charge/discharge current by the nominal

capacity. The cathode is constructed from a lithium cobalt oxide (LCO), and the anode is from graphite.

A lithium salt dissolved in an ethylene carbonate is generally used as the electrolyte, which facilitates the

movement of lithium ions between the electrodes during the operation of the battery. During discharge,

lithium ions move from the anode to the cathode through the electrolyte, and, during charging, the

process is reversed.

3. Boundary conditions

The boundary conditions for the inlet and outlet of the liquid cooling system were defined as the

velocity inlet and the pressure outlet, respectively (Fig. 1). All surfaces inside the battery module were

set as adiabatic boundary conditions. The initial liquid inlet and cell temperatures were set at 25 and

31 °C. The flow was considered to be laminar. In all studies, the Reynolds number was set between 700
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and 1800. Three type of nanoparticles were employed in this work: alumina, copper, and fullerene. The

thermophysical properties of the materials and nanoparticles are shown in Tables I and II.

Table I. Thermo-physical properties of the battery module materials (27)

ρ (kg/m3) Cp (J/ kg K) λ (W /mk)

Aluminum 2719 871 202.4

Lithium-ion 2904 894 1.035

Table II. Thermo-physical properties of nanoparticles used (28, 29)

Nanoparticules ρ (kg/m3) Cp (J/ kg K) λ (W /mk)

Al2O3 3970 765 40

Cu 8954 385 401

C 3500 509 2300

4. Governing equations

The energy conservation equations for the cell (battery) and liquid coolant (water) are presented

below (30).

ρb Cb
∂T

∂t
= ∇ · (λb∇T ) + Q̇ (1)

ρw Cw
∂Tw

∂t
= ∇ · (λb∇Tw)−∇ · (ρwCwv⃗ Tw) (2)

The equations for the conservation of mass and the momentum of liquid cooling are as follows (31):

dρw
dt

+∇ · (ρwv⃗) = 0 (3)

d

dt
(ρwv⃗) +∇ · (ρwv⃗v⃗) = −∇p (4)

For nanofluid flow simulation, we opted for the mixture two-phase model. The equations governing

the flow are presented below (32).

∇ · (ρm V⃗m) = 0 (5)

∇ ·

(
n∑

k=1

(ρk Cpk ϕk Vk T )

)
= ∇ · (km∇T ) (6)

ρm V⃗m ∇V⃗m = −∇pm + (µm∇V⃗m) + ρm +∇ ·

(
n∑

k=1

(ϕk ρk V⃗dr,k V⃗dr,k)

)
(7)

where the k-th phase’s drift velocity is calculated as follows :

V⃗dr,k = V⃗k − V⃗m (8)
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The mixture properties are defined below.

Velocity: V⃗m =

∑n
k=1 ρk ϕk V⃗k

ρm
(9)

Density: ρm =
n∑

k=1

ρk ϕk (10)

Viscosity: µm =
n∑

k=1

ϕk µk (11)

5. Mesh independence study

To assess the influence of grid size on the calculations, a grid sensitivity study was conducted,

varying the total number of grid distributions in the radial and axial directions. Various combinations

of grids were analyzed to ensure that the numerical results were independent of the mesh size used.

Table III shows the evolution of the average Nusselt number as a function of the number of cells for a

range of Reynolds numbers between 710 and 1775. It was found that increasing the number of meshes

does not change the solution but does require more computation time. In this case, we used a mesh

with 447 095 cells, since this value is the best in terms of both accuracy and processing timesThese

results underscore the fundamental principles of fluid dynamics and heat transfer in battery thermal

management. Maintaining optimal fluid velocities is crucial for achieving a uniform temperature

distribution and enhancing the overall cooling performance. This physical understanding highlights

the necessity of balancing flow dynamics with thermal requirements to optimize battery operation and

longevity.. In fact, better accuracy can be obtained by using grid sizes with more nodes, but increasing

the density of the cells would in turn increase the computational burden.

Table III. Mesh independence study

Cells number

390210 447095 580043

Re Nu εmax

710 37.04 37.20 37.17 0.004

1065 47.19 47.95 48.02 0.017

1420 53.33 53.82 54.11 0.014

1775 77.12 77.45 77.78 0.008
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6. Results and interpretations

6.1. Effect of velocity inlet on cell temperature distribution

This study focused on exploring how the fluid inlet velocity influences the cooling efficiency of the

battery module. Four distinct inlet velocities (0.1, 0.2, 0.3, and 0.4 m/s) were examined under controlled

inlet temperature and module conditions. Fig. 2 presents the temperature contours across the module

after a rapid charging cycle at varying inlet velocities. Notably, when the inlet velocity is below 0.2 m/s,

the temperature distribution within the module exhibits significant non-uniformity.

Figs. 3 and 4 present the module’s peak temperature and maximum temperature differential

(∆Tmax) as a function of different inlet velocities. Initially, both metrics decrease sharply and stabilize

around velocities exceeding 0.3 m/s. This implies that an inlet velocity of 0.3 m/s can adequately

facilitate efficient cooling within this water cooling system.

These results underscore the fundamental principles of fluid dynamics and heat transfer in

battery thermal management. Maintaining optimal fluid velocities is crucial for achieving a uniform

temperature distribution and enhancing the overall cooling performance. This physical understanding

highlights the necessity of balancing flow dynamics with thermal requirements to optimize battery

operation and longevity.

6.2. Effect of nanofluids on temperature distribution

This study investigated the impact of using nanofluids as coolants. Three types of nanoparticles

were employed: copper, alumina, and fullerene. We used a mixture model to simulate the two-phase

flow of the nanofluids, with water as the primary phase and nanoparticles dispersed in the base liquid

as the secondary phase.

Fig. 5 illustrates the evolution of the temperature difference within the module when nanoparticles

are dispersed in water. The results demonstrate that nanofluids can effectively reduce module

temperatures thanks to their significantly enhanced heat transfer, which is facilitated by their high

thermal conductivity of nanoparticles, i.e., the measure of a material’s ability to conduct heat, which

plays a crucial role in enhancing the heat dissipation capacity. Notably, the fullerene/water coolant

exhibits superior performance, attributed to fullerene’s exceptional thermophysical properties,

including high thermal conductivity and heat capacity.

Figs. 6 to 9 depict the temperature contours across the module for four different coolants under

identical conditions (an inlet temperature of 298 K, an inlet velocity of 0.3 m/s, and a nanoparticle

volume fraction of 0.01). These findings underscore the physical mechanisms underlying nanofluid

cooling, emphasizing the importance of nanoparticle selection and concentration in optimizing thermal

management strategies for battery systems.
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Figure 2. Module temperature contours for different inlet velocities

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e22822 | 10 of 19



Two-Phase Mixture Numerical Study of Nanofluid Flow. . . A. Benabderrahmane et al.

Figure 3. Tmax of the module as a function of the inlet velocity

Figure 4. ∆Tmax of the module as a function of the inlet velocity

6.3. Effect of nanofluids on heat transfer

Fig. 10 demonstrates that the Nusselt number increases proportionally with the Reynolds number

and is significantly influenced by the physical properties of the fluid utilized. Notably, the use of

nanofluids shows a marked enhancement in this value.

Fig. 11 highlights that the highest Nusselt number was achieved with water/fullerene as the cooling

fluid. This notable improvement can be attributed to the exceptional thermal conductivity of fullerene

nanoparticles. Thermal conductivity plays a pivotal role in heat transfer efficiency, as it enables a faster

dissipation of heat from the battery module. Fullerene’s high thermal conductivity enhances convective

heat transfer within the cooling system, leading to a more effective cooling performance.

These observations underscore the importance of nanoparticle selection and its impact on enhancing

the thermal transport properties of nanofluid-based cooling systems. By optimizing fluid composition
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and flow dynamics, engineers can effectively improve heat dissipation and enhance the overall thermal

management of battery systems.

Figure 5. Effect of nanofluids on the ∆Tmax of the module as a function of the inlet velocity

Figure 6. Module temperature contours (cooling fluid: water)
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Figure 7. Module temperature contours (cooling fluid: water/Al2O3)

Figure 8. Module temperature contours (cooling fluid: water/Cu)

6.4. Effect of nanoparticle volume fraction on temperature distribution

To investigate the impact of the fullerene nanoparticle volume fraction on the module’s temperature

distribution, the volume concentration was varied from 0.01 to 0.04. The results are depicted in Fig. 12,

where it is evident that the temperature difference decreases with an increasing volume fraction. This

reduction indicates that nanofluids effectively contribute to battery cooling.
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Figure 9. Module temperature contours (cooling fluid: water/C)

Figure 10. Effect on nanofluids on the Nusselt number as a function of the Reynolds number

It has been widely recognized in the industry that the optimal operating temperature range for

Li-Ion Batteries is between 20 and 40 °C, with the temperature difference (∆T ) ideally controlled below

6 °C. Effective thermal management, facilitated by nanofluid cooling systems, plays a critical role in

maintaining these temperature parameters within safe and efficient limits.
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Figure 11. Rate of heat transfer improvement in the presence of nanofluids (ϕ=0.01)

Figure 12. Variation in temperature difference as a function of the fullerene nanoparticle volume fraction

(Te=298k, V=0.3 m/s)

7. Conclusion

In this work, a two-dimensional numerical study was conducted, with the aim of investigating the

cooling of a Li-ion battery using nanofluids. We employed a stationary laminar regime and utilized the

mixture multiphase model to simulate a two-phase flow. The key findings are summarized below.

- The temperature distribution within the battery module exhibits non-uniformity at inlet velocities

below 0.2 m/s.

- Temperature differences stabilize noticeably for inlet velocities exceeding 0.3 m/s.
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- The incorporation of nanofluids leads to significantly reduced module temperatures.

- Fullerene nanoparticles demonstrate superior cooling performance compared to other

nanoparticle types.

- Achieving a nanoparticle volume fraction exceeding 2 % results in a nearly uniform temperature

distribution within the module, as well as in reduced cell temperatures.

These results underscore the effectiveness of nanofluids in enhancing battery cooling efficiency, with

fullerene nanoparticles proving particularly advantageous. Optimizing the nanoparticle concentration

and flow dynamics can effectively improve thermal management strategies for Li-ion battery systems.
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Resumen

Contexto: La recolección de energía se ha posicionado como un área de investigación emergente debido a los
desarrollos recientes en electrónica de baja potencia, el Internet de las Cosas y la inteligencia artificial. La literatura
ha propuesto diversos circuitos basados en diodos y otras alternativas, pero la aplicación de circuitos CMOS de
tipo cross-coupled, específicamente en sistemas piezoeléctricos de recolección de energía, no ha sido explorada
adecuadamente.
Método: Se llevó a cabo un estudio experimental para evaluar el desempeño de un multiplicador de voltaje de dos
etapas basado en transistores MOS tipo cross-coupled en la recolección de energía piezoeléctrica y solar. Se utilizó
un disco piezoeléctrico para evaluar la salida. La señal piezoeléctrica se obtuvo aplicando una pequeña presión en
la entrada, y en la configuración solar se empleó un panel de 6 V.
Resultados: El circuito propuesto proporciona una ganancia de voltaje de 1.91 veces en el recolector de energía
piezoeléctrica.
Conclusiones: El circuito multiplicador de voltaje de dos etapas, basado en transistores MOS tipo cross-coupled,
presenta un mejor desempeño que la alternativa basada en diodos en el recolector de energía piezoeléctrica. Estos
resultados experimentales brindan perspectivas alentadoras para aplicaciones de energía verde, electrónica de baja
potencia y el Internet de las Cosas, entre otras.

Palabras clave: energía piezoeléctrica, MOS cross-coupled, multiplicador de voltaje, convertidor elevador solar,
recolección de energía solar
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1. Introduction

Energy harvesting has positioned itself an emerging area of research due to recent developments in

low-power electronics, the Internet of Things (IoT), and artificial intelligence (AI). Various diode-based

circuits and alternatives have been proposed in the literature, aiming for the development of different

technologies (1–3).

For instance, (4) presented a review on powering different wireless sensors from ambient energy

sources. Multiband RF energy-harvesting circuits (5) have also been proposed. (6) discussed the

recent advancements in different energy-harvesting technologies, and (7) proposed the use of CMOS

circuits for efficient RF-to-DC energy conversion. (8) used an NMOS RF-to-DC rectifier, achieving a
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57.6 % power efficiency. However, it is difficult to implement diode-based circuits in typical CMOS

processes (9,10). MOS-based energy harvesting circuits are rather scarce in the specialized literature, and

they yield lower output voltage and power compared to conventional diode-based energy-harvesting

circuits (11, 12). This is due to the large drain-to-source voltage drop (13).

MOS-based circuits (Dickson, Villard, etc.) offer better a performance. Among them, the Dickson

charge pump is very popular in energy harvesting. For example, (9) proposed a high-gain

MOS-based traditional Dickson charge pump circuit, and (10) introduced a step-up converter

using a MOSFET-based Dickson charge pump. The latest development is a cross-couple MOS-based

circuit (14, 15), which significantly improves AC-to-DC conversion efficiency while exhibiting a low

ripple at the output when compared to MOS-based Dickson charge pumps. Furthermore, (16) proposed

a modified cross-coupled energy-harvesting circuit that provided 46 % efficiency using 180 nm CMOS

technology. On the other hand, (17) proposed a cross-coupled active rectifier-booster for broadband

wireless energy harvesting, and (18) proposed a self-bias cross-coupled MOS rectifier for RF energy

harvesting. (19) compared the performance of diode-based and cross-coupled MOS-based circuits.

However, to the best of the author’s knowledge, the application of CMOS cross-coupled circuits,

specifically in piezoelectric energy-harvesting circuits, has not been properly explored in the literature.

This work proposes a cross-coupled voltage multiplier circuit for solar (20–23) and piezoelectric

energy (24–26) harvesting applications.

This study evaluated the experimental performance of a two-stage MOS-based cross-coupled

voltage multiplier circuit for piezoelectric and solar energy-harvesting systems. 3205 n-channel and

9250 p-channel MOSFETs, as well as 100 nF capacitors, were used for designing the aforementioned

circuit. The basic block diagram of this proposal is shown in Fig. 1. In addition, it should be noted that

a self-driven solar-powered boost converter (27, 28) was considered.

Figure 1. Block diagram of the cross-coupled MOS-based piezoelectric energy-harvesting circuit

2. Cross-coupled MOS-based voltage multipliers and their advanta-

ges

The two-stage cross-coupled MOS-based voltage multiplier circuit (29) is shown in Fig. 2. The circuit

consists of two n-channel MOS and two p-channel MOS at every stage. It has a low threshold voltage
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drop and is suitable for energy-harvesting applications. The output voltage for the n-stage using Eq. (1).

DDC = N · Vm (1)

Figure 2. Two-stage cross-coupled MOS-based energy-harvesting circuit

3. Experimental setup and performance analysis

A simple experimental setup was designed to analyze the performance of the proposed circuit. A

1 MHz function generator was used for applying the input voltage, as well as a dual trace CRO for

observing the input and output waveform. The output voltage was measured by means of a voltmeter.

For the experimental study, a 1 V peak AC signal was applied at the input of the two-stage

cross-coupled voltage multiplier circuit, which provided a 747 mV DC voltage at the output (Fig. 3).

Next, the performance of the multiplier circuit was studied in the context of a piezoelectric

energy harvester, as shown in Fig. 4. Using one finger, a small pressure was applied on the disc-type

piezoelectric materials. This yielded a 6.88 V rectified DC output voltage for a 3.6 V AC input.

The output current of the Piezo-electric harvester was also measured. The maximum DC output

current of the proposed multiplier circuit was 8 uA for a 1 KOhm load at the output (Fig. 5).

Then, we assessed the output performance of a three-stage Schottky diode-based voltage multiplier

circuit in the piezoelectric energy harvester. This circuit is a combination of the Greinacher and Villard

voltage multiplier circuits. At the input, a 2.5 V AC input signal was applied via piezoelectric pressure,

as shown in Fig. 6. The analyzed circuit provided a 3.62 V rectified DC output voltage. This experimental

study revealed that cross-coupled voltage multiplier circuits yield a comparatively higher output

voltage than their diode-based counterparts in piezoelectric energy-harvesting circuits.
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Figure 3. Rectified DC output voltage of the proposed circuit

Figure 4. AC input and rectified DC output of the two-stage cross-coupled piezoelectric harvester

Figure 5. Output current of the proposed piezoelectric energy harvester

The different experimental output parameters of the piezoelectric energy harvester were determined

for varying load resistance values. This is summarized in Table I.
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Figure 6. Input voltage from of the piezoelectric energy harvester with the diode-based circuit

Table I. Output parameters of the piezoelectric energy harvester for different load resistances

Maximum

input voltage

(V)

Load

resistance

(KΩ)

Output

voltage

(mV)

Output

current

(µA)

Output

power

(µW)

5.86

0.220 2.27 25 0.056

1 8 20 0.16

10 127 17 2.15

100 1130 13 14.69

1000 7380 10 73.8

Open 8620 - -

Afterwards, the performance of the cross-coupled voltage multiplier circuit was analyzed on a solar

energy source. To this effect, a 6 V solar panel was used, with the aim of enhancing its output voltage.

The DC output of the solar panel was converted into a pulse signal by means of a pulse generator, using

a simple 7414 IC. The output voltage was 1.40, as well as 1.35 V for the open circuit, for a 1 MΩ resistance

(Fig. 7).

Figure 7. Voltages obtained for a 1 MΩ load resistance

The experimental results show that the cross-coupled voltage multiplier circuit provides a better

output for the piezoelectric energy harvester when compared to the solar panel.
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4. Comparison

Using ORCAD 10.5, the simulated performance of the proposed cross-coupled voltage multiplier

circuit was determined, as shown in Fig. 8. The results were compared against the findings from our

experiments. The simulated vs. experimental output performance of the circuit in the piezoelectric

energy harvester is shown in Fig. 9. Note that the experimental values almost follow the simulated

ones. The same AC input voltage of 3.6 V was applied in both studies. As previously mentioned, 3205

n-channel and 9250 p-channel MOSFETs, as well as 100 nF capacitors, were used for designing the

proposed circuit. Both MOS have a low resistance, and the 9250 p-channel exhibits a fast switching

speed. On the other hand, the simulation employed a 3205 N MOSFET and 100 nF capacitors. The 3205

N MOSFET had a resistance of 8 mΩ. These MOSFETs can be operated at a 100 V drain-to-source voltage.

By means of simulation, a transient analysis of the proposed circuit was carried out.

Figure 8. Two-stage cross-coupled MOS-based voltage multiplier circuit

Figure 9. Comparison between experimental and simulated results
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The output power and the efficiency of the proposed circuit were also determined: it provides 2.2

mW of rectified output power for a 100 Ω load under a 1 V AC input (Fig. 10). The input power was

calculated using Eq. (2).

Pin =
V 2

peak-peak

2 ·
√
2 ·RL

(2)

3.53 mW were obtained for a 1 V AC input and a 100 Ω load resistance.

Figure 10. Simulated power for a 100 Ω load resistance

The proposed circuit exhibited a 62.32 % efficiency, as calculated using Eq. (3).

%Efficiency =
Pout

Pin
× 100% (3)

This experimental study revealed that our cross-coupled voltage multiplier is suitable for enhancing

the output level of the analyzed piezoelectric energy harvester and solar-powered boost converter (Fig.

11). Table II compares the output performance of different energy-harvesting sources.

Figure 11. Solar-powered energy harvester
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Table II. Comparison of experimental and simulated results for the proposed energy harvester

Energy harvesting circuit Method Vin (V) Vout (V)

Cross-coupled MOS-based

voltage multiplier circuit

Experimental values 3.6 6.86

Simulated values 3.6 7.2

The design parameters of the proposed circuits are summarized in Table III.

Table III. Design parameters of the MOS-based cross-coupled circuit

Circuit Components
Load resistance

values

Two-stage cross-

coupled voltage

multiplier

IRF 3205, 9540N

MOSFET, 100 nF

capacitors,

220 Ω, 1 KΩ,

10 KΩ, 1 MΩ

A comparison of the author’s proposed circuit against other energy-harvesting systems in the

published literature is given in Table IV. This proposal shows significant improvements.

Table IV. Performance comparison vs. previously published energy-harvesting circuits

Energy

harvesting

circuit

Maximum

output

voltage (V)

Design Approach,

complexity,

size, cost

Applications

Proposed MOS-based

piezoelectric energy

harvesting circuit

6.88
Simple circuit,

easy to manufacture,

small size, low cost

IoT devices, low-

power electronics

Prototype of a piezo

energy harvester (30)
1.8

Easy to manufacture,

small size
Power conditioning

Piezoelectric voltage

multiplier circuit (31)
4.3 V

Simple circuit, easy to

design, small size,

low cost

Mobiles with keypad

and sound

vibrations

Piezoelectric

nanogenerators and

vibrational energy

harvesters (32)

1.5 Complex design
Analysis for energy

harvesting devices

5. Conclusions

This work evaluated the experimental performance of a two-stage cross-coupled MOS-based

voltage for piezoelectric and solar energy harvesting. The results show that the designed circuit

performs better in piezoelectric energy harvesting, as it enhances the input voltage by 1.91 times.
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A diode-based circuit was also evaluated in the piezoelectric energy harvester, providing a 1.44-fold

increase in the output voltage compared to the input. The experimental study showed that the two-stage

MOS-based cross-coupled voltage multiplier circuit performs better than the diode-based alternative,

with encouraging prospects for green energy, low-power electronics, and IoT, among others.
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Abstract
Context: This article examines access to electrification in rural areas within the 
framework of Sustainable Development Goal 7 (SDG7), which seeks to ensure access 
to modern, affordable, and sustainable energy for all. It identifies common barriers 
to energy access in rural communities and highlights the limitations of conventional 
approaches, emphasizing the need for integrative and participatory decision-making 
processes in rural electrification projects.
Method: This study proposes an integrative decision-making model based on design 
thinking, the systemic approach, participatory action research (PAR), and the principles 
of behavioral economics. This model prioritizes community participation and the 
cultural and contextual appropriateness of electrification solutions, supported by 
participatory tools such as empathy maps and digital surveys to identify both explicit 
and latent energy needs and preferences.
Results: The results show that integrating participatory and behavioral approaches 
strengthens community governance, improves the acceptance of electrification 
systems, and optimizes the use of technical and financial resources. Active community 
engagement increases trust in energy solutions, while behavioral design strategies 
promote more efficient energy use without compromising user comfort. Additionally, 
participatory tools reveal non-obvious energy demands and social barriers often 
overlooked by purely technical assessments.
Conclusions: The findings demonstrate that a successful rural electrification depends 
not only on technological solutions, but also on inclusive, context-aware decision-
making processes. The proposed integrative model contributes to sustainable human 
development by enhancing the acceptance and long-term sustainability of electrification 
projects in rural areas.
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Resumen

Contexto: Este artículo examina el acceso a la electrificación en zonas rurales en el marco del Objetivo de Desarrollo 
Sostenible 7 (ODS7), que busca garantizar el acceso a energía moderna, asequible y sostenible para todos. Se 
identifican las barreras comunes en el acceso energético en comunidades rurales y se destacan las limitaciones de los 
enfoques convencionales, resaltando la necesidad de procesos de toma de decisiones integradores y participativos 
en los proyectos de electrificación rural.
Método: Este estudio propone un modelo integrador de toma de decisiones basado en el design thinking, el enfoque 
sistémico, la investigación-acción participativa (IAP) y los principios de la economía del comportamiento. Este 
modelo prioriza la participación comunitaria y la adecuación cultural y contextual de las soluciones de electrificación, 
apoyándose en herramientas participativas como los mapas de empatía y las encuestas digitales para identificar 
necesidades y preferencias energéticas tanto explícitas como latentes.
Results: Los resultados muestran que la integración de enfoques participativos y conductuales fortalece la gobernanza 
comunitaria, mejora la aceptación de los sistemas de electrificación y optimiza el uso de los recursos técnicos y 
financieros. La participación activa de las comunidades incrementa la confianza en las soluciones energéticas, 
mientras que las estrategias de diseño conductual promueven un uso más eficiente de la energía sin comprometer 
la comodidad del usuario. Asimismo, las herramientas participativas permiten identificar demandas energéticas no 
evidentes y barreras sociales que suelen ser ignoradas por evaluaciones exclusivamente técnicas.
Conclusiones: Los hallazgos evidencian que el éxito de la electrificación rural no depende únicamente de soluciones 
tecnológicas, sino también de procesos de toma de decisiones inclusivos y sensibles al contexto. El modelo integrador 
propuesto contribuye al desarrollo humano sostenible al mejorar la aceptación y la sostenibilidad a largo plazo de los 
proyectos de electrificación en zonas rurales.

Palabras clave: electrificación rural, desarrollo sostenible, ODS, toma de decisiones, participación comunitaria

Table of contents
Page

1. Introduction	 2

2. Sustainable development, the 2030 
Agenda, and SDG7	 5

3. Principles to be considered in 
rural electrification projects                                6
3.1 Good living, or Sumak Kawsay                     6
3.2 Responsible well-being                                    7
3.3 Consumption habits and satisfaction          8

4. Decision-making in rural 
electrification projects                                               9
4.1 Design thinking	 10
4.2 Systemic approach                                            11
4.3 Participatory action research                        11
4.4 Behavioral economics                                      12

5. Methodological proposal for 
decision-making in rural 
electrification projects                                              13

6. Preliminary findings                                             17

7. Conclusions	                                                              24

8. Author contributions                                            24

https://orcid.org/0000-0003-3850-3423


|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e22887 | 3 of  30

Integration of Systemic and Participatory Approaches. . . D. García-Miranda et al.

1. Introduction

In 2015, the United Nations issued the 2030 Agenda for Sustainable Development and formulated 
the Sustainable Development Goals (SDGs). This agenda comprises 17 goals to transform the world, 
creating a route that allows for global sustainable development by 2030, under the vision of ‘leaving no 
one behind’ (1). One of these goals, SDG7, focuses on universal access to modern, reliable, sustainable, 
and affordable energy (2). Herein lies the fundamental challenge of policy formulation and the energy 
trilemma (3)–(7).

However, an assessment of the global monitoring framework shows that indicators in rural areas 
are lower than the proposed targets (4), (8), (9). Global access to electricity in rural areas has increased 
significantly in recent decades, but this number is still too low for achieving the 2030 target (10). 14% of 
the world's population, about 800 million people, live in areas with no access to modern energy systems. 
About 84% of these people live in rural areas, and more than 95% of people without electricity live in 
countries in Africa, sub-Saharan Africa, and developing Asia. In addition, many of those who have access 
to electricity receive a poor-quality service and are therefore unable to reap the socioeconomic benefits 
and well-being levels that electricity service can provide (10), (11).

Users in rural areas are heterogeneous, and, in some cases, may act contrary to the community's 
expectations and concerns regarding their electrification system. In order to improve their well-being, 
electrification projects should consider innovation processes for energy solutions that involve collective 
participation and respect for the environment, which are two characteristic elements of the Sumak 
Kawsay vision (or ‘Good living’) (12), (13). Furthermore, the role of technology in development, local 
empowerment (key to well-being) (14), responsible welfare (where the personal, social, and environmental 
converge under a new prism) (15), and people's realities must be taken into account in order to meet their 
needs (16).

This study is motivated by the critical need to transition from traditional technocratic approaches 
to holistic and contextual frameworks in the field of rural electrification. Conventional models 
often fragment planning and implementation processes, failing to account for the complexities and 
interdependencies inherent in rural contexts, particularly in developing regions such as Latin America. 
This integrative work proposes a collaborative methodology that combines several approaches into a 
cohesive operational framework, aiming to facilitate a more adaptive rural energy planning strategy. 
In the literature, (17) highlight the need for comprehensive rural electrification policies that address 
energy supply while incorporating social, economic, and environmental considerations. They argue 
that fragmented strategies result in inadequate implementation and overlook vital local needs. Thus, 
integrating diverse perspectives through a holistic framework is paramount. 

https://orcid.org/0000-0003-3850-3423
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The work of (18) illustrates the impact of photovoltaic (PV) systems on isolated communities, 
demonstrating that a contextual understanding of energy solutions leads to more successful rural 
electrification practices. Their findings emphasize the importance of tailoring energy solutions to the 
unique socioeconomic contexts of communities and support the argument for a framework that can be 
adapted across various settings. This idea resonates with the studies conducted by (19), who advocate 
for the use of geographic information systems (GIS) as a method to locally assess rural electrification 
alternatives. This approach allows decision-makers to consider community-specific factors, such 
as geographic constraints and infrastructure availability, when planning energy interventions. By 
accounting for these local factors, a more integrated and sustainable energy approach can be established.

Furthermore, the need for context-aware methodologies is emphasized by the community-based 
solar mini-grid management frameworks discussed by (20), who highlight the importance of effective 
management and community engagement, which are crucial for the sustainability of rural electrification 
projects. This example highlights the importance of stakeholder involvement and the necessity of 
community-centric strategies in energy planning.

A key point in discussions about holistic planning is the need to consider the socio-emotional impact 
of electrification on communities. (21) argue that sustainable electrification can transform the social and 
economic well-being of regions, such as Mixteca in Oaxaca, Mexico, by promoting inclusive development 
through multidimensional analyses incorporating both quantitative and qualitative data. This type of 
analysis is essential for identifying the genuine needs of communities and developing targeted and 
effective interventions. Furthermore, the inclusion of participatory methodologies in planning is crucial. 
(22) propose the use of participatory rural appraisal (PRA), which allows community members to identify 
and prioritize their problems through a collaborative approach. This approach empowers citizens and 
ensures that the solutions adopted align with true local priorities, thereby improving the sustainability 
of electrification projects.

The study by (23) emphasizes the importance of considering rural electrification within a wider 
context, where investments in renewable energy should be coupled with improvements in access to 
technology and infrastructure development. This interconnected approach suggests that electrification 
policies should be holistic and coordinated with other development initiatives in order to maximize their 
economic and social benefits.

The active participation of women in planning is another crucial element in achieving sustainable 
rural development and electrification. Studies such as (24) highlight how gender barriers limit women's 
inclusion, although there have been improvements in their participation in community assemblies. 
Increasing female representation in planning decisions is not only a matter of equity; it also promotes a 
more comprehensive and diverse vision, which can lead to more sustainable solutions.

https://orcid.org/0000-0003-3850-3423
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In addition, it is essential to create specific planning instruments that consider local realities. The 
work of (25) in the Chorotega region of Costa Rica emphasizes the importance of designing territorial 
rural development plans (TRDPs) that cater to the unique characteristics and needs of each territory, 
thereby facilitating a tailored approach that enables a more targeted development, focused on people's 
well-being.

Synthesizing these insights, the proposed framework encompasses methods that combine 
participatory practices, contextual analysis, and integrative planning strategies, ensuring that the voices 
of rural populations inform the energy solutions they adopt. This multi-faceted approach aims to bridge 
the existing gap in rural electrification strategies, providing a replicable model that is adaptable to 
various cultural and geographical contexts, thus promoting long-term sustainability and resilience in 
energy access.

This article proposes the integration of systemic and participatory approaches into decision-making in 
order to facilitate access to electrification in rural areas. It is organized as follows. Section 2 discusses how 
the effective implementation of SDG7 in these areas can improve social, economic, and environmental 
conditions. Section 3 presents the key principles for rural electrification projects, i.e., cultural respect, 
community participation, and the integration of social and environmental factors to ensure sustainable 
implementation. Sections 4 and 5 introduce the proposed decision-making methodology for rural 
electrification, integrating systemic analysis, PAR, design thinking, and behavioral economics to address 
technical and socio-contextual complexities within a coherent operational framework. Section 6 describes 
the preliminary validation of the proposed model through participatory exercises and simulated 
scenarios, highlighting the social, technical, and behavioral findings that demonstrate its applicability 
and explanatory value. Finally, the conclusions of this work are presented in Section 7.

2. Sustainable development, the 2030 Agenda, and SDG7

The literature on the subject of sustainable development (SD) is both abundant and discordant (26). The 
most commonly cited definition is that proposed by the United Nations Commission on Environment 
and Development, also known as the Bruntland Commission, in 1987 (10): “sustainable development is 
development that meets the needs of the present without compromising the ability of future generations 
to meet their own needs.”

The concept of SD has acquired a deeper meaning with the adoption of the 2030 Agenda. Beyond 
the traditional focus on social inclusion, economic growth, and environmental protection, two essential 
components have been added: collective participation and peace (2), (27). Moreover, the notion of 
integrated and holistic thinking is visibly entering the global policy discourse (7).
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The 2030 Agenda gives rise to the 17 SDGs, providing concrete form to the challenge of moving 
from an approach based on economic growth and income to a comprehensive approach that includes 
the multiple dimensions that influence people's progress (28), (29). These goals represent humanity's 
consensus on the type of development that people want to reach, establishing a minimum of opportunities 
and well-being levels to which every human being is entitled and defining humanity's obligations to the 
planet and its future generations (30). SDG7 plays an essential role in achieving all other SDGs; 125 of the 
169 proposed targets are related to energy use (5).

Thus, the SDGs are not just items on a list; they represent a holistic approach to creating long-term 
solutions to structural gaps (2) and addressing key systemic barriers to sustainable development, such as 
inequality, unsustainable production and consumption patterns, inadequate infrastructure, and the lack 
of adequate jobs (5), (27), (31).

3. Principles to be considered in rural electrification projects

There are diverse opinions on the different development models and the setbacks they have caused—
in some cases, failures associated with technical assistance—, perceptible in the loss of identity and cultural 
values and the reduction of spaces for participation and democratic exercise (32), (33). SD should take 
place within the framework of the search for sustainable societies, with freedom, participation, justice, 
and opportunities for human development, especially for the less privileged sectors of society (34).  

An integral vision of SD should test new models of interaction for the development and management 
of resources (e.g., electricity), combining technical expertise and the collaboration of academia while 
enriching and expanding social, cultural, and physical aspects, relying on the cultural richness of people, 
local citizen organization and participation, and decision-makers. Some of these assumptions are listed 
below.

3.1 Good living, or Sumak Kawsay

This is a paradigm of well-being, alternative to the Western paradigm, derived from the modern 
cosmovision known as development, which offers the possibility of building a society based on the 
harmonious coexistence of human beings and their diversity, in harmony with nature and based on the 
recognition of the diversity of cultural values that exist in each country and around the world (12), (13), 
(35). 

It is worth mentioning that the concept and vision of good living is found in different indigenous 
peoples of Latin America (Table I), but it is not limited to them. Similar approaches can be found in other 
multicultural contexts with a critique of the classical development model (12), (35).
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Table I. Good living of indigenous peoples of Latin America (36)–(40)  

Name Indigenous group Country General translation

Sumak Kawsay Quechua Ecuador Living well, good living

Shiir Wara Achuar Ecuador Well-being, good living

Penker Pujustin Shuar Ecuador Well-being, good living

Suma Qamaña Aymara Bolivia Living well, good living

Teko Kavi, Ñandereko Guaraní Paraguay Harmonious life

Lekil Kuxlejal (Maya) Tsotsil and Tseltal México Dignified and just life

Yeknemillis Nahua México Good life

Küme Mongen Mapuche Chile Harmonious life

Utz K’aslemal (Maya) K´Iche and Kaqchikel Guatemala Good life

Allin Kawsay Quechua Peru Life in balance

Kametsa Asaiki Asháninka Peru Autonomous life

Bunkwanarrua Misak Colombia Harmony with the terri-
tory and the community

Ley de Origen Koguis, wiwas, arhuacos y 
kankuamos Colombia Vital balance

Ñañu Pemón Venezuela Good life

One of the key aspects of Sumak Kawsay is the role of participation. The community is the place 
where reciprocity, complementarity, solidarity, spirituality, and self-righteousness are developed (12). 
Sumak Kawsay is taken as an example of the kind of concept that should be used as a goal for local terms 
to define community-based efforts. This vision draws on the thinking of Amartya Sen, who advocates 
for a development that focuses on human freedoms rather than economic growth (41). Sumak Kawsay 
goes straight to the heart of what humanity wants and what should be the primary goal of governments: 
a good quality of life.

3.2 Responsible well-being

The human development approach proposed by the United Nations emerges as an alternative to 
economic approaches that are overly concerned with the growth of the gross national product and the 
national income. It considers that the well-being of a society depends on the use of income and not on the 
level of income itself, that the expansion of production and wealth should be only a means, while the end 
of development should be human well-being (42).
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The concept of responsible well-being is related to Sumak Kawsay, which should be a guide for 
analyzing the energy needs of households and communities (43) (44) proposed responsible well-being as 
a way to combine concepts of welfare and personal responsibility. This approach gives a prominent role 
to personal well-being and does not require an altruistic citizen behavior.

(43) delved deeper into the issue by examining responsible well-being in terms of energy consumption, 
employing Max-Neef’s energy threshold hypothesis in terms of economic growth and quality of life, where 
any consumption beyond a threshold is not responsible and does not improve individual well-being.

Three regions are identified in the curve in Fig. 1. Region 1 shows low levels of consumption, bounded 
by a minimum necessary consumption point. This level of consumption is a necessary but not sufficient 
condition for achieving welfare in the context of the 21st century. There is a strong increase in well-being 
in the poverty region related to the increase in consumption, an increase between 1 and 2 is 100%, but 
an increase from 0 to 1 is ∞ (45). Region 2, or the responsible well-being region, contains levels of energy 
consumption that allow achieving individual welfare, but it does not extend to an excessive consumption 
that is likely to limit the ability of others to access a good quality of life, ultimately reducing individual 
well-being (43). Finally, in region 3, which is characterized by the transgression of Manfred Max-Neef's 
threshold hypothesis, formulated from the perspective of ecological economics (45), further increases 
would not improve quality of life; they might even reduce it. 

Figure 1. Responsible well-being and threshold limit (43)

Furthermore, actions, choices, and decisions are beyond individual actions. Personal well-being is 
linked to the well-being of others and to the ecosystem that supports it, so, in practice, the concept of 
responsible well-being contributes effectively to a comprehensive human development project (43).
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3.3 Consumption habits and satisfaction

A connection has long been established between technology and everyday life, not only in relation 
to devices, but also including the human behaviors towards them, especially with electrical energy 
and household appliances (46). Needs and habits are strong enough for the adoption of the new useful 
technologies or products that users incorporate into their way of life (34), wherein comfort and satisfaction 
are intrinsically linked to the use of electrical energy (47).

Daily activities related to household energy are influenced by the way in which these activities are 
performed. Satisfaction is based on occupants' perceptions and how their expectations can be met (47). 
The concept of sustainability, based on the satisfaction of human development needs, invites a broadening 
of our perspective beyond merely meeting needs, aiming at increasing capabilities and focusing on 
people's empowerment, their freedoms, and their ability to be agents of change (48).  

4. Decision-making in rural electrification projects

The ability of technology to meet rural energy needs has already been demonstrated, especially for 
those based on renewable energy sources, such as solar PV systems, small wind power generators, micro- 
and mini-hydropower plants, and biomass and diesel generators (49), (50). However, the strategies 
used to implement these solutions determine their viability and impact on the quality of life and the 
promotion of socioeconomic development in rural communities. In this sense, we propose organizing 
these strategies into three main levels of generation and distribution systems, ranging from individual 
systems to microgrids connected to the grid or to other microgrids, which can provide different benefits 
or services depending on what is required. This is shown in Fig. 2.

Figure 2. Proposal for the organization of generation and distribution strategies in rural areas
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Individual systems (level 1). This is the most basic level, generally consisting of small DC or AC systems 
(e.g., PVs) serving small and dispersed loads typical of isolated rural dwellings. The main advantage of 
these systems is their simplicity and low initial cost, which makes them an immediate solution for areas 
with very low population density. However, their limited capacity means that they cover only the lowest 
level of energy access, limiting their impact on community productivity and economic development.

Nano-, micro-, or mini-grids (level 2). These provide distributed, radial systems that can operate on DC 
or AC power, aggregating multiple energy sources and loads. These grids offer a more robust power 
supply than individual systems and allow for both social and productive uses. At the community level, 
these solutions enable significant improvements in social and economic well-being, provide sufficient 
energy for critical infrastructure, and promote sustainable development in rural areas.

Microgrids connected to the grid or to other microgrids (level 3). At the most advanced level, connected 
microgrids offer AC meshed systems that enable energy exchange with other microgrids or with the main 
power grid. These grids are designed to operate flexibly, adapting to both distributed energy resources 
and distributed loads. Not only does this type of grid meet the energy needs of the community; it also 
supports modern lifestyles by allowing the use of technology applications 24 hours a day, promoting 
food security and sustainable production. 

However, introducing technologies without considering cultural contexts and preferences often leads 
to low technology adoption or the inefficient operation of electricity services (51), (52). Predominantly 
technocratic approaches are more like technological wishlists than representations of the real needs and 
capabilities of a community, or of the well-being that comes from using electrical or electronic devices in 
households, especially for the poorest.

In the discourse around the SDGs, electrification facilitates the satisfaction of basic needs and 
improves people's standard of living (as proposed by human capital theories), which is, therefore, where 
the emphasis should be placed. 

In this context, we propose a strategy for decision-making in rural electrification projects that 
combines design thinking, the systemic approach, PAR, and the principles of behavioral economics. 

4.1 Design thinking

Design thinking is a creative and collaborative methodology that places users at the center of the 
design process and promotes innovation through a nonlinear, iterative, and collaborative approach (53)–
(56). In the context of rural electrification projects, it is possible to identify the following qualities of 
design thinking (53)–(56):
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•	 Focus on human needs. By placing people at the center of the design process, electrification solutions 
can be better tailored to the real needs of the community.

•	 Innovation and creativity. In the phases pertaining to design and solutions (many of them innovative 
and creative), the interaction between different key stakeholders is fundamental.

•	 Rapid prototyping. One of the strengths of this methodology is the creation of pilots and prototypes, 
as well as the rapid testing of solutions within the community. Testing energy systems—or 
emulating them in a reduced environment—allows learning from mistakes, adapting to local 
conditions, and improving the solution before full implementation.

•	 Continuous iteration. Through the continuous cycle of feedback and improvement, solutions can 
be adapted based on direct community interaction. This ensures that the final system is efficient, 
functional, and accepted by end users.

4.2 Systemic approach

This is a methodology that considers the interaction between different elements and actors within 
a system in order to address complex problems (57)–(59). In rural electrification projects, a systemic 
approach is fundamental to understanding the interrelationships between technical, social, economic, 
political, and environmental factors. This approach has the following qualities for rural electrification 
projects (57)–(59):

•	 Mapping of linkages: identifying how technical decisions affect social (equity of access), economic 
(cost of implementation), and environmental (use of natural resources) dimensions.

•	 Informed decision-making: using multi-criteria analysis or simulation tools to assess how different 
electrification alternatives affect a system, ensuring a holistic approach to structured decision-
making as well as the involvement of all stakeholders.

•	 Managing complexity: facilitating a more flexible and adaptive decision-making process that is able 
to respond to changes in the local context or in the community’s needs, given that electrification 
projects in remote rural areas often face many dynamic and changing factors, such as those 
associated with energy policy, economic, or climatic conditions.

4.3 Participatory action research 

PAR is a collaborative research methodology that involves community members throughout the 
process (60)–(64). It focuses on solving concrete problems that affect the community while generating 
practical and meaningful knowledge and ensuring that the proposed solutions are tailored to local needs 
and capacities. It consists of four main phases: planning, action, monitoring, and reflection. In the context 
of rural electrification projects, PAR includes the following (60)–(64):
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•	 Community empowerment: active involvement of the community in all stages of the project, from 
needs assessment to implementation and monitoring. 

•	 Shared diagnosis and local adaptability: enabling the design of solutions adapted to the community's 
specific context (climatic, economic, cultural), as the community itself participates in the diagnosis 
and planning process. 

•	 Capacity building: involving community members in the implementation and operation of the 
electricity system, thereby ensuring that they acquire technical skills for the maintenance and 
management of the infrastructure.

•	 Trust building: active participation in decision-making, fostering a greater sense of ownership 
and commitment among the members of the community.

•	 Sustainable solutions: addressing not only energy needs, but also cultural, social, and environmental 
issues by integrating local knowledge and community perspectives.

4.4 Behavioral economics

This approach regards humans as irrational and emotional beings influenced by cognitive biases, 
mental shortcuts (heuristics), emotional factors, and experience when making decisions (60)–(64). 
Behavioral economics combines principles from economics and psychology to explain why people, in 
practice, do not always make rational or optimal decisions. 

In rural electrification projects, the use of nudges is essential for encouraging the adoption of 
sustainable energy technologies. Some strategic nudges adapted to the studied context include the 
following:

•	 Making it visible and common. Examples of neighboring communities that already use renewable 
systems successfully can create a 'herd effect', motivating other households to follow the same 
trend. 

•	 Using standard options. Offering standardized alternatives makes decision-making easier. 

•	 Emphasizing immediate benefits. Visible improvements should be highlighted, such as reduced 
costs or the ability to extend study time with night lighting.

•	 Deferring losses. Allowing for deferred payments or instalment financing reduces the sense of 
initial financial loss.

•	 Making it automatic and hassle-free. Automatic payment plans with instalments adapted to families' 
ability to pay could be established.

•	 Establishing new habits. Training project staff to guide communities in sustainable energy practices 
encourages the creation of new habits. 
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•	 Tied or bundled enrolment. Integrating energy technology into the adoption of social or community 
programs facilitates access to systems.

•	 Reducing cognitive overload. Adoption processes could be simplified by providing clear and 
structured information.

•	 Encouraging self-monitoring. Energy savings targets could be set using meters that allow for real-
time consumption monitoring.

•	 Encouraging positive behavior. Publicly recognizing communities that adopt sustainable practices 
creates a motivating effect.

5. Methodological proposal for decision-making in rural electrification 
projects

Integrating the four approaches described in the previous section makes it possible to address issues 
related to the adoption, sustainability, and appropriation of energy technologies in rural communities 
while maximizing the active participation of local actors in the planning and implementation process, 
overcoming the limitations of traditional approaches that often fail to capture the complexity of human 
behavior and isolated rural communities.

Considering the above, the proposed methodology addresses the main complexities associated 
with community participation in electrification projects while considering technical, economic, social, 
political, environmental, and regulatory aspects, whose influence may vary depending on the type of 
user, the region, or the time horizon considered.

The systemic approach allows incorporating some variables with intrinsic characteristics and 
therefore cannot be evaluated in a fragmented manner. An example of this interconnection is the behavior 
of user demand, which simultaneously influences and is influenced by economic, technological, social, 
and environmental factors. Behavioral economics allow for improved acceptance and adoption of new 
technologies, facilitating the transition to sustainable energy systems through strategies that reduce 
resistance to change. Meanwhile, PAR encourages active community participation, involving its members 
in all phases of the project and enabling culturally relevant and accepted solutions. This participation 
is also essential for ensuring long-term technical, social, and economic sustainability, as it allows the 
community to manage and operate the systems autonomously, strengthening its independence and 
commitment to the project.

Fig. 3 summarizes the phases of the comprehensive participatory rural electrification process 
proposed by the authors.
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Figure 3. Phases of the comprehensive participatory rural electrification process framework 

Some of the suggested tools for the implementation of this methodology are presented below.

•	 Empathy map. This is a tool for design thinking processes and participatory projects that 
helps to understand the needs, thoughts, and behaviors of the members of a community. This 
representation allows visualizing different dimensions of the human experience, facilitating the 
creation of more people-centered solutions.

•	 A day in the life of... This technique is based on experiencing the conditions of a user first-
hand. It is useful in rural electrification projects, as it facilitates the identification of barriers and 
opportunities from the perspective of those who will benefit from the project.

•	 Tell me about the last time you... This technique invites the participant to narrate a significant 
personal experience related to electrification or access to energy.

•	 Construction of archetypes in a community. Here, archetypes are identified which help 
to understand social dynamics, as well as the way in which different actors influence the 
development and implementation of rural electrification initiatives.

•	 Present and future scenario map. This map is divided into two-time axes (present and future) 
and into several categories. Common patterns or problems are identified, grouping similar ideas. 
Participants are asked to imagine different possible futures derived from the implementation of 
diverse energy solutions.
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•	 Multicriteria decision matrix. This technique allows comparing various electrification 
alternatives while considering technical, economic, environmental, and social criteria, facilitating 
an objective and balanced decision.

•	 PESTLE. Political, economic, social, technological, legal, and environmental analysis is a key tool for 
identifying the external factors that can influence a rural electrification project.

•	 Decision tree diagram. This tool allows visualizing the options and their consequences over 
time, considering risks, benefits and future decisions.

•	 Effort-impact matrix. This technique evaluates alternatives while considering the effort required 
to implement them and the impact they will have on the community.

•	 Participatory social audit. This approach allows the community to evaluate the transparency 
and efficiency of a project’s implementation, generating trust and strengthening participatory 
management.

It is not necessary to incorporate all the tools simultaneously when working with the community. 
However, to the extent that more tools can be included, the sustainability of the rural electrification 
process in a specific community will increase. An example of the PESTLE analysis for a rural community 
is shown in Fig. 4.

Finally, as an input within the methodology, a survey using the Survey123 app is proposed as a tool 
for obtaining data, which enables direct interaction with an undetermined group of users, in order to 
identify the household appliances that they consider for their well-being at home, their consumption 
habits, their ranking of preferences, and the perception of user satisfaction regarding the use of appliances. 

Figure 4. PESTLE Analysis. Adapted from (65)–(68).
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Fig. 5 presents the QR code to access the survey form.

Figure 5. QR code to Survey123

The survey questions are divided into sections according to the topic to be addressed:

•	 Characteristics of the inhabitants and the house. Statistics are obtained on reference parameters 
regarding energy consumption, including the number of rooms in the house, the area, the number 
of people living in the house, and the family income (frequency and quantity).

•	 Characteristics of the electricity service. Statistics are obtained on service provision, including 
the type of connection, the average energy consumption, and service reliability (i.e., the number 
of days that power was available, the hours of interruption, and the frequency of interruption).

•	 Electrical devices. The new needs within society have led users to require a greater number of 
electrical devices to support their daily activities. This section explores essential appliances, the 
factors influencing decisions when acquiring devices for the household, the perceived sufficiency 
of equipment to meet daily needs, the frequency of use of different devices, and the types of 
technologies adopted, among other relevant aspects related to energy use and well-being.

•	 Desirability. An evaluation model is proposed to compare users’ current conditions with their 
level of satisfaction when postponing an activity to a different time period, thereby capturing 
preferences, priorities, and perceived trade-offs in daily energy use.

The above-presented elements are key in situation diagnosis during the planning and design of 
rural electrification systems, providing multiple strategies with real options based on how people use 
technology in their daily lives, with the purpose of enhancing well-being.
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To understand users and consider these aspects in designing technological solutions, active and 
direct participation is a valuable approach. Thus, information (including spatial data) can be collected 
and analyzed using web or mobile devices, grouping questions according to the answers. The survey 
has the possibility of sending data anonymously, which simplifies and speeds up the contribution while 
generating fewer concerns about data privacy.

6. Preliminary findings 

A preliminary validation of the proposed approach was conducted by applying participatory tools 
in exploratory workshops and simulation exercises with academic stakeholders. 16 students from the 
Electrical Engineering program of Universidad Distrital Francisco José de Caldas participated in the 
activity. The students were selected based on their personal experience in rural areas, or if they had 
relatives who lived in such areas.

During the exercise, the students assumed different roles, e.g., community leaders, surveyors, 
technical experts, and community members (end users). They participated as potential beneficiaries of 
the proposed electrification systems.

Due to the low female participation in STEM disciplines, this trend was intentionally maintained in the 
exercise, in order to simulate the gender imbalance that is often present in real-world rural electrification 
contexts.

Three representative scenarios were developed to reflect the typical conditions of rural Colombian 
communities:

•	 Minimal energy access

•	 Restricted access with a gradually expanding grid

•	 A system with technical issues and low community trust in the electricity provider

Each scenario was accompanied by the three descriptive narratives (Table II), which were used as 
discussion triggers. 

The characteristics of the simulated surveys applied to the ‘users’ are presented in Tables III to V. 
These participatory experiences validated the applicability of the model in real-world contexts and 
revealed significant findings from both methodological and social perspectives.
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Table II. Descriptive narratives of each scenario

Scenery 1 Scenery 2 Scenery 3

Don Álvaro, village leader"
Every day, I get up at 5:30 a.m., before 
the sun rises over the mountains. We 

are six of us in my family: my wife, my 
children, and I. We have an old TV that 
only works when there's a signal, two 

cell phones that we all use together, and 
some rechargeable lamps just for the 
night. The electricity comes and goes. 

Some days, we cook with firewood. The 
rural network is unstable, and when it 

rains, it's out of the question: the electric-
ity goes out for hours.

Today, I walked to school to drop the 
children off. There, a teacher was try-
ing to connect a tablet to the Internet 

with her data plan. It's not enough for 
everyone, but something is achieved. In 
the afternoon, I went to the neighboring 
village for a meeting with officials who 

promised improvements, but we already 
know that it will take years. Life here 
continues with the basics. Progress is 
slow, but we continue fighting so that 

our children have what we didn't have: 
real access to information.

Mrs. Miriam, president of the JAC
Today started early with the sound of the 
refrigerator, which we were finally able 
to buy with the help of a small subsidy. 
We have six devices at home: two cell 
phones, a television, a small refrigera-

tor, a light bulb, and a fan. The electrical 
grid has improved, and for the past few 

months, it has been operating longer. 
Now, almost everyone has at least one 

device connected. Internet access is 
provided through a small operator, and 
even when it goes down, it's useful for 
sending messages and checking com-
munity WhatsApp groups. During the 

day, I helped two neighbors make video 
calls with their children in the city. In 

the afternoon, I accompanied the electric 
company technician on his tour, showing 
him where there are poles in poor condi-

tion. Although connectivity is limited, 
the change is already noticeable. Many 

people have started taking online courses 
or selling products on social media. We 
are learning to trust, little by little. It's 
still lacking, but we are no longer so 

isolated.

Don Ernesto, community leader
The morning began with an unexpected 
visit of technicians from a company that 

wants to install solar panels. They say that 
it's a clean and cheap solution, but people 

here don't trust them. A few years ago, oth-
er people promised us the same thing, and 
the equipment broke down shortly after, 
and no one responded to fix the problem. 
I have seven devices at home, including 

a small refrigerator we bought with great 
effort. The electricity grid works,

though with ups and downs, and some 
people already have solar energy systems 
donated by an NGO. But half of the com-
munity still prefers the conventional grid. 
Today, I organized a meeting at the com-
munity center to listen to the company. 
They spoke kindly, but when we asked 

them about warranties and maintenance, 
they hesitated. People left with more ques-

tions than answers. At night, under the 
light of a barely illuminating solar lamp, I 
think about the future. We want to move 

forward, but with dignity and respect. We 
are not ignorant; we just want to be heard 

and respected.

Sandra, mother of three sons
I get up before the rooster and heat 

water on the wood stove. At home, we 
only have a portable television that we 

use when there's a signal, and an old cell 
phone that I share with my husband. 

We charge it at my sister-in-law's house, 
who lives closer to the utility pole. The 

children do homework using notebooks 
and the books the school sent us months 
ago. The teacher sometimes sends them 

WhatsApp audio recordings, but we 
only hear them when we climb the hill 

where there's a signal. Today, I did laun-
dry early, cooked rice with sardines, and 

then went to the village to get candles. 
In the afternoon, the children played 

outside because we don't have Internet 
or enough light to read. We dream of 

having a good refrigerator one day, but 
first, we need a good power grid.

Julián, day laborer
My name is Julián, and I work as a day 

laborer on nearby farms. We are five 
people in my family, and we have several 
things we couldn't have imagined before: 
a small refrigerator, three cell phones, a 
fan, a television, and even a blender that 
my wife uses to make juices that she sells 

at school.
Thanks to the improved electricity grid, 

there's almost always electricity now. 
At night, we watch the news, although 

sometimes the signal drops out. When I 
have data, I use my cell phone to watch 
agricultural videos on YouTube. Today, 
I went to work on a banana farm, and, 

when I got back, I checked my daughter’s 
homework she did online. We still don't 
understand everything, but she's teach-

ing me. It's clear that life is changing, 
slowly, but surely.

Lucía, grandmother and caregiver
I'm Lucía, 68 years old, and I take care 

of my two grandchildren. The house has 
electricity, a small refrigerator, a television, 

cellphones... all thanks to the electrical 
grid installed years ago. Recently, some 

men wearing hard hats came to say 
they'd install solar panels. I don't like it. A 
neighbor installed them, and three months 
later, they didn't work. Today, I turned on 
the television early and watched the news 

while my grandchildren got ready for 
school. Sometimes, I help them with home-

work they're doing on their cellphones. 
The neighbor tells me that the panels will 

make us pay less, but I prefer to pay a little 
more and be safe. It's not that we don't 

want progress; it's that we want things to 
work well.
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Miguelito, 9-year-old boy
My name is Miguelito, and I'm in third 
grade. I live with my mom, my grand-
mother, and my two sisters. We have a 

cellphone at home. Sometimes my mom 
lets me watch animal videos when we go 

to town and there's a signal.
Today, I woke up to the roosters. My 
mom cooked the arepas over firewood 
because the electricity was out again. I 
walked to school with my sisters. The 
teacher told us the homework was on 
the phone, but we don't have Internet 

at home, so I had to write it in my 
notebook.

In the afternoon, I went to the river to 
collect water. Then, I did my homework 

by the light of the sunset because the 
lamp wouldn’t turn on properly. Some-
times, I dream of having a computer like 

the ones that are used in the city.

Carolina, young entrepreneur
I'm Carolina, 22 years old, and I sell 

arepas and yogurts on my sidewalk. Ear-
lier, everything used to be communicated 
by word of mouth, but, since the Internet 

arrived (although slowly), I learned to 
use WhatsApp and Facebook to offer my 

products.
Today, I got up at 4:30 to prepare the 

orders. I cooled the yogurts in my solar-
powered cooler that an NGO installed. 
It's not very powerful, but it works. I 

took photos of my products and posted 
them. Then, I went to deliver them on my 

motorcycle.
In the afternoon, I watched a video on 
how to improve my sales. I also helped 
a neighbor enroll her daughter at SENA 

(National Learning Service) using her 
cellphone. Sometimes, the electricity goes 

out, and, when the router is broken, no 
one comes quickly, but every day I feel 

like I can do more.

Don Tomás, a lifelong farmer
I'm Don Tomás, 72 years old. I live with 

my wife on a small farm. I've grown corn 
and cassava all my life. Recently, a com-
pany has installed solar panels on some 
houses, but I didn't want them. I don't 

believe in them. 
Today, I worked in the pasture and 

helped my wife with the garden. We have 
conventional electricity, which sometimes 
goes out, but it's enough. We watch TV at 
night and only use our cellphones to call 
our children. The company came again to 

offer us the panels, and I said no. Here, ev-
eryone knows what they have. It's not that 
I'm against it, but I want to see it work well 

for others first. I've been promised many 
things in life that don't come true.

Table III. Scenario 1: very limited access

Household People Devices (TV/
Cell/Light)

Energy 
Source

Works 
Well Internet Internet Use 

Frequency Main Limitations

1 5 TV, cellphones Solar panel Sometimes No Rarely Poor signal, power 
outages

2 4 Cellphones, 
lighting Rural grid Regular No Never No coverage, high 

cost

3 6 TV, Cellphone, 
Lighting Rural grid Yes Yes Once a week Limited data

4 3 Cellphone, TV, 
lighting

Diesel gen-
erator Sometimes No Never Expensive fuel, 

limited use time

5 7 Cellphones, 
lighting Rural grid Yes Yes Daily Slow, unstable 

signal

6 2 TV, lighting Solar panel Sometimes No Never Only works dur-
ing the day

7 5 TV, cellphone, 
lighting Rural grid Yes Yes 2-3 times/week Low speed

8 4 Cellphone, light-
ing Rural grid Sometimes No Never Inadequate de-

vices

9 6 Cellphones Solar panel Yes Yes Daily High mobile data 
costs

10 3 TV, lighting Solar panel Sometimes No Never Weather-depen-
dent energy

11 5 TV, cellphone, 
lighting Rural grid Regular Yes Weekends Time constraints, 

weak signal
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12 4 Cellphones, 
lighting Rural grid Yes Yes Daily Time restrictions 

(e.g., school)

13 2 TV, cellphone Solar panel Sometimes No Never No network, local 
use only

14 6 Cellphones Rural grid Yes Yes Daily Shared device 
usage

15 3 TV, cellphone, 
lighting Rural grid Regular No Never Obsolete equip-

ment

Table IV. Scenario 2: limited access with expanding grid

House-
hold People Devices Energy 

Source
Works 
Well Internet Internet Use 

Frequency Main Limitations

1 5 TV, cellphones, 
Lights, Fridge Rural grid Yes Yes Daily Limited data

2 4
Cellphones, 
lights, radio, 

fridge
Rural grid Yes Yes Several times 

a week Low speed

3 6 TV, cellphones, 
lights, speaker Rural grid Regular Yes Daily Occasional power 

outages

4 3
TV, lights, 

cellphones, Fan, 
fridge

Hybrid 
(solar + 

grid)
Sometimes No Rarely Unstable power, poor 

coverage

5 7 TVs, cellphones, 
lights, fridge Rural grid Yes Yes Daily Cost of mobile data

6 2
TV, cellphones, 

lights, mini-
fridge

Solar 
panel Regular No Never Daytime-only use, no 

Internet

7 5
TV, cellphones, 

lights, radio, 
fridge

Rural grid Yes Yes Weekends Lack of shared 
devices

8 4
TV, lights, 

cellphones, basic 
fridge

Rural grid Sometimes Yes Rarely Expensive data, un-
stable connection

9 6
Cellphones, 

lights, speaker, 
fridge

Rural grid Yes Yes Daily Slow network, over-
crowded use

10 3 TV, cellphones, 
lights, fridge Rural grid Regular Yes Weekly Limited time or work 

availability

11 5
TV, cellphones, 

lights, radio, 
fridge

Rural grid Yes Yes Daily Data with limited 
speed

12 4 Cellphones, 
lights, TV, fridge Rural grid Yes Yes Daily Old equipment, slow 

network

13 2
Cellphones, 

lights, portable 
fridge

Solar 
panel Regular No Never No coverage, limited 

energy
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14 6 TV, cellphones, 
lights, fridge Rural grid Yes Yes Daily

Low capacity for 
streaming or online 

learning

15 3 TV, lights, cell-
phones, fridge Rural grid Regular Yes Weekly

Monthly cost, 
prioritized for other 

expenses

Table V. Scenario 3: institutional support with community distrust

Household People Devices Energy 
Source

Works 
Well Internet

Internet 
Use Fre-
quency

Opinion on 
Renewables

Main Limita-
tions

1 5

TV, cell-
phones, 
lights, 
fridge

Rural grid Yes Yes Daily
Prefer exist-

ing grid, 
distrust

Fear of failure, 
lack of mainte-

nance

2 4
Cellphones, 

lights, 
radio

Donated 
solar panel Sometimes No Never Accepted 

with doubts
Lack of system 
understanding

3 6
TV, lights, 

fridge, cell-
phones

Hybrid (grid 
+ solar) Regular Yes Weekly Indifferent, 

mixed usage
Lack of techni-
cal guidance

4 3
TV, cell-
phones, 
lights

Rural grid Yes No Never Rejected due 
to past issues

Resistance to 
change

5 7

TV, cell-
phones, 
fridge, 
lights

Rural grid Yes Yes Daily Waiting to 
see results

Company 
distrust

6 2 TV, lights, 
cellphones

Institutional 
solar Sometimes No Never Accepted out 

of necessity
Partial func-

tionality

7 5
TV, cell 
phones, 
lights

Rural grid Yes Yes Weekends
Do not see 
the need to 

switch

Poor commu-
nication with 

company

8 4 TV, lights, 
fridge

Hybrid (grid 
+ solar) Regular Yes Rarely Satisfied but 

still skeptical

Fear of misuse 
or lack of un-
derstanding

9 6
Cellphones, 

lights, 
fridge

Rural grid Yes Yes Daily
Curious, 

want more 
information

Lack of com-
munity work-

shops

10 3
TV, cell-
phones, 
lights

SHS Regular Yes Weekly

Use it for 
lower cost, 

there are still 
doubts

Lack of techni-
cal support

11 5

TV, cell-
phones, 
fridge, 
lights

Rural grid Yes Yes Daily
Reject based 
on negative 

rumors

Unclear infor-
mation
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12 4
TV, cell-
phones, 
lights

Rural grid Yes Yes Daily Refuse to 
engage

Lack of institu-
tional trust

13 2
TV, lights, 
portable 

fridge
Solar panel Sometimes No Never

Use it but 
would not 

recommend

Low perfor-
mance

14 6
TV, lights, 

fridge, 
cellphone

Rural grid Yes Yes Daily Uninterested 
in change

Prefer what 
they already 

know

15 3

TV, cell-
phone, 
lights, 
fridge

Hybrid Regular Yes Weekly
Still evalu-
ating the 

experience

Limited direct 
communication 
with commu-

nity

During the workshops, hypothetical rural electrification scenarios were presented, considering 
different levels of access and community organization. Due to limited energy availability, individual 
solar systems were initially prioritized. However, after applying participatory tools, a collective need for 
community lighting systems emerged, aiming to enable shared nighttime activities.

In scenarios with limited but expanding access, even though some households had basic refrigerators, 
there was still a strong interest in having equipment for productive uses. This required a reevaluation and 
resizing of the initially proposed infrastructure.

Finally, in contexts with active institutional support, the community showed a significant interest 
in clean technologies, such as PV systems. However, they also expressed distrust in the long-term 
sustainability and maintenance of these systems, especially regarding ongoing technical support and 
transparent service delivery.

The following key findings were identified based on these exercises and the integration of the 
aforementioned approaches (design thinking, the systemic approach, PAR, and behavioral economics):

•	 It was identified that electrical equipment fulfills its intended function, and that certain devices 
are also perceived as indicators of well-being.

•	 An underrepresentation of collective needs was found in conventional diagnoses. The tools used 
revealed non-explicit energy demands, such as perimeter lighting for security or the possibility 
of simultaneously charging mobile devices in community areas.

•	 Narrative and visual techniques helped to identify non-technical social barriers, such as 
institutional mistrust, a lack of knowledge about technology maintenance, and limited 
participation of women and youth in energy-related decision-making. These barriers, rendered 
invisible by purely technical approaches, can compromise the long-term sustainability of the 
implemented systems.
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•	 It is important to incorporate indicators of satisfaction and well-being into project evaluations, 
recognizing subjective dimensions such as autonomy, trust in technology, and community 
control as essential factors for technological adoption.

•	 The application of the principles of behavioral economics, such as symbolic incentives, public 
visibility, and behavioral anchors, increased participants' willingness to adopt sustainable 
technologies and change their consumption habits.

These findings confirm that the proposed methodological model enables the integration of technical 
criteria with social, cultural, and emotional dimensions, ensuring that none of these dimensions override 
the others. Furthermore, the model facilitates the identification of emerging behaviors in contexts of 
incipient electrification, and it anticipates demand growth scenarios that traditional models do not 
consider. Furthermore, the use of digital tools (e.g., Survey123), adapted with a participatory approach, 
enables not only the characterization of consumption patterns, but also the collection of perceptions on 
family satisfaction, aspirations, and priorities, which are critical elements for guiding well-being-based 
decisions.

This methodological approach provides a flexible and scalable platform for improving decision-
making processes in rural electrification from an integrative perspective. Overcoming the limitations 
of technocratic approaches, the model promotes context-sensitive, socially appropriate, and sustainable 
long-term decisions.

7. Conclusions

Success in rural electrification depends not only on technological implementation, but also on 
decision-making processes that actively incorporate the perspectives and priorities of the beneficiary 
communities. The proposed methodology emphasizes the importance of participatory and behavioral 
approaches that address the interrelationships between technical, social, economic, and environmental 
factors in order to ensure that energy solutions are sustainable and accepted by users. The adoption of a 
participatory and integrative (holistic) decision-making model ensures that rural communities not only 
have access to energy but are also involved in the management and long-term sustainability of projects, 
facilitating a positive impact on their well-being and development.

In this regard, government entities, system operators, academic institutions, and international 
cooperation agencies are encouraged to consider the following strategic guidelines:

•	 Incorporate participatory and user-centered design tools from the initial stages of project 
identification and formulation.

•	 Fund mechanisms that encompass energy infrastructure, capacity building, community 
strengthening, and social assessment processes.
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•	 Apply multidimensional impact indicators that include satisfaction levels, technological 
adoption, and community self-management capacity.

•	 Promote social and technological innovation from the territories by recognizing and supporting 
local initiatives that promote equitable and sustainable access to energy.

This set of actions is consistent with the transition towards fair, resilient, and culturally relevant 
energy models, as proposed in the literature on energy justice and sustainable development (15). Thus, 
the main contribution of this research is not limited to formulating a theoretical model; it translates 
into a methodological proposal that seeks to strengthen community energy governance, ensure the 
sustainability of implemented solutions, and effectively contribute to achieving SDG7 in isolated rural 
regions.
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Abstract
Context: It is estimated that, in Colombia, more than 1300 brick industries consume
around 5800 Tcal/year, which are supplied by coal, biomass, wood, and gas
combustion. The most commonly used kilns are down-draught, wherein coal
combustion is produced on fixed-grate beds, emitting greenhouse gases and other
pollutants. As a contribution to solving this problem, this work presents the model
of a fixed-bed system with coal volatiles post-combustion.
Method: Temperature, time, coal consumption, and combustion products were
monitored in a down-draught kiln, in order to determine their mass, energy, and
thermal efficiency balances. Coal characterization was performed under ASTM
standards, ashes were determined via XRD, XRF, and TGA, and emissions were
obtained using a gas analyzer. The thermodynamic model used to design the 3D
reactor was based on coal-burning analysis.
Results: The process lasted 3166 min, consuming 2150 kg of coal. The combustion
gases exhibited a varying composition of CO2, CO, O2, and hydrocarbons. The
temperature on the grate reached 900 °C, and we recorded 1000 °C in the dome and
600 °C at the chimney base. The temperature difference between the dome and the
chimney base explains the heat transferred for ceramic baking. The calorific value of
the char was 19.52 % higher than that of the coal used. The composition of the ash
showed silicon oxide, mullite, and goethite. The 3D model consists of a grate with
preheater ducts for the secondary air post-combustion of the volatiles.
Conclusions: The outcome of this research was the 3D model of a fixed-bed grate
for coal combustion and volatiles post-combustion. With its implementation, we
expect to improve air quality and reduce the effects of the process on human health,
as well as its operating costs.

Keywords: secondary air, ceramic firing, coal combustion, down-draught kiln,
fixed-bed grill, post-combustion
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Resumen

Contexto: Se estima que, en Colombia, más de 1300 industrias ladrilleras consumen alrededor de 5800 Tcal/año,
provenientes de la combustión de carbón, biomasa, leña y gas. Los hornos más comunes son los de tiro descendente,
en los cuales la combustión del carbón se realiza sobre parrillas fijas, emitiendo gases de efecto invernadero y otros
contaminantes. Como contribución a la solución de este problema, este trabajo presenta el modelo de un sistema
de lecho fijo con poscombustión de volátiles del carbón.
Método: Se monitorearon la temperatura, el tiempo, el consumo de carbón y los productos de combustión en un
horno de tiro descendente, a fin de determinar los balances de masa, energía y eficiencia térmica. La caracterización
del carbón se realizó bajo las normas ASTM, las cenizas se analizaron mediante XRD, XRF y TGA, y las emisiones
se determinaron utilizando un analizador de gases. El modelo termodinámico empleado para el diseño del reactor
3D se basó en el análisis de la combustión del carbón.
Resultados: El proceso tuvo una duración de 3166 minutos, con un consumo de 2150 kg de carbón. Los gases
de combustión presentaron una composición variable de CO2, CO, O2 e hidrocarburos. La temperatura en
la parrilla alcanzó los 900 °C, y se registraron 1000 °C en la cúpula y 600 °C en la base de la chimenea. La
diferencia de temperatura entre la cúpula y la base de la chimenea explica el calor transferido para la cocción de la
cerámica. El poder calorífico del char fue 19.52 % superior al del carbón utilizado. La composición de las cenizas
mostró la presencia de óxido de silicio, mullita y goethita. El modelo 3D consiste en una parrilla con conductos
precalentadores para el aire secundario destinado a la poscombustión de los volátiles.
Conclusiones: El resultado de esta investigación fue el modelo 3D de una parrilla de lecho fijo para la combustión
de carbón y la poscombustión de volátiles. Con su implementación, se espera mejorar la calidad del aire y reducir
los efectos del proceso sobre la salud humana, así como sus costos operativos.

Palabras clave: aire secundario, cocción de cerámicos, combustión de carbón, hornos colmena, parrilla de lecho fijo,
poscombustión
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1. Introduction

In 2016, China contributed significantly to global brick production, accounting for 54of the total

output, followed by India (11 %), Pakistan (8 %), Bangladesh (4 %), and the rest of the world (23 %) (1).

For the 2020-2025 period, the compound annual growth rate was expected to exceed 3 % (2). In 2015,

Colombia reported a production of more than 10 Mt of fired clay, with an annual energy consumption

ranging from 5 to 7 Tcal. This energy supply was obtained mainly from coal (62-71 %), wood (20-25 %),

coal-biomass mixtures (7 %), and gas (0.00172-3 %). The production process is carried out at diverse

scales, in artisanal, semi-merchandized artisanal, small, medium, and large-scale enterprises (3).

The most commonly used artisanal kilns in Colombia and other Latin American countries are of

the beehive and trench types (4), where coal combustion takes place in fireboxes (3) equipped with a

fixed-bed grate. These systems emit greenhouse gases and other pollutants (CO2, CO, SO2, CXHY, NOX,

PM2,5, and PM10). Such contaminants pose health risks to the local population and the surrounding

environment, and their environmental impacts have led to the implementation of increasingly stringent

regulations aimed at reducing the deterioration of ecosystems (5–8).

Coal combustion in a fixed bed at atmospheric pressure is carried out without control over the

amount of air supplied, an issue that is further complicated by the lack of homogeneity in the fuel

particle size. Another peculiarity is that the heating of the load occurs at a low rate, promoting the

release of uncombusted volatiles, leading to their direct emission into the environment in the form of

soot (9).

To improve the productivity of the brickmaking sector, various technologies have been proposed,

which are aimed at improving the energy efficiency of the aforementioned kilns, decreasing coal

consumption, and reducing pollutant emission levels (10). These improvements can be achieved through

the implementation of technological upgrades, such as the mechanization and automation of the

process. In this vein, our research focused on the development of the 3D model of a solid carbonaceous

material combustion system with volatiles post-combustion (SCMCS-VPC), designed for artisanal kilns

with fixed-bed grates used for ceramic firing.

2. Material and methods

This research consisted of an experimental study for the development of the SCMCS-VPC, with

the purpose of minimizing the emission of volatiles generated during the ceramic firing process (10) in

inverted-flame beehive-type kilns (11) equipped with a fixed-bed grate which utilize coal combustion

(Fig. 1). The fieldwork was conducted at the Maguncia brick industry, located in the jurisdiction of

Sotaquirá, and at ceramic handicraft factories in the municipality of Ráquira, both in the department of

Boyacá. The project was executed in three phases.
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Figure 1. Sampling points for charge and temperature monitoring in an inverted-flame beehive kiln. 1:

Burners 1 and 2; 2: dome thermocouple; 3: coal feed pile; 4: chimney-based thermocouple

2.1. Phase I: field data collection

This phase involved characterizing the coal through the ASTM’s standard procedures; the analysis

of solid combustion products using DRX, FRX, and TGA techniques; and the monitoring of the

combustion process via temperature recording with type-K thermocouples and a data logger, which

was complemented by photography and video documentation. The fuel supply was weighed on a

digital scale with a precision of 0.1 kg, and the composition of the gaseous emissions was determined

using an E Instruments E8500 Plus analyzer. Based on this information, the operating parameters were

established in order to calculate the mass and energy balance.

2.2. Phase II: mass balance, energy balance, and thermal efficiency calculations

The combustion process for ceramic firing in an inverted flame beehive kiln is analytically described

in Eq. (1), which represents the mass and energy balances.

CTSm + air + EIgn = EGen +Gchm + Cnzacm + Cinq (1)

where:

CTSm = total coal supplied to the firing process

EIgn = ignition energy

EGen = thermal energy generated by combustion

Gchm = chimney gases

Cnzacm = ashes accumulated during firing
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Cinq = unburned coal

CTSm corresponds to the sum of the partial loads fed into each burner. The total burned coal (CTqm)

is calculated using Eq. (2).

CTqm = CTSm −HHum − Cnzacm − VCxHy − Cinq (2)

where:

HHum = moisture in the total coal supplied

VCxHy = volatile compounds

The composition of Gchm, which was determined by means of the combustion analyzer, is expressed

in Eq. (3).

Gchm = CO2 + VCxHy + CO +O2 +N2 (3)

The accumulated ashes (Cnzacm), defined in Eq. (4), consist of the ashes from the total burned coal

(CnzCTqm) and Cinq .

Cnzacm = CnzCTqm + Cinq (4)

The percentage of unburned coal in the ashes (%Cinq) is calculated via Eq. (5).

%Cinq =
Cinq

Cnzacm
× 100 (5)

The energy balance is calculated using Eqs. (6) to (9).

ET = ETent − ETsld (6)

ETent = ECTSm
+ EIgn (7)

ETsld = ECTqm
+ ECinq

(8)

ET = (ECTSm
+ EIgn)−

(
ECTqm

+ ECinq

)
(9)

where:

ET = total energy

ETin = total energy input

ETout = total energy output

ECTSm
= total energy from the supplied coal

EIgn = ignition energy

ECTqm
= energy from the total burned coal

ECinq
= energy from the total unburned coal
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Energy is determined as a function of heat (Q) and mass, as shown in Eq. (10).

Q = mCTqm
∗ V C (10)

where:

mCTqm
= total mass of burned coal

V C = calorific value

The thermal efficiency (η) of the combustion process for ceramic firing in the beehive kiln

corresponds to the ratio between ECTqm
and ECTSm

. This is calculated by means of Eq. (11).

η =
ECTqm

ECTSm

=
QCTqm

QCTSm

(11)

where:

QCTqm
= heat from total coal burned

QCTSm
= heat from total coal supplied

The heat from the total burned coal (QCTqm
) is obtained from Eq. (10), while the heat supplied

(QCTSm
) is calculated via Eq. (12).

Q = mCTSm
∗ V C (12)

where:

mCTSm
= Mass of the total coal supply

2.3. Phase III: thermodynamic and 3D modeling

Thermodynamic modeling was performed based on the analysis of the burned coal (12) from

burners equipped with a fixed-bed grate, where the air enters through the lower section of the kiln

and passes through the fuel (Fig. 2). This process operates with the kiln door open, and air is regulated

empirically by adjusting the chimney draft. Consequently, it is not possible to control combustion under

stoichiometric parameters. Hence, black smoke emissions are generated from chimneys, indicating an

incomplete combustion and energy losses due to unburned volatile hydrocarbons (9, 13), which may

lead to severe pollution issues. For the reactor design (Fig. 3), we employed the French method for

product designed (14).

The baseline was set as follows: air temperature: 25 °C; average autoignition temperature of the

low-rank coal: 250 °C (15); ignition temperature of the volatiles: 400 °C.

2.3.1. 3D modeling

Based on the thermodynamic modeling and the fuel consumption curves, we calculated the

stoichiometry of the combustion of 5 kg of coal with 30 % excess air (16). From the results obtained, the

grate area, the air flow, and the dimensions and distribution of the ducts were determined, along with

the required primary and secondary air supplies. Finally, the 3D model was created, using SolidWorks

to design the components, assemble the complete system, and generate manufacturing drawings.
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Figure 2. Schematic representation of the coal combustion process in a fixed-bed grate burner

3. Results

3.1. Technical and technological description of the firing process

The firing of the ceramic load in the beehive kiln was achieved through the heat generated during

the combustion of coal in fireboxes equipped with a fixed-bed grate. The total coal supply, as a function

of time, is shown in Fig. 4.

The total duration of the firing process was 52.76 h (3166 min), with a coal consumption of 2.15 t,

supplied in 23 kg batches, with incremental increases averaging 1 kg at 35 min intervals. This procedure

was maintained until the maximum gas temperatures were reached: 1050 °C in the dome, and 637 °C at

the base of the chimney. It can be inferred that the heat difference between these two points corresponds

to the energy consumed during the ceramic firing process, as well as to heat and convection losses

through the kiln walls.

3.2. Characterizing the coal and solid combustion products

Sampling of the coal and solid combustion products (ashes and unburned material) was conducted

in two fireboxes. The results of this characterization are presented in Table I.
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Figure 3. Flow diagram of the French method for product design

Figure 4. Coal consumption during the firing process
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Table I. Characterization of coal and solid combustion products

SAMPLE % H2O %Cz %MV %CF %S
CV

(Kcal/Kg)
IHL %Cinq

COAL 2.57 7.05 43.25 47.14 0.96 5850.00 1.00 -

PSC H1 0.49 91.90 2.36 5.25 0.15 7226.00 0.00 8.90

PSC H2 0.36 91.48 2.12 6.04 0.13 7312,00 0.00 1020

Note: sample H2O: moisture – ASTM D3173; Cz: ashes – ASTM D3174; MV: volatile matter – ASTM

D3175; CF: fixed carbon – ASTM D3172; S: sulfur – ASTM D4239; CV calorific value – ASTM D2015;

IHL: free swelling index – ASTM D750; Cinq unburned coal; PSC: solid combustion products; H1:

firebox 1; H2: firebox 2

This table shows that the differences between the percentages of moisture, ashes, volatile matter, and

fixed carbon in the solid combustion byproducts are less than 1 %. From these data, it can be deduced

that the combustion efficiency of the analyzed fireboxes is similar. Furthermore, the average calorific

value of the unburned material increased by 19.52 % compared to the original coal. This behavior

explains the formation of char (17). Lastly, 14.59 % of the sulfur contained in the coal was retained in the

solid combustion products; we inferred that the remaining percentage was released through gaseous

emissions.

3.3. Characterization of the solid combustion products

The elemental composition (expressed in the form of percentages) was determined via X-ray

fluorescence (XRF) analysis (Fig. 5), and the phase distribution was obtained through X-ray diffraction

(XRD) (Fig. 6). We found 52.8 % Si, 25.4 % Al, and 6.08 % Fe as major elements, as well as Na, Mg, P,

Cl, K, Ca, Ti, Sr, and Pd in lower proportions. The phases identified via XRD were 41.0 % silicon oxide,

42.2 % mullite, and 15.7 % goethite.

The thermal behavior was determined through a differential scanning calorimetry

thermogravimetric analysis (DSC-TGA). The thermogram in Fig. 7 presents the mass loss curves

as a function of temperature and the energy variation resulting from the phase and compositional

changes in the solid combustion residues.

3.4. Thermal profile of the beehive kiln

The temperature monitoring data, obtained as a function of time, are presented in Fig. 8. These

correspond to measurements taken at the dome (CUP), chimney base (CHM), and fireboxes 1 (HNL1)

and 2 (HNL2).
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Figure 5. FRX spectrum

Figure 6. XRD diffractogram

3.5. Evolution of emissions and gas

We documented the emissions via photographs for one loading cycle over an average period of 45

min, in order to determine the characteristics of the chimney emissions. This is shown in Fig. 9.

The results of the gas analysis for six loading cycles—at 45min intervals—are represented by dotted

boxes, which enclose the maximum hydrocarbon emission peaks (Fig. 10) associated with the loading

periods. In Fig. 11, the dotted lines emphasize the ascending regions of the CO and CO2 curves, which

|Ingeniería| Vol . 30 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | e22204 | 10 of 19



Modeling a Fixed-Bed System with Coal Volatiles Post-Combustion. . . Marco A. Ardila-Barragán et al

Figure 7. TGA thermogram

Figure 8. Thermal profile of the ceramic firing process in the beehive kiln

Figure 9. Photographic sequence of chimney emissions for a single loading cycle
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contrast with the descending trajectories of O2. At the end of the process, the reduction in the coal fed

to the kiln correlates with the overall emissions reduction.

Figure 10. Hydrocarbon emissions plot

Figure 11. Plot of CO2, CO, CXHY, and O2 emissions

3.6. Thermodynamic modeling

As a result of the analysis and monitoring of the coal combustion process (12) on a fixed-bed grate

(Fig. 2), a thermodynamic model was obtained for the SCMCS-PCV system (Fig. 12). This system consists

of a fixed grate equipped with ducts for convective air pre-heating (18), utilizing the heat generated from

the exothermic chemical reactions. This mechanism not only recovers heat; it also cools the grate tubes,

thereby improving their service life.
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Figure 12. Flowchart of the SCMCS-VPC’s thermodynamic model

Conventions

1. Controlled air supply source

2. Air distribution chamber

3. Air distribution ducts

4. Air preheating ducts

5. Pre-heated air distribution chamber

6. Grate for coal combustion with pre-heated air

7. Pre-heated air collector

8. Pre-heated secondary air injector for volatile port- combustion

AC1: Air condition 1 (25 °C)

AC2: Air condition 2 (250 °C)

AC3: Air condition 3 (400 °C)
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The thermodynamic model operates as follows. Controlled air is supplied (1) at ambient

temperature, which then reaches the air distribution chamber (2), continuing through two conduction

sets (3) and the preheating ducts (4) to fill the pre-heated air distribution chamber (5). From this chamber,

the air passes through the perforated tubular bars of the fixed-bed grate (6), where part of the flow acts

as primary air for coal combustion, while the remaining portion continues towards the pre-heated air

collector (7) and is distributed via the injectors as secondary air for volatiles post-combustion (8). The 3D

model of the SCMCS-VPC (Fig. 13), derived from thermodynamic modeling, contains a variable-speed

fan that delivers the air in a controlled manner. This air is pre-heated in the corresponding chambers

by thermo-regulated electric heaters and then supplied to the fixed-bed grate, which consists of the air

distribution chamber, the combustion tubes with primary air, and the collector duct. From the collector,

the air continues to the secondary air injectors, where it is blown across the fuel load, transversely to

the secondary combustion gas stream, to induce the post-combustion of volatiles. The supply of solid

carbonaceous material to the grate is managed from a hopper equipped with a dosing system.

Figure 13. 3D design of the SCMCS-VPC and its components: 1) supply chamber, 2) duct, 3) assisted

pre-heating chamber, 4) distribution chamber, 5) grate, 6) collector duct, 7) access ports, 8) secondary air

injectors

4. Discussion

Based on the characterization results (Table I), and according to ASTM D388, the coal used can be

classified as a low-rank, non-caking sub-bituminous type-A coal (19). This type of coal is also used in

the brick industry of several Asian countries (8).

Factors such as the coal composition, the high volatile matter content (43.25 %), the coal particle

size (+2 in), open-door combustion, the combustion temperature, air supply deficiency, and the lack
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of operational control affected process efficiency and performance (20, 21), resulting in incomplete

combustion and the emission of gases, smoke, and particulate matter (soot) through the chimney (Fig.

9), in addition to solid combustion residues (ashes and unburned carbon), which represent energy

losses (4, 22).

Fig. 11 shows alternating cycles of maximum and minimum emissions with a decreasing trend

as a function of process time. In the gas analysis, CO2, the main product of combustion, exhibited

concentrations between 10 and 16 %. In addition, CO reached 1 %, the C XHY levels were less than 3 %,

and no significant emissions of nitrogen oxides (NOx) were detected, since high temperatures were not

reached (17, 23).

According to the literature, at temperatures below 600 °C, alkenes (ethylene, propylene, butene) and

aromatics (benzene, toluene, and naphthalene), can be formed, among others (23). These byproducts

represent a significant risk to human health and the environment (24, 25).

According to Table I, the char (unburned material), the solid carbonaceous residue that remains

after the release of volatile matter, formed due to oxygen deficiency, contains 52.44 % of fixed carbon

and exhibits a higher calorific value (7269 kcal/kg), compared to the original coal (5850 kcal/kg),

representing an increase of 19.52 %. This high energy value is explained by the fact that char is a

carbon-rich matrix (1). Additionally, the mean char content in the ashes is higher than that reported

for the boiler combustion process (up to 45 %) (27), which is consistent with a fixed-bed combustion

configuration.

The results of the TGA (Fig. 7) show a mass loss equivalent to 0.08705 mg (0.3979 %) within a

temperature range of 25-600 °C. Water vaporization was recorded between 25 and 100 °C (28). Based on

the proximate analysis of the coal and the XRF results of the ashes (Fig. 5), the presence of S, Na, and

Cl was inferred. These elements may be associated with the dehydration (100-200 °C) of sulfates and

bicarbonates (NaHCO3.5H2O) (28). The mass losses between 200 and 400 °C indicate an exothermic

behavior due to the combustion of the residual unburned carbon (29). Finally, the mass losses recorded

between 400 and 900 °C suggest the fusion of chlorides and the decomposition of carbonates and

sulfurates, corresponding to endothermic processes (29). In terms of energy analysis, the behavior

between 200 and 400 °C may be due to oxygen absorption into the fuel’s porous texture. Furthermore,

the rapid mass loss beyond 400 °C indicates the onset of ignition and active combustion (29).

In the thermal profile (Fig. 8), the temperature curves for HNL1 and HNL2 exhibit significant

fluctuations, which are explained by the fact that the process involves open-door firebox combustion

and is influenced by variable environmental conditions such as relative humidity, ambient temperature,

and an irregular air inflow. The temperature profile in the dome (CUP) registers fewer variations, as

this is the part of the kiln where heat generated in the fireboxes accumulates for distribution through

the ceramic load. The chimney base (CHM) temperature curve reflects an average cooling of 380 °C

compared to the maximum temperatures reached in the dome, which are associated with convective
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and radiative heat transfer from the flue gases to the ceramic mass during firing. During the first 25 h

(1500 min), the gas temperature at the CHM does not exceed 100 °C. After 29 h (1740 min), however,

it decreases by approximately 30°C, which can be attributed to the thermal saturation of the firing

material.

According to current and emerging trends, the objective is to reduce fuel consumption by up to

30 %, optimize firing times, and minimize pollutant emissions (30), (?). The design of the SCMCS-VPC

(Fig. 13) aims to enhance process efficiency and improve the quality of ceramic products (30, 31). The

system integrates a coal feeding device and variable-speed blower as key components for animation

and process control, along with preheated secondary air injectors to promote volatiles post-combustion.

At the industrial level and in mass production scales, coal combustion systems employing

fixed-beds, moving grates, and upward-moving fixed-grates are utilized, wherein the combustion air

is preheated to achieve a high-temperature operation. This approach involves the burning of solid fuel

with particle sizes between 6 and 50 mm along with the released volatiles (?, 16). These design and

operation principles were considered as references in the development of the SCMCS-VPC, aiming for

improved energy efficiency and reduced environmental impacts.

5. Conclusions

This article presented the design of a 3D model for a solid carbonaceous material combustion

system with volatiles post-combustion (SCMCS-PCV) as a technological conversion alternative for

beehive kilns equipped with fixed-bed grates.

The monitoring of the ceramic product firing process, conducted at the Maguncia brick industry

and the artisan factories in the municipality of Ráquira (Boyacá, Colombia), made it possible to identify

the factors affecting the energy efficiency of the sub-bituminous coal used (volatile matter emissions

and unburned material), as well as its environmental performance.

The 3D model, derived from the geometric and thermal design, improves the conventional fixed-bed

grate combustion process by incorporating a primary air pre- heating system to increase the combustion

temperature, as well as a secondary air injection system for volatiles post-combustion. Additionally, the

system includes an ash evacuation control mechanism to minimize unburned carbon generation. Thus,

the proposed model achieves an increase in energy efficiency and a reduction in the environmental

impacts associated with coal combustion.
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