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Sustainable Tourism in the Historical Center of
Popayan: A Case Study
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Fundacién Universitaria de Popayan

Abstract: The world continues to experience constant growth, which requires innovative processes and products. The city of
Popayan, especially its historic center, needs environmentally friendly means of transportation. This article presents an
approach to the concepts of innovation, sustainability, road safety, road infrastructure, sociocultural aspects, and urban
mobility. It proposes a redesign from an e-bike to an e-carriage for the historic center of Popayan, Colombia, as a sustainable
innovation. This project involves a methodology based on research, studies, design processes, and prototyping, as well as the
impacts generated by this model within the city, proposing a solution to the various challenges it faces.
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L. INTRODUCTION
Popayan, a Colombian city of great historical and cultural value (Bravo Molina, 2012), faces challenges regarding mobility and road
safety in its historic center. These challenges, coupled with the pollution generated by conventional transportation, deteriorate the
quality of life for the city's inhabitants and visitors (Urzla M & Caqueo-Urizar, 2012). Sustainable tourism is an alternative to
mitigate these impacts. However, transportation is a key factor for its development (Moreno & Coromoto, 2010); the use of electric
vehicles is a promising option to reduce carbon footprint and improve mobility in Colombia (Montes Ochoa, 2023).
The historic center of the White City (Popayan) faces challenges in mobility and road safety, primarily due to a combination of
factors such as the common transportation method called mototaxis, lack of zebra crossings for pedestrian crossing and priority, few
traffic lights, etc. (Fajardo, H. C. L., & Gémez, S. A. M, 2015). The characteristics of the road infrastructure of the historic center
were assessed, the mobility causes and problems were identified, and a relevant solution was proposed. It was determined that a
major cause of the problem was the high vehicular traffic flow and the various types of pollution it generated. The deterioration of
the energy matrix in conventional transportation was identified, affecting the quality of life of people who live and frequently transit
this sector of the city, and a switch to solar energy was suggested. Transportation based on fossil fuel engines represents a
supporting variable of the tourist and economic model in the city; globally, fossil fuels account for 80% of current primary energy
demand (Valdés, 2021).
This article presents the design of a solar electric pedelec carriage (solar tourism e-carriage, "E-carriage ST") as an alternative for
sustainable tourism in the historic center of Popayan. The prototype of the E-carriage ST was developed by the research group Pl
(Productivity and Innovation in Industrial Engineering) of the Fundacion Universitaria de Popayan (FUP) and its research seedbed
SIE2.
This document begins with a description of the study's context, presenting the mobility and road safety challenges in the historic
center of Popayan, as well as the importance of sustainable tourism for the city. Next, the objectives and methodology of the study
are described. The general objective of the study was to design a prototype of an e-carriage ST as a sustainable transportation
alternative for downtown Popayan. The specific objectives were:
1) Determine the characteristics of the road infrastructure in downtown Popayan.
2) Design the most suitable e-carriage ST prototype.
3) Determine the impact of the e-carriage ST prototype in downtown Popayan.

The hypothesis proposed is that the use of the e-carriage ST contributes to the strengthening of sustainable tourism in the historic
center of Popayan.
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The following presents the design of the E-carriage ST prototype. It is comprised of a frame, an electric motor, a battery, a solar
panel, a controller, and an energy management system. As an adaptation to the cultural context of the area, a transportation model
based on the Victorian carriage was proposed. Finally, the results of the study are presented, in which the E-carriage ST prototype is
shown to be a viable alternative for sustainable tourism in the historic center of Popayan. The E-carriage ST has a positive impact on
mobility and road safety, and contributes to the reduction of the carbon footprint.

Il.  THEORY AND CALCULATION
Next, the methodological process of this research is described: the 4 phases in which it was developed, the materials used for the
final design, and the potential impact it could generate.

A. Methodology

The following phases were implemented to originate the design of the solar electric carriage:

« Analysis of the sociocultural context of the historic center of Popayan.

« Analysis of the road infrastructure of the historic center

«  Design and prototyping of the e-carriage.

« Analysis of the potential impacts to be generated by the e-carriage on the socioeconomic model of the historic center of
Popayan.

The following diagram #1 corresponds to the mentioned stages:
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1) Phase I: Analysis of the sociocultural context of the historic center of Popayéan
In image #1, the sociocultural elements that make up the 'historic center of Popayan' are presented: 10 churches, 7 museums, 9
points of interest, 2 information points, 61 blocks.

Image #1: OFFICIAL TOURIST MAP OF POPAYAN, HISTORICAL SECTOR
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Alcaldia de Popayén, 2017
The tourist map of Popayan's historic center showcases various sites of interest, categorized into the following three classifications:

Churches

« Catedral Basilica de Nuestra Sefiora de la Asuncion.
o lglesia La Ermita.

o lIglesiay Claustro de San Agustin.

« lglesiay Claustro de San Francisco.

« lglesiay Claustro de Santo Domingo.
o lglesia de San José.

« Santuario de Belén.

o lglesiay Claustro de EI Carmen.

« lIglesiay Claustro de la Encarnacion.
o Capilla Gotica la Mercéd.

Museums

o Casa Museo Negret e Iberoamericano de Arte Moderno, MIAMP.
o Casa Museo Guillermo Leén Valencia.

o Museo Nacional Guillermo Valencia.

« Casa Museo Mosquera.

o  Museo Arquidiocesano de Arte Religioso.

o Museo de Historia Natural - Universidad del Cauca.

o Pantedn de los Préceres.
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Sites of interest

« Torre del reloj.

o  Teatro Municipal Guillermo Leon Valencia.
o Puente El Humilladero.

« El Morro de Tulcan.

«  Pueblito Patojo.

o Casa Caldas.

« Casa Junta Permanente Semana Santa.

o Casa Jorge Isaacs (casa de la Cultura).

e Chorrito de la Pamba.

1) Information Points
Céamara de Comercio del Cauca (Punto de informacidn turistica)
Oficina de Turismo Alcaldia.

In Popayan, 3 major events are also generated each year:

a) Semana Santa

Semana Santa in Popayan is the most important religious week celebrating the passion, death, and resurrection of Jesus Christ,

which takes place from Domingo de Ramos to Domingo de Pascua. During this week, processions are held commemorating the

final moments of Jesus' life (UNESCO, 2009).

The Easter processions in Popayan are one of the oldest in all of Colombia; and since September 2009, they have been on the

Representative List of the Intangible Cultural Heritage of Humanity. (UNESCO - The Easter processions of Popayan')

These processions traverse the streets of the city center, with their various floats adorned with floral arrangements and candles

carried on the shoulders of the cargueros, who are dressed in religious habits, and followed by censers carried by fiapangas, filling

the path with the scent of incense.

Each day different floats are taken out, all representing and commemorating the final moments of Jesus Christ. The following

information was extracted from the website of the Alcaldia de Popayan (Alcaldia de Popayan, 2024).

« Domingo de Ramos: It marks the end of Lent and the beginning of Holy Week. EI Amo Santo Ecce Homo is brought down
from the Templo de Belén to Catedral Basilica Nuestra Sefiora de Asuncion.

o Lunes Santo: Procession of the Sagrada Eucaristia of our Lord Jesus Christ. It starts and ends at the Templo del Carmen.

o Martes Santo: Procession of Nuestra Sefiora La Virgen de los Dolores. It begins and ends at the Iglesia San Agustin. It
symbolizes the purity of Jesus Christ and is venerated in this religious act to the Virgen de los Dolores.

o Miércoles Santo: Procession of the Amo Jesus. It begins and ends at the Templo de la Ermita. It commemorates the good deeds
and miracles performed by Jesus.

« Jueves Santo: Procession of the Sefior de la Veracruz. It starts and ends at the Parroquia de San Francisco. The floats are
decorated with red flowers, symbolizing Christ's love in creating the Holy Eucharist.

« Viernes Santo: Procession of the Santo Entierro de Cristo. It begins and ends at the Parroquia de Santo Domingo. Purple
flowers adorn the floats, the white cloth of the cargueros, and the censer of the sahumadoras, symbolizing penance.

« Sabado Santo: Procession of our Sefior Jesucristo Resucitado. It starts and ends at the Catedral Basilica Nuestra Sefiora de la
Asuncidn.

b) Congreso gastronémico
Popayan, cradle of a rich history and warm cultural legacy, prepares every year to be the stage for the oldest gastronomic event in
Latin America. (Corporacidn gastronémica de Popayan, s. f.).

c) Carnavales de Pubenza

It is a festival celebrated in Popayan, in the first days of January, where people rejoice, sing, dance, play, and have fun in the various
activities held during those days such as the parade of floats, concerts, beauty pageant, and even you can observe and taste the
Cauca gastronomy. Los Carnavales de Pubenza are known in the southwest of Colombia, and it is a festival that attracts many
tourists, not only visitors from Colombia but also foreigners.
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2) Viernes de museos

Every last Friday of the month, the ‘Noche de museos’ is held, a cultural initiative that takes place in the city of Popayan, Colombia,
with the aim of bringing the population closer to museums and promoting the enjoyment of art, history, and culture.

Usually, on Friday afternoons or evenings, participating museums open their doors for free or at reduced rates, offering an
accessible opportunity for everyone to enjoy their collections and exhibitions. Some museums also organize special activities during
Viernes de museos, such as guided tours, workshops, talks, or cultural events.

2) Phase 2: Determine the characteristics of the road infrastructure of the historic center of Popayan.

a) Road Mobility

Mobility is a concept influenced by a series of relationships that affect not only physical aspects of infrastructure and transportation
networks but also the cultural, social, economic, and political conditions of those who move; However, the quality of the sidewalks
in the historic center of the city of Popayan is very low, with only 27% of the population having sidewalks in good condition
(Montes Ochoa, 2023)

All sectors within the downtown area were taken into account, with SECTOR 1, known as the monumental center, being the most
suitable for transit, mainly due to the number of churches, museums, temples, and places that are most frequented by visitors and
locals.

Image #2: SECTORS OF THE HISTORIC CENTER

CENTRO HISTORICO DE POPAYAN.
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Regarding the road infrastructure, the historic center under analysis according to image #2 for the implementation of this project
consists of 27 blocks, 12 streets, approximately 4,200 meters of route between the selected streets; the streets have an average width
of 7 meters, and the type of demarcation is horizontal. Regarding accessibility: The main obstacles to street accessibility in the
historic center of Popayan include the lack of adaptation of buildings and public spaces to ensure universal mobility, the presence of
architectural barriers that hinder the movement of people with disabilities, and the need to implement regulatory actions to promote
the recovery of occupied public spaces and protect those in vulnerable conditions (Financiera del desarrollo, 2019). Additionally,
the importance of strengthening public spaces linking cultural heritage buildings, highlighting the historical importance of the city
through public furniture, and creating spaces for permanence involving different social actors in tourism management to improve
accessibility and appropriation of public space in Popayan is emphasized (Financiera del desarrollo, 2019) (Prado Erazo, 2020).
Through analysis, different aspects were identified regarding the road infrastructure of the city center of Popayan, such as the types
of vehicles that move daily, average speed, most frequented roads and streets, orientation, traffic flow, and types of users. The entire
road diagnosis was taken from the mobile applications Google Maps and Waze.

Below, we describe the characteristics that were analyzed on carreras 3, 4, 8, and 9; and streets 3, 4, and 5 of the historic center of
Popayan.
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Table #1: CHARACTERISTICS OF CARRERA 3

Hour: normal

Hour: peak

Average speed: -

Average speed: -

Orientation: South - North

Orientation: South - North

Traffic flow: mixed

Traffic flow: mixed

Users: residents, workers, students,
tourists, etc.

Users: residents, workers, students,
tourists, etc.

the authors
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Table #2: CHARACTERISTICS OF CARRERA 4
Hour: normal Hour: peak

Average speed: 12 km/h

Average speed: 10 km/h

Orientation: North - South

Orientation: North - South

Traffic flow: mixed

Traffic flow: mixed

Users: residents, workers,

tourists, etc.

students,

Users: residents, workers,

tourists, etc.

students,

the authors
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Table #3: CHARACTERISTICS OF CARRERA 8
Hour: normal Time: peak

Average speed: 10 km/h
Orientation: South - North
Traffic flow: mixed

Average speed: 12 km/h
Orientation: South — North

Traffic flow: mixed
Users: residents, workers, students, Users:  residents,
tourists, etc.

the authors

workers,  students,

tourists, etc.

Carrera 9
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Table #4: CHARACTERISTICS OF CARRERA 9
Hour: normal Hour: peak

Average speed: 8 km/h

Orientation: North — South

Traffic flow: mixed

workers,  students, Users:  residents, workers, students,
tourists, etc.

the authors

Average speed: 9 km/h

Orientation: North — South

Traffic flow: mixed

Users:  residents,
tourists, etc.
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Street 3

22

Table #5: CHARACTERISTICS OF STREET 3

Hour: normal

Hour: peak

Average speed: 9 km/h

Average speed: 7 km/h

Orientation: West — East

Orientation: West — East

Traffic flow: mixed

Traffic flow: mixed

Users:  residents, workers, students, Users:  residents, workers, students,
tourists, etc. tourists, etc.
the authors
Street 4
Calle 4 v
, . Colle &t
~\
- -
- "’ canera; . g
. a
Table #6: CHARACTERISTICS OF STREET 4
Hour: normal Hour: peak
Average speed: 12 km/h Average speed: 6 km/h
Orientation: East - West Orientation: East - West
Traffic flow: mixed Traffic flow: mixed
Users:  residents, workers, students, Users:  residents, workers, students,
tourists, etc. tourists, etc.
the authors
Street 5
I
©  erominig ,;_ —
_-—Q_' Calle 5 : !
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Table #7: CHARACTERISTICS OF STREET 5

Hour: normal

Hour: peak

Average speed: 3 km/h

Average speed: 3 km/h

Orientation: West - East

Orientation: West - East

Traffic flow: mixed

Traffic flow: mixed

Users:  residents,
tourists, etc.

workers,

students,

Users:  residents,
tourists, etc.

workers,

students,

the authors
Mobility in the historic center of Popayan is characterized by constant interaction among pedestrians, drivers, and passengers. An
analysis of the main roads reveals that vehicular congestion persists for most of the day, intensifying during peak hours (6:30 a.m. -
8:00 a.m.; 12:00 p.m. - 2:00 p.m.; 5:00 p.m. - 7:00 p.m.) due to increased flow of people and vehicles related to the start and end of
work and academic activities. Effective planning and implementation of road infrastructures are essential to improve urban maobility
and reduce accident risks.
Lack of adequate planning and efficient design can exacerbate problems such as congestion, pollution, and road insecurity,
negatively impacting the quality of life of city residents.
Road accidents are influenced by multiple factors, including driver behavior. Observations indicate that drivers of public and private
vehicles, as well as motorcycles, often fail to respect traffic signals, such as traffic lights and stop signs, invading pedestrian spaces.
This behavior reflects a lack of road awareness and education, leading to risky practices such as improper overtaking and parking in
prohibited areas, thus increasing the risk of accidents (World Health Organization, 2018).
The historic center of Popayan, renowned for its historical and cultural value, attracts both tourists and residents due to its colonial
architecture and the presence of educational and work institutions. This convergence generates a high pedestrian density that
exceeds the capacity of the spaces intended for this purpose. As a result, pedestrians are forced to traverse areas not designed for
them, such as vehicular roads, increasing the risk of accidents. This issue highlights the need for strategies to optimize pedestrian
mobility and ensure road safety in the historic center.
Law 2251 of 2022 establishes the maximum and minimum speeds that vehicles of all types must adhere to on public, urban, and
private roads, thereby determining that electric bicycles should not exceed the limit of 40 km/h (Dominguez Coral, 2023).

b) Traffic congestions encountered in the historic center

The population increase in Popayan over the last few decades has led to a significant rise in mobility demand, impacting the flow of
vehicular traffic. This situation is exacerbated by the characteristics of the urban layout, particularly in the historic center, where
narrow streets and high building density contribute to traffic congestion (Roddn Vique & Granja, 2019). Various studies suggest the
implementation of strategies prioritizing public transportation in this area, including restrictions on private vehicle access as a
measure to improve mobility and the quality of public space (Trujillo Ramirez et al., 2009).

3) Phase I1I: Design and prototyping of the most suitable solar e-carriage.

a) Choice of Energy Source

Photovoltaic solar energy, a renewable energy source with lower environmental impact than traditional electricity generation based
on fossil fuels (Residuos Profesional, 2017), emerges as a viable alternative for powering electric carriages. This technology, which
utilizes photovoltaic cells in solar panels to convert solar radiation into electricity (Ecoinventos green technology, 2022), requires a
voltage regulation system to ensure optimal and safe operation. Voltage regulation helps prevent overcharging and excessive
discharging of the e-carriage battery, ensuring system stability and prolonging battery life.

The feasibility of using solar energy to charge electric carriages depends on various interconnected factors. The efficiency and size
of the solar panels, along with the amount of available solar radiation, determine the amount of energy generated for battery
charging, and consequently, the vehicle's autonomy (Cardenas Fernandez & Séanchez Arques, 2020). Taking these variables into
account, solar energy emerges as a sustainable alternative to fossil fuels, contributing to the reduction of pollutant emissions and the
mitigation of climate change (IEA - International Energy Agency, 2024).

In this way, electric maobility through solar energy aligns with the principles of sustainable tourism, promoting the preservation of
the environment and its resources.

2477
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b) Selection of the design of the tourist e-carriage for the historic center of Popayan

The initiative has been taken to design a prototype of a solar-powered electric tricycle e-carriage, aiming to harness renewable
energy for its operation. For this purpose, research was conducted on different existing models and designs, evaluating their
feasibility for implementation in the historic center of the city. This analysis allowed the selection of the most suitable design that
met the desired specifications and characteristics for the final prototype.

Below, we present the models that served as examples, including cargo e-bikes and animal-drawn carriages for transporting people.

The concept of this carriage or animal-drawn vehicle served as inspiration for the design of the e-carriage. Each component was
envisioned in detail, including a sturdy chassis to support the load, comfortable seats, durable tires, and a front part similar to that of
a conventional bicycle, with a saddle, handlebars, brakes, and pedals.

Images #4 and #5: TWO PROTOTYPES OF SOLAR QUADRICYCLES.

the authors

A group of students developed two models that incorporate a solar panel, a battery, and a motor into a conventional bicycle,
transforming it into an electric quadricycle. This design harnesses solar energy, a renewable source, for its operation.

The left image shows a prototype of a mechanical quadricycle, while the right image depicts an improvement in technology,
transitioning it to a solar-powered electric drive system.
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Image #6: DESIGN OF AN ELECTRIC TOURING QUADRICYCLE IN CHINA

YouTube - Jabiertzo

Electric quadricycle used in China, for sustainable tourism and enjoyment through the fields of cultivation.

The rise of electric bicycles (e-bikes) has transformed individual mobility, offering a sustainable and versatile alternative for various
contexts. Their implementation has been in different fields, highlighting their relevance in leisure, tourism, and urban mobility. In
the tourism sector, e-bikes adapt to modalities such as cycle tourism, adventure tourism, and ecotourism, providing accessible and
environmentally friendly experiences. Simultaneously, in urban environments, e-bikes contribute to reducing traffic congestion and
polluting emissions, promoting an efficient and sustainable transportation model (Cereza & Cevero, 2007). This versatility positions
e-bikes as a key element for transitioning towards cleaner and healthier mobility systems.

Image #7: ELECTRIC CARGO TRICYCLE FOR TOURISTS

the authors

After researching various models of bicycles, tricycles, electric quadricycles, and carriages, and their potential use in tourism, a
series of designs were developed that progressively approached the desired prototype. The purpose was to build an innovative
vehicle, powered by solar energy, to facilitate transportation of people within the historic downtown area, while maintaining the
concept of colonial transportation.
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Image #8: FINAL DESIGN PROTOTYPE, SOLAR ELECTRIC CARRIAGE

the authors

After an exhaustive search, the prototype of the ideal vehicle to boost tourism in the old town of Popayan was developed. Inspired
by the colonial aesthetics of the city, this transport evokes an old-fashioned model, with colors and designs in line with local history.
Its goal is to transport visitors and locals through the main streets of the center, allowing them to discover emblematic places and
immerse themselves in the culture of Popayan. In this way, tradition is represented through innovation, promoting environmental
care at the same time.

c) Adapting the concept of a Victorian carriage to an electric tricycle for the historic center of Popayan

Victorian Carriage

During the Victorian era, carriages were the primary means of personal transportation, distinguished by their elegance and design.
More than just a mode of transport, the carriage symbolized the social and economic status of its owners (Flink, 1975). Its evolution
and subsequent replacement by the automobile in the early 20th century marked a radical change in mobility and society (Wolfgang
Schivelbusch, 2019). According to Harry C. Davidson, in "Los coches en Colombia," the first carriages appeared in Cartagena in the
year 1622 (Recio Mir, 2021). Later, in the Viceroyalty of New Granada, the first reference to a carriage in Santa Fé de Bogota was
for the arrival and reception of Viceroy Pedro Messia de la Cerda in 1761 (Davidson, 1967). It is inferred that the presence of
carriages in the capital fixed the decade of the 1750s, when Viceroy Solis governed. In 1772, Pedro Messia's successor, Manuel de
Guirior, used a carriage upon taking office (Recio Mir, 2021).

In the Viceroyalty of New Granada, those who owned carriages or coaches were the viceroys and the archbishops, indicating that
the arrival of carriages in Santa Fe was linked to the Viceroyalty, creating a symbol of status, class, and luxury (Recio Mir, 2021).

In Popayan, Jerénimo Torres, on October 20, 1807, wrote a letter to his brother exclaiming:

Image #9: LETTER FROM JERONIMO TORRES TO HIS BROTHER
Como quieres que te hable de mi coche, oye su historia:

...Hace meses [excribi una)... carta a D. Elias Romero, tu Agente en
Cidiz, pidiéndole datos sobre el precio de un cochecito de dos asientos y
cuatro ruedas y no obtuve respuesta... resolvi afrontar la empresa haciéndolo
aqui... [previo)... estudio atento del Manual del cochero.

Hice en la pared baja blanqueada, a falta de papel grande, primero el
disefio de los detalles del coche con medidas exactas, como e¢je, cubos, bocines,
llantas, camones, rayos, pinas, resortes, lanzas, collares, etc. ... dirigime a la
casa de moncda en solicitud de obreros.

Santa Cruz me envié de Pasto unas excelentes vaquetas; ]. M. Cirdenas V.
me trajo de Panamid Jos tormillos y fierro dulce, y no agrio como el de...
aqui; y Varela me remitd de Buga el granadillo, que tanto se aprecia por
ser madera dura, macza y de precioso color encarnado oscuro.

Después de casi tres meses, tuve ¢! placer de verlo concluido... refres-
cando... con aceite de palma la rueda, la caja y lanzas,

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 2480



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 12 Issue V May 2024- Available at www.ijraset.com

d) Los coches en Colombia, Harry C. Davidson

According to Torres's actions, this indicates that there were no carriage makers in New Granada, perhaps due to the small number of
carriages existing in the viceroyalty. Due to Torres's determination, he had the first carriage in New Granada built, albeit in an
amateur manner, driven by his strong desire to own one, using the aforementioned "Manual del cochero,” possibly referring to
André Jacob Roubo's "L'art du menuisier-carrsier,” published in 1771 and reflecting French Baroque tradition, or William Felton's
"A Treatise on Carriages,” from 1794, which depicts English Neoclassical style. (Recio Mir, 2021).

Image #10: "L'ART DU MENUISIER-CARRSIER" by ANDRE JACOB ROUBO (1771)

DESCRIPTION DES ARTS ET METIERS

A-] ROUBO

LE MENUISIER CARROSSIER

Book.node

Image #11: A TEATRISE ON CARRIAGES by WILLIAN FELTON

TREATISE ON
CARRIAGES

T ooy A Py o e

——)

Amazon

e) The carriage made by Torres would be the only one in Popayan.

All the information was taken from the article "Notes for the history of carriages and other representative vehicles in the viceroyalty
of New Granada" (Recio Mir, 2021) and (Davidson, 1967). Initially, the parts of a carriage were taken and adapted to the new
prototype design of the electric tricycle, primarily to not lose the essence of the old and colonial that was intended to be maintained
in the historic center of the city.

Image #12: ANIMAL-DRAWN CARRIAGE

Passenger seat Driver’s seat

Hood or awning Lights

Tires
Shock absorbers
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f) Ciudad Amurallada, Cartagena, Colombia

The new prototype of solar electric tricycle innovatively integrates design elements from antique carriages. This fusion of modern
technology with colonial aesthetics aims to preserve the historical essence of the context while promoting sustainable mobility.

In images 13 and 14, the parts that were incorporated into the design and the parts that were adapted are presented, taking into
account the development of innovation and technology.

Image #13: MAIN VIEW OF THE SOLAR ELECTRIC TRICYCLE
12 11

2 <

the authors
The rearview mirrors are depicted in Figure #1.

Figure #1: REARVIEW MIRRORS

the authors

Table #8: CHARACTERISTICS OF REARVIEW MIRRORS
Part Quantity Material
Rearview mirror 2 Steel Alloy
the authors

Rearview mirrors are an essential component in any vehicle, allowing the driver to visually observe traffic behind and to the sides.
This provides them with crucial information to make safe driving decisions, such as changing lanes or detecting the approach of
other vehicles, thereby preventing accidents and reacting to hazardous situations.

The front lights are represented in Figure #2.
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Figure #2: Front Lights

the authors

Table #9: Front Lights Characteristics
Part Quantity Material
Front lights 4 Steel Alloy
the authors

The tricycle's lighting plays a crucial role in the driver's safety. The lights, by illuminating the path in low-light or dark situations,
such as during the night, provide better visibility and prevent potential accidents.

The handlebar is represented in Figure #3.
Figure #3: HANDLEBAR

the authors

Table #10: HANDLEBAR CHARACTERISTICS
Part Quantity Material
Handlebar 1 CFRP
the authors
The handlebar, a key component for driving, allows the user to steer and control the tricycle.
Manual brakes are represented in Figure #4.

Figure #4: MANUAL BRAKES

the authors

Table #11: MANUAL BRAKES CHARACTERISTICS
Part Quantity Material
Manual Brakes 2 Steel Alloy
the authors
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Brakes are an essential component of the tricycle that allows the driver to control speed and come to a safe stop in various
situations. They are crucial in areas where speed needs to be reduced, such as pedestrian crossings, traffic lights, intersections, and
in any circumstance that demands a quick response to a potential danger.

The driver's saddle is represented in Figure #5.

Figure #5: DRIVER'S SADDLE

the authors

Table #12: DRIVER'S SADDLE CHARACTERISTICS
Part Quantity Material
Driver’s Saddle 1 Fabric
the authors

The saddle, a key component for the driver's comfort, offers an ergonomic design that ensures an appropriate and comfortable
posture during vehicle operation.
Pedals are represented in Figure #6.

Figure #6: PEDALS

the authors

Table #13: PEDALS CHARACTERISTICS
Part Quantity Material
Pedals 2 CFRP
the authors
The pedals are used to propel the movement of the tricycle through pedaling.
Pedal assist sensor is depicted in Figure #7.

Figure #7: PEDAL ASSIST SENSOR

the authors
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Table #14: CHARACTERISTICS OF THE PEDAL ASSIST SENSOR
Part Quantity Material
Pedal Assist Sensor 1 ABS plastic
the authors
The sensors are activated upon detecting the force applied while pedaling, through the assistance of the electric system of the
tricycle.
The tires are represented in Figure #8.

Figure #8: TIRES

the authors

Table #15: TIRES CHARACTERISTICS
Part Quantity Material
Tires 3 Rubber
the authors
Tires are essential for the operation of the tricycle. They enable its movement and, thanks to their design and grip, provide stability
on different surfaces, from smooth roads to uneven terrain.
Motors are represented in Figure #9.

Figure #9: MOTORS

the authors

Table #16: MOTOR CHARACTERISTICS
Part Quantity Material
Motors 2 Steel
the authors
The motor constitutes the heart of the tricycle. Thanks to its operation, it generates the necessary force to propel the vehicle and
allow its movement.
Fenders are represented in Figure #10.
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Figure #10: FENDERS

N\

the authors

Table #17: FENDERS CHARACTERISTICS
Part Quantity Material
Fenders 2 Steel Alloy
the authors
Fenders are essential to protect both passengers and the vehicle from splashes of dirt, mud, and other road debris, thereby helping to
maintain the cleanliness of the vehicle and prevent potential damage caused by the impact of these elements.
Solar panel is depicted in Figure #11.

Figure #11: SOLAR PANEL

®

the authors

Table #18: SOLAR PANEL CHARACTERISTICS

Part Quantity Material
Solar Panel 1 Tempered glass and aluminum
frame

the authors

The solar panel plays a fundamental role in the operation of the electric tricycle. By capturing solar energy, it charges the battery
sustainably, enabling its autonomy.

The passenger seat is represented in Figure #12.

Figure #12: PASSENGER SEAT

the authors
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Table #19: PASSENGER SEAT CHARACTERISTICS
Part Quantity Material
Passenger seat 2 Fabric
the authors

The tricycle seats, essential for passenger comfort, ensure a pleasant journey to the destination.

Image #14: REAR VIEW OF THE SOLAR ELECTRIC TRICYCLE

15 16

the authors
The back lights are represented in Figure #13.

Figure #13: BACK LIGHTS

the authors

Table #20: BACK LIGHTS CHARACTERISTICS
Part Quantity Material
Back lights 2 Steel Alloy
the authors
The turn signals, also known as hazard lights, are essential for road safety. They allow the tricycle driver to signal to other vehicles
their intention to turn or stop, thereby preventing potential accidents.
The luggage compartment is represented in Figure #14.
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Figure #14: LUGGAGE COMPARTMENT

N\

SN

Table #21: LUGGAGE COMPARTMENT CHARACTERISTICS
Part Quantity Material
Luggage Compartment 1 CFRP
the authors
The luggage compartment is designed to securely store passengers' belongings during their trip.
The battery is represented in Figure #15.

the authors

Figure #15: BATTERY

the authors
Table #15: BATTERY CHARACTERISTICS
Part Quantity Material
Battery 1 Polypropylene
the authors
The tricycle's operation depends on the battery, which acts as a reservoir for the solar energy captured by the panel. This stored
energy powers the motor and enables the tricycle to move.
The controller is represented in Figure #16.

Figure #16: CONTROLLER

the authors
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Table #16: CONTROLLER CHARACTERISTICS
Part Quantity Material
Controller 1 Aluminum

the authors

The controller is the essential component that manages the flow of energy in the tricycle's electrical system, including the solar
panel, battery, and motor. In the case of solar panels, it optimizes the capture of solar energy and converts it into usable electricity to
power the motor or charge the battery.
The shock absorbers are represented in Figure #17.

Figure #17: SHOCK ABSORBERS

the authors

Table #17: SHOCK ABSORBERS CHARACTERISTICS

Part Quantity Material

Shock Absorbers 2 Steel

the authors

The shock absorbers are responsible for making the passengers' journey more comfortable by reducing the impact from vibrations

and bumps, as they improve the stability of the tricycle.

Components of the Electric System of the Solar Electric Carriage

e Solar Panel: The direct conversion of solar energy into electricity is achieved through technological devices known as
photovoltaic modules, commonly called solar panels. These modules consist of an array of individual solar cells, primarily
made of silicon, a semiconductor material capable of generating electric current when exposed to solar radiation, a phenomenon
known as the photovoltaic effect (Duffe & Beckman, 2013). This property of silicon and other semiconductor materials is
crucial for harnessing solar energy as a renewable source of electricity, enabling the transformation of sunlight into usable
electrical energy.

e Solar Charge Controller: The optimization of energy flow in photovoltaic systems relies on the intelligent management
performed by solar charge controllers, electronic devices that regulate the current and voltage from the solar panels. This
regulation protects the batteries from overcharging and deep discharges, extending their lifespan and improving the overall
system performance (Koutroulis & Blaabjerg, 2012). By controlling the energy transfer between the panels, batteries, and loads,
charge controllers ensure stable and reliable system operation.

e Battery: In the context of electric vehicles, energy storage capacity plays a fundamental role in vehicle autonomy and
performance. The battery, as the primary storage component, determines the amount of energy available to power the motor
and, consequently, the distance the vehicle can travel on a single charge (CC Chan, 2002). The choice of battery technology and
its storage capacity are crucial factors in the design and development of efficient electric vehicles with greater autonomy.

e Electric Motor: The conversion of electrical energy into mechanical energy, enabling the movement of a variety of devices and
systems, is based on the operation of electric motors. These devices, widely used in industrial applications, generate rotary or
linear motion through the controlled interaction of magnetic fields (Chapman, 2021). The ability of electric motors to drive
machinery, tools, appliances, and vehicles, along with their efficiency and versatility, has made them a fundamental technology
for the automation of processes and the development of electromechanical systems that drive modern industry and everyday
life.
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The operation of the electrical system of a carriage powered by solar light

e Solar panels: They capture sunlight and convert it into direct current (DC).

e Charge controller: It regulates the current and voltage from the panels to efficiently and safely charge the batteries.
e Battery: They store the electrical energy generated by the solar panels.

e Motor: It receives alternating current from the inverter and uses it to generate motion.

Maximum speed of the electric tricycle.

Considering the maximum speeds to be maintained within the city, given that this e-carriage is used in the downtown area, the e-
carriages must travel at a maximum speed determined according to the power of the motor used in its design, the one allowed and
established by law in these types of areas, and the streets and avenues they traverse.

4) Phase IV: Determine the impact of the e-carriage prototype in downtown Popayan.
The electric tricycle prototype, specifically designed for tourism in Popayan, will focus on routes with the highest vehicular and
pedestrian traffic. A preliminary analysis reveals that these routes, located in the monumental center of the city, host most of the
tourist attractions such as museums, theaters, and historical sites. This area, frequented by both visitors and locals, presents an ideal
opportunity for the implementation of the e-carriage as a sustainable and efficient mode of transportation. Therefore, specific routes
have been determined, which are:
1. Aeropuerto Guillermo Leon Valencia - Parque Caldas
Carrera 11 - Calle 1 Norte - Carrera 9 - Calle 5
2. Parque Caldas - Aeropuerto Guillermo Leon Valencia
Calle 4 - Carrera 11
3. Parque Caldas - Templos - Sitios de interés
Torre del reloj - Catedral Basilica Metropolitana Nuestra Sefiora de la Asuncién - Teatro Municipal Guillermo Ledn
Valencia - Ermita de Jesis Nazareno - Pueblito Patojo - Morro de Tulcan - Templo Santo Domingo - Puente ElI Humilladero -
Templo San Francisco - Templo San José
The Historic Center of the city of Popayan, recognized for its architectural and historical value, has undergone a significant
transformation in recent decades. Its primary function, which used to be centered around administration and housing, has given way
to commercial predominance, attracting a considerable flow of pedestrians and a variety of vehicles, including public, private,
freight, and even animal-drawn transportation.

This transformation poses a series of challenges in terms

e Heritage conservation: Increased traffic and commercial activity can have a negative impact on historical structures,
accelerating their deterioration and complicating their maintenance.

e Mobility and safety: The coexistence of different types of vehicles and pedestrians in a space designed for a time with lower
flow can generate problems of congestion, pollution, and accidents.

e Quality of life: Noise, pollution, and congestion can impact the experience of residents and visitors in the historic center.

It is essential for authorities and the community to work together to find solutions that enable sustainable development of the

Historic Center of Popayan, balancing economic activity with the preservation of its valuable heritage and the quality of life of its

inhabitants.

The pedestrianization of urban areas, while promoting the health and well-being of the population by encouraging walking and

reducing air pollution, presents challenges regarding accessibility and handling of goods. In areas with limited parking availability,

reliance on public transportation, often noisy, generates noise pollution that affects the quality of life of residents and visitors

(Quintero Gonzales, 2013). To mitigate this impact, the implementation of a fleet of electric vehicles is proposed, both for

transporting people with reduced mobility, such as pregnant women or the elderly, and for waste collection and supplying local

businesses. This alternative would allow maintaining the tranquility of the pedestrian zone while ensuring accessibility and the

efficient flow of goods and services (European Commission, 2011).

The implementation of electric vehicles in urban historic centers offers significant benefits by reducing noise pollution, thus

improving the quality of life for residents, workers, and visitors. Traffic noise has been linked to a variety of health problems,

including tinnitus, cardiovascular diseases such as hypertension, and increased stress hormone levels (Babisch, 2002).
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By replacing internal combustion vehicles with electric alternatives, cities can create quieter and healthier environments,
contributing to the reduction of these public health issues (World Health Organization, 2018). This transition to electric mobility not
only promotes population well-being but also creates a more pleasant and sustainable urban environment.

a) Prevention of facade deterioration

Popayan, known as "The White City of Colombia" for its colonial architecture and the whiteness of its facades, faces progressive
deterioration in its historic center. While the city is renowned for its cultural and religious heritage, expressed in its cuisine and Holy
Week, vandalism, protests, unregulated advertising, and seismic movements have affected the integrity of the buildings. However,
environmental pollution emerges as a determining factor in this deterioration. Constant exposure to volatile organic compounds,
such as those present in fossil fuels and hydrocarbons, along with the accumulation of soot, accelerates the degradation of the
facades, compromising the aesthetics and structural integrity of the city's architectural heritage (Jimenez, 1992).

Ozone (Os), a secondary pollutant present in the atmosphere, plays a crucial role in the degradation of building materials, negatively
impacting built heritage and historical monuments. Its high chemical reactivity causes discoloration, surface erosion, and loss of
mechanical strength in various materials, including stone, brick, mortar, and polymer. These alterations compromise both the
structural integrity and aesthetics of buildings, accelerating deterioration and increasing the costs of maintenance and restoration of
cultural heritage (Rodriguez Rengifo, 2022).

b) Sustainability

Sustainable engineering has become imperative in light of the growing awareness of the environmental and social impacts of
technological activity. This holistic approach seeks to balance human needs, environmental responsibility, and economic viability in
the design, construction, and operation of systems and processes (Adisa Azapagic, 2010). The transition to sustainability requires a
paradigm shift in education and professional practice, equipping engineers to consider sustainability at every stage of the design
process and decision-making (UNESCO, 2017). By incorporating these principles, engineering can contribute to a more resilient
and equitable future, developing environmentally responsible technological solutions that meet human needs.

c) Reduction of Carbon Emissions

Climate change mitigation represents an urgent global challenge that demands a drastic reduction in greenhouse gas emissions,
especially CO2, the main cause of global warming and its severe consequences, such as rising sea levels, extreme weather events,
and biodiversity loss (Ministerio de Salud & Proteccion Social, 2013). Addressing this challenge requires a multidimensional
approach involving individuals, businesses, and governments in the transition to a sustainable and low-carbon energy model.
Individuals can contribute by adopting sustainable modes of transportation, reducing energy consumption, and choosing low-carbon
diets. Businesses can implement energy efficiency strategies, invest in renewables, and optimize their supply chains (WBCSD,
2021)). At the governmental level, it is crucial to establish ambitious climate policies, promote research in clean technologies, and
incentivize emission reductions (UNESCO, 2017). Collaboration among these actors is essential to achieve an effective transition to
a sustainable future and combat climate change.

d) Social Innovation

According to The Young Foundation, social innovation encompasses the creation and implementation of novel ideas, whether in the
form of products, services, or models, aimed at sustainably meeting social needs. This approach considers various components that
converge in the pursuit of a more equitable future for all. Social innovation goes beyond merely introducing new elements; it
focuses on the development and implementation of factors that contribute to tangibly and durably improving the social conditions of
a population (The Young Foundation, s. f.).

It was determined that the e-carriage ST will travel at a maximum speed of 35 km/h and can be driven by either a man or a woman.
The driver will need to exert force while pedaling to move approximately 764 kg without luggage or passengers, and around 900 kg
with a load. The driver is expected to work approximately 12 hours daily. The route of the e-carriage depends on the stops it makes
at tourist spots in the historic center and its surroundings, with each stop lasting approximately 20 to 30 minutes.

This e-carriage ST is designed with three seats: one in the front for the driver and two in the rear. It has two compartments for
storing passengers' luggage and some electrical components. Additionally, it features headlights in the front and turn signals in the
rear.
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1. RESULTS ANALYSIS

In the construction of a solar electric carriage, the integration of an efficient electrical system is crucial for its optimal operation. The
controller plays a fundamental role in this system, as it is responsible for converting alternating current (AC) into direct current
(DC) and distributing it effectively to the various components of the carriage. This conversion and distribution of energy are
essential for powering the motor, battery, and other electronic devices, thus ensuring the overall performance of the vehicle.

To determine the efficiency and resistance of the electric carriage (e-carriage), simulations were conducted and specific formulas
were applied to the materials used in its construction. This analysis allowed for evaluating the vehicle's behavior under various
conditions and determining its ability to withstand the tensions and stresses it would be subjected to during its operation.

To calculate the consumption of electrical materials, the following formulas were used:
e  Motor consumption (W): power of each motor (W) * quantity of motors

e LED bulb consumption (W): power of each bulb (W) * quantity of bulbs

e Total consumption (W): Summation of all consumptions

For motor consumption, the formula is:
e  Motor consumption (W): power of each motor (W) * quantity of motors
Motor consumption = 500 W * 2
=1000 W
e LED bulb consumption (W): power of each bulb (W) * quantity of bulbs
LED bulb consumption =35 W * 6
=210 W
e Total consumption (W): motor consumption (W) + light bulb consumption (W)
Total consumption = 1000 W + 210 W
= 1210 W — Maximum power

Table #18: MOTOR AND LED BULBS DATA

Power (W) Quantity Total Power (W) Hours of use per day (h) Energy (Wh)
500 2 1000 8 8000

35 6 210 8 1680
Maximum power 1210|Daily Max Energy 9680

the authors
Considering that the carriage is used for 8 hours per day, the determined consumption is:

e Daily consumption of motors: total power (W) * hours of daily use (h)
Daily consumption of motors = 1000 W * 8 h
= 8000 W/h

e Daily consumption of LED bulb: total power (W) * hours of daily use (h)
Daily consumption of light bulbs =210 W * 8 h
= 1680 W/h

e Total daily consumption: daily consumption of motors (KWh) + daily consumption of light bulbs (KWh)
Total daily consumption = 8000 K/h + 1680 K/h
= 9680 K/h — Maximum daily energy
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1) Stress Analysis
Image #15: STRESS ANALYSIS IN THE SHOCK ABSORBERS
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the authors

The risk factor plays a significant role in stress simulation, indicating a component's ability to withstand applied loads. In this
analysis, minimum and maximum values were established to assess the behavior of the shock absorber. The minimum factor is the
key indicator for determining the possibility of failure. A value greater than 1, as defined by Autodesk Inventor, signifies that the
component withstands stress without issues. A value equal to 1 indicates that the component is at the limit of its capacity, while a
value less than 1 suggests potential failure or rupture.

In the case of the solar electric carriage, the minimum risk factor obtained was 1.04 ul (unit of width). This means that the shock
absorber presents a safety margin within the appropriate limit, and significant failures or ruptures may not be anticipated under the
simulated conditions.

Image #16: CENTER OF MASS.

the authors
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The center of mass is an imaginary point at which the weight of the object is concentrated, becoming the point of mass distribution;

in the e-carriage ST, the center of gravity according to the X, Y, and Z coordinates is:

e X: The X coordinate indicates the horizontal distance from the origin of the coordinate system to the center of mass. In this
case, the center of mass is located 987.473 mm to the right of the origin.

e Y: TheY coordinate indicates the vertical distance from the origin of the coordinate system to the center of mass. In this case,
the center of mass is located 507.008 mm above the origin.

e Z: The Z coordinate indicates the perpendicular distance from the XY plane to the center of mass. In this case, the center of
mass is located 289.036 mm above the XY plane.

V. CONCLUSIONS

1) Characterization of the road infrastructure: The historic center of Popayan, with narrow streets and high pedestrian density,
presents mobility challenges. There is vehicular congestion, risky traffic behavior, and a lack of adequate pedestrian spaces,
which increases the risk of accidents.

2) Design of the e-carriage ST prototype: A solar electric tricycle design was chosen, inspired by the city's colonial aesthetics.
Through an integrated design and simulation approach, an e-carriage ST prototype has been designed to meet the specific needs
of downtown Popayan, offering an innovative and sustainable solution for transporting people and goods in the area, with a
focus on energy efficiency and reducing environmental impact. Elements from old carriages were incorporated, aiming to
combine tradition and innovation. Solar energy is presented as a viable alternative for powering the vehicle.

3) Impact of the e-carriage ST prototype: The implementation of the e-carriage ST in the historic center of Popayan promises to:

Strengthening sustainable tourism: Offers an innovative and environmentally friendly tourist experience.

Reduction of carbon footprint: Decreases environmental pollution generated by conventional transportation.

Improvement of mobility: Provides an efficient and adaptable transportation alternative for the context of the historic center.

Prevention of facade deterioration: Contributes to the preservation of architectural heritage by reducing pollution.

Social innovation: Promotes a more equitable and accessible transportation model.

Overall, the study supports the proposed hypothesis, indicating that the e-carriage ST has the potential to strengthen sustainable

tourism in the historic center of Popayan. The prototype, with its design adapted to the cultural context and its focus on

sustainability, is presented as an innovative solution to the mobility and heritage preservation challenges in the city.
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