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revista BTSym'24 - Simposio Brasilefio de Tecnologia, cuyos registros son publicados por la
editorial Springer Nature mediante el Libro “Proceedings of the 10th Brazilian Technology
Symposium - Emerging Trends and Challenges in Technology”, en la serie "Smart Innovation,
Systems and Technologies”, indexado en ISI Proceedings, EI-Compendex, SCOPUS, Google

Scholar y Springerlink.

En el 2024 la revista admitio 70 proyectos de investigacién, 50 articulos admitidos en la Opcion
A (Publicacion por Springer Nature) y 20 proyectos por la Opcion B (Publicados por LCV-
Laboratory of Visual Communication). Entre ellos, 20 proyectos, incluido en articulo en detalle,
fueron invitados a realizar una presentacién oral en el evento denominado BTSym'24 - Satellite
Event Per( - 10th Brazilian Technology Symposium (Anexo 1). La presente investigacion fue
presentada y admitida luego de cumplir criterios y parametros establecidos, ademas de respetar
las condiciones de Etica, derechos de autor y Politicas de Plagio establecidas. Finalmente, se firma
el acuerdo mutuo y las licencias de Publicacion con la editorial “Springer Nature” detalladas en

el Anexo 2.

En relacion al idioma, es importante sefialar que la presentacion del presente articulo fue realizada
en inglés, debido a que la revista solo acepta articulos en el idioma correspondiente, sin embargo,
se adjunta la traduccion correspondiente para fines pertinentes (Anexo 3). A continuacion, se
presenta la carta de aceptacidn emitida por parte la Revista BTSym'24 al articulo cientifico con

codigo 1D.023.
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CAPITULO |

INTRODUCCION

La presente investigacion aborda la problematica relacionada al cambio climatico
el cual genera alteraciones significativas en la temperatura, afectando el rendimiento de
los edificios a largo plazo y el confort interior de los usuarios, impactando directamente
en su productividad, bienestar y salud. El confort en un espacio esta infimamente
determinado por factores ambientales, caracteristicas arquitecténicas y necesidades
individuales, Al mismo tiempo, la irradiancia solar, el albedo, la carencia de proteccion
solar y la falta de aislamiento térmico influyen en la calidad ambiental. Actualmente, el
uso de energias renovables es poco frecuente debido a la considerable densidad urbana,
la cual limita el espacio para instalaciones solares o edlicas significativas, considerando
que las tendencias actuales adaptan la infraestructura urbana a fuentes de energias
convencionales dificultando su integracién e implementacién masiva. Sin embargo, su
aplicacion y aprovechamiento 6ptimo de estas energias en las ciudades, es esencial para
reducir la huella de carbono, registrar avances relevantes en este campo, y contribuir con
estrategias que mejoren el confort térmico, optimicen el uso de energias renovables y nos

permitan avanzar hacia la sostenibilidad urbana.

El presente estudio se estructuro en base a tres objetivos fundamentales: Medir la
Irradiancia solar, verificar el confort térmico y finalmente relacionar la Irradiancia solar
con el confort térmico; cada uno de estos objetivos aporto a un entendimiento mas
detallado para evaluar el impacto de la irradiancia solar en el confort térmico para el
disefio arquitectonico de sistemas de calefaccion pasiva en viviendas urbanas de clima
frio-seco. En ese sentido, durante el afio 2023, se realiza el disefio y replica de tres
prototipos arquitectonicos de vivienda urbana en la ciudad de Juliaca ubicada a 3820

12
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m.s.n.m. destacada por la notable influencia comercial que genera en el Sur del Peru. La
construccion de los prototipos se realiza en la intemperie a Escala 1:5, empleando
materiales convencionales del medio como ladrillo con mortero, cubierta solida, acceso
y abertura correspondiente, manteniendo una geometria simétrica con un volumen de 4m3
cada uno. Respecto a las intervenciones experimentales, el primer prototipo fue
denominado Grupo control (GC), el cual no recibié alguna modificacion. El segundo
prototipo fue denominado SCPA (Sistema de Calefaccion Pasiva de Agrofilm) debido a
que se le incluye dos esclusas de aire las cuales conectan al Prototipo con el sistema de
calefaccion pasiva incorporado, el cual presenta un colector solar con geometria
prismética de base rectangular truncada, elaborada con madera de pino, tornillos
galvanizados, cubierta exterior de Polietileno Agricola de 2mm, conocido
comercialmente como Agrofilm o Plastico amarillo. EIl tercer prototipo, también fue
modificado, presenta dos esclusas de aire las cuales relacionan al prototipo con su Sistema
de calefaccion Pasiva, cuyo colector solar es similar al anterior, sin embargo la cubierta
exterior esta elaborada con Polietileno Tereftalato o PET de Tipo |, es decir botellas de
plastico cortadas y configuradas en forma de tejas, destacando su disponibilidad como
material reciclable y su alta transmitancia térmica. Ambos sistemas de calefaccion pasiva
presentan un almacenar térmico elaborado con Yeso, Residuos de madera (Aserrin) y
Totora  (Schoenoplectus  californicus). Las esclusas integradas  mejoran
considerablemente el flujo de aire y la eficiencia de los sistemas, optimizando y

manteniendo las condiciones térmicas estables.

La recopilacion de datos fue realizada por un periodo de 120 dias, entre las 8:00
y 22:00 horas. El radiometro fue ubicacién a una altura de 1.20m y a una distancia

méaxima de 3m del centro de los prototipos obteniendo asi los datos correspondientes a la
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irradiancia solar. De forma paralela se obtuvieron los datos de temperatura y humedad
con una Estacion meteoroldgica y termohigrometros digitales. Los datos obtenidos fueron
organizados en hojas de calculo y procesados con IBM SPSS Statics, version 26.0,
realizando la verificacion de la normalidad de los resultados y empleando 20 °C y 40%
como valores de referencia establecidos en la Norma A110. del Reglamento Nacional de
Edificaciones para realizar el analisis T de student para una Unica muestra. Finalmente,
el Andlisis de Varianza (ANOVA) se desarrollo para evaluar las diferencias entre los

prototipos en términos de temperatura y humedad.

El proceso constructivo y producto obtenido refleja la empleabilidad, viabilidad
técnica y econdémica de los prototipos puesto que: EI SCPA requirié un tiempo estimado
de 2 horas para su construccion con un costo de $29.33, mientras que SCPP fue construido
en 6 a 7 horas con un costo de $37.33, en ambos casos el almacenador térmico de Yeso,
aserrin y Totora se elaboro en 3 horas aproximadamente con un costo de $5.66 cada por
componente. Ademas, los resultados obtenidos del procesamiento de datos reflejan la
capacidad de captacion de energia solar, rendimiento y eficiencia térmica demostrando
que, aungue el SCPA presenta un costo mas reduccion y construccion factible, el SCPP

ofrece ventajas significativas relacionadas a la durabilidad y mantenimiento.

Con respecto a la evaluacion térmica desarrollada, la radiacion solar promedio en
la zona fue de 502.9 W/mz2, muy inferior con respecto a lo establecido por las Condiciones
Estandares de Medida (CEM) destacando el incremento de esta medida hasta 811.0 W/m?2
durante la tarde. Sin embargo, el SCPA, destaca por captar entre el 85% y 90% de la
radiacion solar como se observa en la Figura 2, evidenciando una eficiencia térmica
significativa durante el dia. Ademas, los datos meteoroldgicos obtenidos proyectan una

mejor estabilidad térmica interior frente a las condiciones térmicas externas.
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En relacion a los prototipos, durante el dia y la tarde el SCPA y SCPP alcanzan
temperaturas promedios superiores y cercanas al Estandar de 20°C establecido por la
norma A.110, indicando entornos neutros y optimos térmicamente. Sin embargo, en la
mafiana y en la noche los prototipos junto al grupo control revelan una baja retencion
térmica. Los resultados obtenidos en el periodo mafiana fueron estadisticamente
significativos (p>0.001) indicando mejoras favorables a nivel térmico en comparacion
con el grupo control. Durante el periodo dia, la temperatura del SCPA Y SCPP se
optimizan y mejoran el confort térmico alcanzando temperaturas de 23.96°C y 19.64°C
respectivamente, durante la tarde no existe diferencia significativa debido al incremento
de irradiancia solar y estabilizacion de los materiales, finalmente por la noche se
evidencia que SCPA pierde calor con celeridad mientras que el SCPP indica una mejor
retencion del calor, con respecto a la humedad en la mafiana el SCPP denota una mayor
humedad alcanzando 32.04%, durante el dia, tarde y noche el SCPA mantiene un
ambiente mé&s seco con indicadores de 20.86%, 19.93% y 25.58% respectivamente, en

ese sentido no se evidencian diferencias estadisticamente significativas.

En conclusion, el anélisis realizado al SCPA Y SCPP evidencian diferencias
primordiales en eficiencia y aplicabilidad. EI SCPA capta mayor energia solar disponible,
sin embargo, su eficiencia reduce en condiciones de nubosidad, a diferencia del SCPP,
que presenta una menor captacion de irradiacion solar, destaca por su retencién de calor
y durabilidad. En términos econdmicos, el SCPA se ajusta y es viable para proyectos con
presupuesto limitado ademas de su implementacion eficiente. Por su parte, el SCPP a
pesar de la inversion inicial significativa y mayor dificultad de implementacién, destaca
por su durabilidad y bajo mantenimiento ademas de contribuir como una aplicacion

sostenible a largo plazo.

15

repositorio.unap.edu.pe

No olvide citar adecuadamente esta tesis
.|



. UNIVERSIDAD

NACIONAL DEL ALTIPLANO
Repositorio Institucional

El presente estudio fue presentado a la convocatoria desarrollada para el Simposio
Brasilefio de Tecnologia (BTSym) 2024, encuentro académico que congrega a diferentes
investigadores, estudiantes, académicos y profesionales de diversas areas interesados en
contribuir con proyectos significativos. La edicion 2024, se enfocd en "Innovacién
Inteligente, Sistemas y Tecnologias aperturando 07 paneles de discusion, entre ellos el
Panel 03 fue denominado “Tecnologia aplicada a la edificacién”, el cual concentra temas
como: Confort ambiental, Eficiencia energética en edificios, Construcciones, Edificios
sostenibles y Edificios inteligentes entre otros, los cuales son temas similares a la linea
de investigacion del presente proyecto. En ese sentido, es pertinente sefialar que las actas
generadas en el Simposio Brasilefio de Tecnologia 2024 (BTSym) seran publicadas por
la editorial Springer Nature, la cual es reconocida por publicaciones de revistas cientificas
con impacto relevante en el area. Ademas, es necesario cumplir de forma idonea el
proceso de revision por pares, seleccion y evaluacion realizada por expertos en el area
previa publicacion, efectivizando la calidad y autenticidad cientifica de los contenidos.

La admisién del articulo para su presentacion y publicacién en el BTSym 2024,

En definitiva, el enfoque holistico denotado pretende innovar e implementar
estrategias con el fin de mejorar el confort ambiental en las viviendas urbanas mediante
productos reciclados como las botellas PET, residuos de materia prima como el aserrin,
productos naturales como la totora e integrarlos a materiales convencionales como el
Yeso, la madera, las grapas de acero entre otros, para elaborar sistemas de calefaccion
pasiva efectivos, viables, econémicos y fundamentalmente sostenibles, reduciendo la
huella de carbono, optimizando el confort ambiental y la calidad de vida del usuario,
creando soluciones constructivas que transforman los desafios ambientales en

oportunidades sostenibles.
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CAPITULO II

ARTICULO ADMITIDO

INCIDENCE OF SOLAR IRRADIATION ON THERMAL COMFORT FOR
THE ARCHITECTURAL DESIGN OF A PASSIVE HEATING SYSTEM IN

URBAN HOUSING IN A COLD-DRY CLIMATE

Keysi Zenaida Huanca Chogquehuanca?t[0009-0009-4536-65601. Groyer Marin Mamani[0000-0003-
4222-6297]

L Universidad Nacional del Altiplano de Puno, Perd.
Facultad de Ingenieria Civil y Arquitectura

ABSTRACT

Climate change impacts the thermal performance of buildings, accentuating the need for
adaptive architectural systems. This study optimizes thermal comfort in dwellings in cold-
dry climates through passive heating that takes advantage of solar irradiation. Two 1:5
scale prototypes were built in Juliaca, Peru: one with Agrofilm (APHS) and one with
recycled PET (PPHS), plus a control group (CG). During the four winter months, the
APHS, at $21.33, achieved daytime temperatures of 26.6°C, higher than the CG (20.4°C),
making it viable for communities with limited resources. The PPHS, at $37.33,
maintained nighttime temperatures of 14.99°C, excelling in heat retention. Both systems
faced challenges in moisture management, affecting thermal inertia and pointing to the
need for improved PET shingles on the PPHS to reduce thermal bridging. Although
APHS is more economical and efficient during the day, PPHS offers durability and lower
maintenance, making it suitable for long-term sustainable applications. This study
suggests optimizing materials for high cloud cover environments and further researching
passive heating systems for similar climates, contributing to sustainability in high Andean

areas.
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Keywords: Bioclimatic design, solar energy, recycled materials, passive technologies,
thermal performance evaluation.
INTRODUCTION

The lack of indoor comfort generates dissatisfaction, decreases the productivity
and well-being of occupants, and can affect their physical and mental health, with comfort
being dependent on environmental conditions, constructive characteristics, and individual
needs (Ganesh et al., 2021), together, they are closely linked to climate change seen as a
global challenge that significantly alters temperatures, affecting the performance of
buildings and their repercussions over time (Rodriguez et al., 2024). A significant
environmental factor is reflected in solar irradiance, its increase is influenced by the
environment, the season of the year, and the position of the sun, while the increase in
albedo notably affects exposed surfaces (Heim & Knera, 2021). Although there have been
advances in this field, it is necessary to deepen the understanding of the perception of
comfort in different spaces (Baquero, 2021). The study of solar irradiance, defined as the
intensity of sunlight reaching the earth's surface (Cafiibano & Confalone, 2020), is key to
developing strategies to improve thermal comfort and reduce dependence on conventional
energy sources (Parrefio et. al, 2020). Passive heating systems, which take advantage of
solar energy, the building envelope, and building materials, optimize comfort without
relying on mechanical systems (Toroxel & Silva, 2024). Passive building design, using
passive or active heating, transforms the approach to heating needs (Lamrani et al., 2023).
Projects such as “Sun-lighthouse Velux” (Austria), “Vivienda 3C2C” (Chile), and “Mi
Abrigo o Muro Trombe” (Peru) demonstrate the potential of advanced technologies and
sustainable materials to improve thermal comfort and reduce the carbon footprint (Molina
et al., 2023). In cities with cold-dry climates, such as Puno in Peru, low humidity

intensifies cold sensations, reaching temperatures as low as -4°C during frosty periods
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(Dursun & Yavas, 2024; SENAHMI, 2022). One of these cities is Juliaca, located on the
Collao plateau at 3826 m.a.s.l., which acts as a crucial economic center for the south of
the region and the country (Quifionez et. al, 2019). Despite its importance, Juliaca
presents limited and unplanned infrastructure development, with housing ranging from
rural and traditional typologies to multifamily structures, predominantly brick masonry,
and conventional finishes (Aucapuri et. al, 2018). Although the use of renewable energy
iIs not common, the use of evacuated tube solar collectors has increased, positively
impacting housing by improving thermal comfort and reducing dependence on fossil fuels
and greenhouse gas emissions (Aquino, 2018; Omeiza et al., 2023). This study evaluates
the impact of solar irradiance on the thermal comfort of dwellings in Juliaca, Peru, and
develops strategies to optimize passive heating systems.

MATERIALS AND METHODS

2.1. Passive Heating System Design.

This study adopted a quantitative explanatory approach, based on a cross-sectional
measurement, to analyze the relationship between solar irradiance and thermal comfort
(Galarza, 2020). The research was conducted in the Santiago urbanization, in Juliaca, at
3820 meters above sea level (UTM WGS84, zone 19, 379734.00 m E, 8287067.00 m S).
In this high Andean region, solar irradiance and ambient temperature were systematically
measured inside 14 urban single-family houses, selected a priori according to their
location in the center, semi-center, and urban periphery, and considering the predominant
materials, brick, and concrete, as well as their accessibility to solar energy, according to
their orientation and layout. Preliminary results indicated that low average temperatures

represent a significant thermal challenge for housing comfort.
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To address this situation, three architectural prototypes were designed and
replicated at a scale of 1:5, using traditional construction techniques with brick and
mortar, as well as solid roofs. The prototypes maintained a symmetrical geometry, with
an interior volume of 4.00 m2 and scaled dimensions, including a 2.00 x 1.50 m window
facing north and a 2.10 x 0.90 m door facing east. The design sought to reproduce thermal
conditions equivalent to those of a full-scale architectural space, by previous studies
(Martinez Garcia et al., 2023). The prototypes were built outdoors in an uncontrolled
climatic environment to ensure the external validity and applicability of the data obtained
in situ. As for the experimental treatments, the prototype, the control group (CG), did not
receive any intervention. However, it was selected with an intermediate location between
prototypes, optimizing its orientation to capture solar irradiation under normal conditions.
The second prototype incorporated a passive heating system with Agrofilm (APHS), as
shown in Fig. 1a, while the third used a passive heating system with recycled PET
(PPHS), as illustrated in Fig. 1b. In these models, solar irradiance, temperature, and
relative humidity were rigorously measured simultaneously to evaluate their thermal

performance and viability in cold-dry climates.

Figure 1
1:5 scale models, (a) passive heating system based on Agrofilm (APHS), passive

heating system constructed with recycled PET (PPHS).
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Evaluate thermal comfort in the APHS and PPHS prototypes, two main objectives
were established. The first was the construction of three 1:5 scale modules, using
materials representative of the study area. These modules incorporated the APHS and
PPHS systems, designed with a focus on cost reduction, prioritizing materials that would
optimize the cost-quality ratio and guarantee heat generation from renewable sources
(Mamani et al., 2023). The second objective was to compare the temperatures and
humidities recorded in the modules with a control group (CG). This approach not only
made it possible to evaluate the efficiency of the systems in a controlled environment, but
also to identify improvements to optimize thermal comfort in future architectural

applications.

2.1.1 Construction of APHS and PCHS Modules.

In the development of Agrofilm's Passive Heating System (APHS), shown in Fig.
2a, a solar collector with a prismatic geometry with a trapezoidal base was used, designed
to maximize solar radiation during the hours of highest irradiance. With a volume of 0.02
m3, the collector effectively balances solar collection and heat dissipation, ensuring high
thermal efficiency. The structure was manufactured with treated radiata pine wood,
selected for its resistance to humidity and durability in adverse conditions. For the outer
shell, a 2 mm thick yellow Agrofilm agricultural polyethylene was used, thermoformed
to ensure a precise fit and minimize heat loss by convection. The construction process
consisted of assembling the wood sections with galvanized screws of an adequate
thickness for the structure, ensuring corrosion resistance and structural durability. Finally,
the roof was fastened with stainless steel staples, highlighting its durable fastening and

weather resistance. The Passive Heating System with PET (PPHS), shown in Fig. 2b, uses
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a wooden structure similar to the APHS, but with a different cover. The collector, with a
volume of 0.03 m3, uses recycled type | PET bottles, cut longitudinally and arranged in
the form of shingles to enlarge the solar collection surface and improve radiation
dispersion, thus achieving more uniform heating. PET bottles were selected for their high
thermal transmittance, resistance to UV degradation, and availability as a recyclable
material. In the construction process, the PET tiles were attached to the wooden structure
with stainless steel staples, ensuring a leak-free joint, which increases the durability and

efficiency of the system.

The APHS and PPHS systems integrate layered thermal storage (LTS) using
materials such as sawdust, gypsum, and cattail. Sawdust, with its cellular structure,
effectively retains heat and improves thermal conductivity (Mwango & Kambole, 2019).
When mixed with gypsum mortar, it increases thermal insulation in interior applications
and enhances structural stability, ensuring uniform performance. Cattail (Schoeno-
plectus californicus), a natural fiber endemic to southern Peru is notable for its
interconnected cell structure, which provides excellent thermal insulation with low
embodied energy (Jiménez-Dianderas et al., 2024). It is economical, accessible, and due
to its low environmental impact, it is viable for passive heating projects in regions with
limited resources. Both systems were north-facing to maximize solar gain in midlatitudes
and optimize thermal efficiency. The APHS was installed under the model window,
covering 0.49 m2, while the PPHS covered 0.87 m2. Both systems were anchored to the
partition wall with galvanized screws, selected for their corrosion resistance and ability
to withstand dynamic loads, ensuring structural stability. The connection between the
solar collector and the interior was made by means of airlocks, which are essential for

controlled exchange and optimal heat transfer. These airlocks, of 0.005 m? in area, were
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installed at 0.2 m and 0.3 m in height, allowing the airflow to be adjusted according to
internal and external thermal variations, improving the efficiency of the system and

maintaining stable thermal conditions.

2.1.2 Thermal Comparison of APHS and PPHS.

Solar irradiance was measured during a 120-day winter period (May-August),
taking advantage of the environmental stability of winter to consistently evaluate
variations in irradiance. Measurements were taken between 8:00 am and 5:00 pm, at 30-
minute intervals, using a PCE-SPM 1 solar irradiance meter, calibrated according to the
manufacturer's specifications, with an accuracy of £0.5%. The meter was installed at a
height of 1.20 m and at a maximum distance of 3.00 m from the center of the CG, APHS,
and PPHS prototypes, thus ensuring the representativeness of the measurements. In
parallel, ambient temperature and humidity were recorded using a Sainlogic weather
station, equipped with Weather Under-ground and Weathercloud for real-time data
transmission and storage. Both de-vices were periodically calibrated and maintained to
ensure data accuracy and reliability. Temperature and internal humidity in the CG, APHS,
and PPHS prototypes were measured during the same period, between 7:00 am and 11:00
pm, at 60-minute intervals, capturing diurnal and nocturnal variations. USB Unit
UT330Tc Thermo hygrometers, strategically placed in the solar collectors and adjacent
environments, were used to capture accurate data. The results were organized into
spreadsheets, with five-column tables including the prototype, month, day, measurement
period (Morning, Day, Afternoon, Evening, Night), and temperature and humidity values.
Subsequently, the data was processed with IBM SPSS Statistics, version 26.0, verifying
the normality of the results and performing a student’s t analysis for a single sample, using

20 °C and 40% as reference values according to the regulations of the National Building
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Regulations A110. Finally, an analysis of variance (ANOVA) was performed to
determine the significance of the differences between the prototypes in terms of

temperature and relative humidity.

RESULTS
3.1 Construction of APHS and PPHS Prototypes

The construction process of the solar collectors and the thermal store was carried
out with different times and costs associated with each component, reflecting both the

technical and economic feasibility of the systems.

Figure 2
Experimental prototypes 1:5 scale, in (a) APHS with thermal storage and differentiated

airlocks, (b) PPHS with thermal storage and airlocks.

The construction of the Agrofilm Passive Heating System (APHS), illustrated in
Fig. 2a, required approximately 2 hours to assemble the wood frame and place the
Agrofilm, at $2.67 per square meter. For an area of 2 m?, the cost of the Agrofilm was

$5.33, and the wood for the frame cost $8.00. Labor, at a rate of $8.00 per hour, added up
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to $16.00, resulting in a total cost of $29.33 for the solar collector. On the other hand, the
construction of the PET Passive Heating System (PPHS), as shown in Fig. 2b, was more
labor intensive, requiring 6 to 7 hours due to the manual fabrication of the tile-like sheets.
The PET bottles, costing $0.03 per unit, totaled $1.33, and the wood for the frame also
cost $8.00. Labor, due to the additional time, totaled $28.00, resulting in a total cost of
$37.33 for the PET solar collector. The use of recycled materials such as PET bottles not

only reduces costs but also contributes significantly to environmental sustainability.

The thermal store was constructed using a 2:5 sawdust and gypsum mixture, with
an estimated construction time of 2 to 3 hours. Costs included $1.33 for sawdust and
$2.33 for gypsum. In addition, cattail was used as an insulating material at $2.00, resulting
in a total cost of $5.66 for the storeroom. The total estimated time for construction of all

components was 11 to 12 hours, providing a realistic view of the resources required.

The APHS, with its cubic design, captures 85% to 90% of solar energy in cold
and dry climates, optimizing performance on winter days. However, its efficiency
decreases in high cloud cover or accumulated snow. The PPHS, although it captures 75%
to 80% of irradiance due to the lower transmittance of recycled plastic, has an adjustable
tilt that facilitates drainage and maintains stable performance. The thermal efficiency of
the APHS is notable for its ability to concentrate heat in a well-insulated space, with low
heat loss at night. In contrast, the PPHS, with its stronger material, retains heat better and
releases it slowly during the night. The structure of the bottles creates air chambers that
improve heat retention. APHS is more vulnerable to wear and tear from UV radiation and
extreme cold, which may require more frequent replacements. PPHS is more durable,
with greater resistance to UV degradation and physical impacts, and requires less

maintenance, making it a reliable and sustainable option for long-term applications.

25

repositorio.unap.edu.pe

No olvide citar adecuadamente esta tesis
.|



. UNIVERSIDAD

NACIONAL DEL ALTIPLANO
Repositorio Institucional

Although APHS is less expensive and easier to install, PPHS offers significant advantages
in durability and maintenance, making it ideal for environments where sustainability and

longevity are crucial.

3.2 Thermal Evaluation of APHS y PCHS

The average solar radiation in the region was 502.9 W/m?2, significantly lower than
the 1000 W/m?2 Standard Measuring Conditions (SMC) standard. This reflects local
challenges in solar gain, affected by cloud cover and low winter temperatures. Mornings,
with an average of 200.4 W/m2, present the lowest radiation, influenced by fog or frost.
In the afternoon, radiation increases to 811.0 W/m?, approaching EMF levels, suggesting
higher solar gain in this period. The meteorological data showed a mean outdoor
temperature of 13.02 °C, with a standard deviation of 4.68 °C, showing moderate thermal
variability. In contrast, the indoor temperature was higher and more stable, with a mean
of 19.27 °C and a deviation of 2.28 °C, suggesting good insulation. Outdoor humidity
averaged 35.95% with high variability (deviation of 15.78%), while indoor humidity was
more controlled, with a mean of 27.45% and deviation of 2.39%, reflecting indoor thermal

stability versus outdoor conditions.

The temperature analysis in the evaluation of the efficiency of passive heating
systems in cold-dry climates indicates that, during the day, the Agrofilm Passive Heating
System (PACS) reached an average temperature of 23.96°C, exceeding the standard of
20°C of the A110 norm (p < 0.001), demonstrating its efficiency in cold climates. The
Recycled PET Passive Heating System (RCPS) recorded an average temperature of
19.64°C, close to the standard (p = 0.583), suggesting a thermally neutral environment,
suitable for balancing efficiency and cost. In the afternoon, both APHS and PPHS and the

Control Group (GP) exceeded 20°C, with APHS reaching 26.62°C (p < 0.001). However,
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in the morning and evening, no module maintained temperatures above 20°C. Although
APHS and PPHS showed better performance than GP, they all fell below the standard,
evidencing the difficulty of maintaining heat without sufficient solar radiation. This

underscores the thermal limitations of full-scale housing.

The performance of the APHS is shown in Fig. 3a morning, 3c afternoon, and the
PPHS in Fig. 3b morning, 3d afternoon. Both systems were evaluated in terms of
temperature and relative humidity. Whereas, the analysis of relative humidity, with a
standard of 40%, showed that neither module reached adequate levels. The PPHS had
lower humidity deficits (-7.96% in the morning and -13.56% in the evening, p < 0.001),
but was still insufficient, indicating the need to improve moisture retention. Although
APHS complies with daytime and evening temperature regulations, both systems require
improvements to maintain adequate performance in periods of lower solar radiation and

humidity management to fully comply with A110.
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Figure 3
Thermal operation diagram of the APHS (a, ¢) and PPHS (b, d) and thermal behavior in

the Morning (a, b) and Afternoon (c, d).

3.2.1 Thermal Efficiency (Temperature - Humidity)

To determine their thermal efficiency, to temperature, in the morning, a significant
difference was observed in the mean temperatures. The Control Group (CG) recorded a
mean temperature of 9.77°C, while the Agrofilm Module (APHS) and PET Module
(PPHS) reached 13.10°C and 12.25°C, respectively. These differences were statistically
significant (p < 0.001), suggesting that both modules provide a more thermally favorable
environment than the CG, with the APHS achieving slightly higher temperatures. As the
day progressed, the differences became more pronounced. The CG maintained 16.79°C,
while the APHS reached 23.96°C and the PPHS 19.64°C, both significantly higher than

the CG (p < 0.001). These results underscore the effectiveness of APHS in maintaining
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warmer temperatures during the day, improving thermal comfort. In the afternoon, mean
temperatures were equalized, with CG recording 25.99°C, APHS 25.13°C, and PPHS
24.64°C, with no significant differences (p > 0.05). This suggests that, as the day
progresses, thermal differences attenuate due to the higher incidence of solar radiation
and thermal stabilization of the materials. At night, CG maintained 15.40°C, while APHS
recorded 13.58°C (p = 0.002), indicating that APHS loses heat faster. In contrast, PPHS
showed 14.99°C, with no significant difference compared to CG (p = 0.398), suggesting

better heat retention in PPHS.

Regarding relative humidity, in the morning, CG recorded 24.76%, APHS
27.75%, and PPHS 32.04%, the latter being significantly higher (p < 0.05). During the
day, APHS maintained a drier environment with 20.86%, compared to CG (26.90%) and
PPHS (28.28%) (p < 0.001). In the afternoon, APHS continued at 19.93%, compared to
24.78% for CG and 23.50% for PPHS (p < 0.001), in the evening, differences in humidity
levels stabilized and were not significant (p > 0.05), with CG registering 25.82%, APHS

25.58%, and PPHS 26.44%.

3.2.2 Thermal Effectiveness (Comparative Analysis)

The results of this study confirm the effectiveness of passive heating systems in
cold and dry climates, as observed in the APHS and PPHS. The APHS, which captures
85% to 90% of solar radiation, maintains high thermal efficiency during the day, crucial
for comfort in extreme conditions. This performance coincides with the findings of
(Molina et al., 2023), who emphasize the need to adapt passive solar heating for high
Andean areas. Also, Agurto et al. (2020), has shown that passive solar technologies, such
as Trombe walls in Chile, reduce energy demand and improve comfort, aligning with the

APHS efficiency observed here. However, APHS efficiency decreases under cloud cover
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and snow accumulation, which limits its performance in variable climates, as also noted
by Bensehla et al. (2021), who advocate increasing PV capacity in regions with high solar
potential. PPHS, although less efficient in capturing solar radiation, showed better heat
retention and durability, crucial for long-term ap-plications, in line with that reported by
Lu et al. (2023), who underlined the importance of thermal storage in improving energy
efficiency. Economically, APHS is more viable for projects with limited budgets, ideal
for rural communities or subsidized programs, as suggested by Chandel et al. (2024), in
the western Himalayan region. PPHS, with higher durability and lower maintenance, is
better for long-term sustainable applications, as discussed by Larrea-Saez et al. (2024),
in Chile, and Tungnung (2020) in India, who highlight the importance of passive design
in optimizing indoor temperature. The effectiveness of these solutions can be further

enhanced with flexible ventilation and optimized glazing (Wang et al., 2023).

CONCLUSION

Analysis of two types of solar collectors designed for cold and dry climates reveals
key differences in efficiency and applicability. The APHS captures 85-90% of the
available solar energy, but its performance decreases in high cloud or snow conditions.
In contrast, the PPHS, which captures 75%-80% of solar irradiance, excels in heat
retention and durability thanks to the structure of the bottles and their adjustable tilt,
optimizing collection according to latitude. Economically, APHS is viable for projects
with limited budgets and quick implementation, ideal for rural communities or subsidy
programs. Although the PPHS has a higher initial cost and is more complex to construct,
it offers durability and lower maintenance, being more suitable for long-term applications
in environments where sustainability is crucial. The study evidences the feasibility of

innovative passive heating solutions as sustainable alternatives to improve thermal
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comfort in dry cold climate urban dwellings, highlighting the role of passive systems in
sustainable cities in the face of climate change. However, further research is
recommended to optimize the materials of both collectors in environments with high

cloud cover and solid precipitation.
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ANEXO 3: TRADUCCION AL ESPANOL

INCIDENCIA DE LA IRRADIACION SOLAR EN EL CONFORT TERMICO
PARA EL DISENO ARQUITECTONICO DE UN SISTEMA DE

CALEFACCION PASIVA EN VIVIENDA URBANA DE CLIMA FRIO-SECO.

Keysi Zenaida Huanca Choquehuancall0009-0009-4536-65601. Grayer Marin Mamani?*[0000-0003-
4222-6297]

L Universidad Nacional del Altiplano de Puno, Perd.
Facultad de Ingenieria Civil y Arquitectura

RESUMEN

El cambio climético impacta el rendimiento térmico de los edificios, acentuando
la necesidad de sistemas arquitecténicos adaptables. Este estudio optimiza el confort
térmico en viviendas de climas frio-secos mediante calefaccion pasiva que aprovecha la
irradiacion solar. Dos prototipos a escala 1:5 se construyeron en Juliaca, Peru: uno con
Agrofilm (SCPA) y otro con PET reciclado (SCPP), ademas de un grupo control (GC).
Durante cuatro meses invernales, el SCPA, con un costo de $21.33, alcanzd temperaturas
diurnas de 26.6°C, superior al GC (20.4°C), lo que lo hace viable para comunidades con
recursos limitados. EI SCPP, con un costo de $37.33, mantuvo temperaturas nocturnas de
14.99°C, destacandose en retencion de calor. Ambos sistemas enfrentaron desafios en la
gestion de humedad, afectando la inercia térmica y sefialando la necesidad de mejorar las
tejas PET en el SCPP para reducir puentes térmicos. Aunque el SCPA es mas econémico
y eficiente durante el dia, el SCPP ofrece durabilidad y menor mantenimiento, adecuado
para aplicaciones sostenibles a largo plazo. Este estudio sugiere optimizar materiales para
entornos con alta nubosidad y ampliar investigaciones en sistemas de calefaccion pasiva

para climas similares, contribuyendo a la sostenibilidad en zonas altoandinas.
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Palabras claves: Disefio bioclimatico, energia solar, materiales reciclados, tecnologias
pasivas, evaluacién del rendimiento térmico.
INTRODUCCION

La falta de confort interior genera insatisfaccion, disminuye la productividad y
bienestar de los ocupantes, y puede afectar su salud fisica y mental, siendo el confort
dependiente de las condiciones ambientales, las caracteristicas constructivas y las
necesidades individuales (Ganesh et al., 2021), en conjunto, se encuentran estrechamente
vinculados al cambio climético visto como un desafio global que altera significativamente
las temperaturas, afectando el rendimiento de los edificios y sus repercusiones a lo largo
del tiempo (Rodriguez et al., 2024). Un factor ambiental significativo es la irradiancia
solar reflejada, su incremento esta influenciado por el entorno, la estacion del afio, y la
posicion del sol, mientras que el aumento del albedo afecta notablemente las superficies
expuestas (Heim & Knera, 2021). Aunque ha habido avances en este campo, es necesario
profundizar en la comprension de la percepcion del confort en diferentes espacios
(Baquero, 2021). El estudio de la irradiancia solar, definida como la intensidad de luz
solar que llega a la superficie terrestre (Cafiibano & Confalone, 2020), es clave para
desarrollar estrategias que mejoren el confort térmico y reduzcan la dependencia de
fuentes de energia convencionales (Parrefio et. al, 2020). Los sistemas de calefaccion
pasiva, que aprovechan la energia solar, la envolvente y los materiales del edificio,
optimizan el confort sin depender de sistemas mecanicos (Toroxel & Silva, 2024). La
proyeccion de edificios pasivos, que utilizan calefaccion pasiva o activa, transforma el
enfoque de las necesidades de calefaccién (Lamrani et al., 2023). Proyectos como
“Sunlighthouse Velux” (Austria), “Vivienda 3C2C” (Chile) y “Mi abrigo o Muro
Trombe” (Pertl) demuestran el potencial de tecnologias avanzadas y materiales

sostenibles para mejorar el confort térmico y reducir la huella de carbono (Molina et al.,
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2023). En ciudades de clima frio-seco, como Puno en Per(, la baja humedad intensifica
las sensaciones de frio, alcanzando temperaturas de hasta -4°C en épocas de heladas
(Dursun & Yavas, 2024; SENAHMI, 2022). Una de estas ciudades es Juliaca, situada en
la meseta del Collao a 3826 m.s.n.m., que actla como un centro econdmico crucial para
el sur de la region y del pais (Quifionez et. al, 2019). A pesar de su importancia, Juliaca
presenta un desarrollo de infraestructura limitado y sin planificacion, con viviendas que
abarcan desde tipologias rurales y tradicionales hasta estructuras multifamiliares,
predominando la mamposteria de ladrillo y acabados convencionales (Aucapuri et. al,
2018). Aunque el uso de energias renovables no es comun, ha aumentado el uso de
colectores solares de tubo de vacio, impactando positivamente las viviendas al mejorar el
confort térmico y reducir la dependencia de combustibles fésiles y las emisiones de gases
de efecto invernadero (Aquino, 2018; Omeiza et al., 2023). Este estudio evalta el impacto
de la irradiancia solar en el confort térmico de las viviendas en Juliaca, Perd, y desarrolla
estrategias para optimizar sistemas de calefaccion pasiva.

MATERIALES Y METODOS

2.1 Disefio del Sistema de Calefaccion Pasiva

Este estudio adopt6 un enfoque cuantitativo explicativo, basado en una medicion
transversal, para analizar la relacion entre irradiancia solar y confort térmico (Galarza,
2020). La investigacion se realizé en la urbanizacidn Santiago, en Juliaca, a 3820 metros
sobre el nivel del mar (UTM WGS84, zona 19, 379734.00 m E, 8287067.00 m S). En esta
region altoandina, se midieron sistematicamente la irradiancia solar y la temperatura
ambiente en el interior de 14 viviendas unifamiliares urbanas, seleccionadas a priori en
funcién de su ubicacion en el centro, semi-centro y periferia urbana, y considerando los
materiales predominantes, ladrillo y concreto, asi como su accesibilidad a la energia solar,

en funcion de su orientacion y disposicion. Los resultados preliminares indicaron que las
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bajas temperaturas promedio representan un desafio térmico significativo para el confort

habitacional.

Para abordar esta situacion, se diseflaron y replicaron tres prototipos
arquitectonicos a escala 1:5, empleando técnicas constructivas tradicionales con ladrillo
y mortero, asi como cubiertas sélidas. Los prototipos mantuvieron una geometria
simétrica, con un volumen interior de 4.00 m3 y dimensiones a escala, incluyendo una
ventana de 2.00 x 1.50 m orientada al norte y una puerta de 2.10 x 0.90 m orientada al
este. El disefio buscé reproducir condiciones térmicas equivalentes a las de un espacio
arquitectonico a escala real, de acuerdo con estudios previos (Martinez Garcia et al.,
2023). Los prototipos fueron construidos a la intemperie en un entorno climatico no
controlado para asegurar la validez externa y aplicabilidad de los datos obtenidos in situ.
En cuanto a los tratamientos experimentales, el primer prototipo, grupo control (GC), no
recibi6 intervencion alguna. Sin embargo, se selecciond con una ubicacién intermedia
entre prototipos, optimizando su orientacion para captar la irradiacion solar en
condiciones normales. El segundo prototipo incorpord un sistema de calefaccion pasiva
con Agrofilm (SCPA), como se muestra en la Fig. 1a, mientras que el tercero utiliz6 un
sistema de calefaccion pasiva con PET reciclado (SCPP), segun se ilustra en la Fig. 1b.
En estos modelos, se midieron rigurosamente la irradiancia solar, temperatura y humedad
relativa de manera simultanea para evaluar su desempefio térmico y viabilidad en climas

frio-secos.
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Figural
Modelos a escala 1:5, (a) sistema de calefaccion pasiva basado en Agrofilm (SCPA),

sistema de calefaccion pasiva construido con PET reciclado (SCPP).
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Para evaluar el confort térmico en los prototipos SCPA y SCPP, se establecieron
dos objetivos principales. El primero fue la construccion de tres médulos a escala 1:5,
utilizando materiales representativos del area de estudio. Estos modulos incorporaron los
sistemas SCPA y SCPP, disefiados con un enfoque en la reduccion de costos, priorizando
materiales que optimizaran la relacién costo-calidad y garantizaran la generacion de calor
a partir de fuentes renovables (Mamani et al., 2023). El segundo objetivo fue comparar
las temperaturas y humedades registradas en los mddulos con un grupo control (GC). Este
enfoque no solo permitié evaluar la eficacia de los sistemas en un entorno controlado,
sino también identificar mejoras para optimizar el confort térmico en futuras aplicaciones

arquitectonicas.

2.1.1 Construccién de los médulos SCPA 'y SCPP.

En el desarrollo del Sistema de Calefaccion Pasiva de Agrofilm (SCPA), mostrado
en la Fig. 2a, se utiliz6 un colector solar con geometria prismatica de base trapezoidal,
disefiado para maximizar la captacién de radiacién solar durante las horas de mayor

irradiancia. Con un volumen de 0.02 m3, el colector equilibra eficazmente la captacion
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solar y la disipacion de calor, garantizando alta eficiencia térmica. La estructura fue
fabricada con madera de pino radiata tratada, seleccionada por su resistencia a la humedad
y durabilidad en condiciones adversas. Para la cubierta exterior, se utiliz6 un polietileno
agricola Agrofilm amarillo de 2 mm de espesor, termoformado para asegurar un ajuste
preciso y minimizar la pérdida de calor por conveccion. El proceso constructivo consistio
en ensamblar con tornillos galvanizados las secciones de madera de un espesor adecuado
para la estructura, garantizando resistencia a la corrosion y durabilidad estructural.
Finalmente, la cubierta se fijo con grapas de acero inoxidable, destacando su sujecion
duradera y su resistencia a la intemperie. El Sistema de Calefaccién Pasiva con PET
(SCPP), mostrado en la Fig. 2b, utiliza una estructura de madera similar al SCPA, pero
con una cubierta diferente. El colector, de un volumen de 0.03 m3, emplea botellas PET
tipo I recicladas, cortadas longitudinalmente y dispuestas en forma de tejas para ampliar
la superficie de captacion solar y mejorar la dispersion de la radiacién, logrando asi un
calentamiento méas uniforme. Las botellas PET fueron seleccionadas por su alta
transmitancia térmica, resistencia a la degradacion UV vy disponibilidad como material
reciclable. En el proceso constructivo, las tejas de PET se fijaron a la estructura de madera
con grapas de acero inoxidable, asegurando una union sin filtraciones, lo que incrementa

la durabilidad y la eficiencia del sistema.

Los sistemas SCPA y SCPP integran un almacenador térmico por capas (ATC)
que utiliza materiales como aserrin, yeso y totora. El aserrin, con su estructura celular,
retiene eficazmente el calor y mejora la conductividad térmica (Mwango & Kambole,
2019). Al mezclarse con mortero de yeso, aumenta el aislamiento térmico en aplicaciones
interiores y refuerza la estabilidad estructural, garantizando un rendimiento uniforme. La
totora (Schoenoplectus californicus), una fibra natural endémica del sur de Per( destaca

por su estructura de celdas interconectadas, lo que le proporciona un excelente
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aislamiento térmico con baja energia incorporada (Jiménez-Dianderas et al., 2024). Es
econOmica, accesible y, debido a su bajo impacto ambiental, resulta viable para proyectos
de calefaccion pasiva en regiones con recursos limitados. Ambos sistemas fueron
orientados hacia el norte para maximizar la captacion solar en latitudes medias y
optimizar la eficiencia térmica. El SCPA se instalo bajo la ventana del modelo, cubriendo
0.49 m?, mientras que el SCPP abarcaba 0.87 m2. Ambos sistemas se anclaron a la
tabiqueria con tornillos galvanizados, seleccionados por su resistencia a la corrosion y su
capacidad para soportar cargas dinamicas, lo que asegura la estabilidad estructural. La
conexion entre el colector solar y el interior se realiz6 mediante esclusas de aire,
fundamentales para un intercambio controlado y una transferencia de calor 6ptima. Estas
esclusas, de 0.005 m? de &rea, se instalaron a 0.2 m y 0.3 m de altura, permitiendo ajustar
el flujo de aire segun las variaciones térmicas internas y externas, mejorando la eficiencia

del sistema y manteniendo condiciones térmicas estables.

2.1.2 Comparacion térmica del SCPA y SCPP

La irradiancia solar se midi6 durante un periodo invernal de 120 dias (mayo-
agosto), aprovechando la estabilidad ambiental del invierno para evaluar de forma
consistente las variaciones en la irradiancia. Las mediciones se realizaron entre las 8:00
y las 17:00 horas, a intervalos de 30 minutos, utilizando un medidor de radiacion solar
PCE-SPM 1, calibrado segun las especificaciones del fabricante, con una precision de
+0.5%. El medidor se instal6 a una altura de 1.20 m y a una distancia maxima de 3.00 m
del centro de los prototipos GC, SCPA y SCPP, asegurando asi la representatividad de
las mediciones. Paralelamente, se registraron la temperatura y la humedad ambiental
mediante una estacion meteorolédgica Sainlogic, equipada con Weather Underground y

Weathercloud para la transmisién y almacenamiento de datos en tiempo real. Ambos
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dispositivos fueron calibrados y mantenidos periédicamente para asegurar la precision y
fiabilidad de los datos. La temperatura y la humedad interna en los prototipos GC, SCPA
y SCPP se midieron durante el mismo periodo, entre las 7:00 y las 23:00 horas, a
intervalos de 60 minutos, capturando variaciones diurnas y nocturnas. Se emplearon
termohigrometros USB Unit UT330Tc, colocados estratégicamente en los colectores
solares y ambientes contiguos, para capturar datos precisos. Los resultados se organizaron
en hojas de célculo, con tablas de cinco columnas que incluian prototipo, mes, dia,
periodo de medicion (Mafana, Dia, Tarde, Noche), y valores de temperatura y humedad.
Posteriormente, los datos se procesaron con IBM SPSS Statistics, version 26.0,
verificando la normalidad de los resultados y realizando un analisis t de Student para una
sola muestra, utilizando 20 °C y 40% como valores de referencia segin los normativos
del Reglamento Nacional de Edificaciones A110. Finalmente, se realiz6 un analisis de
varianza (ANOVA) para determinar la significancia de las diferencias entre los prototipos

en cuanto a temperatura y humedad relativa.

RESULTADOS

3.1  Construccion de prototipos SCPA y SCPP

El proceso de construccion de los colectores solares y el almacenador térmico se
llevé a cabo con diferentes tiempos y costos asociados a cada componente, reflejando

tanto la viabilidad técnica como econdmica de los sistemas.
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Figura 2
Prototipos experimentales escala 1:5, en (a) SCPA con almacenador térmico y exclusas

diferenciadas de aire, (b) SCPP con almacenador térmico y exclusas de aire.

a)

La construccion del Sistema de Calefaccion Pasiva de Agrofilm (SCPA), ilustrado

en la Fig. 2a, requirié aproximadamente 2 horas para ensamblar el marco de madera y
colocar el Agrofilm, con un costo de $2.67 por metro cuadrado. Para un area de 2 m?, el
costo del Agrofilm fue de $5.33, y la madera para el marco costé $8.00. La mano de obra,
a una tasa de $8.00 por hora, sumo $16.00, resultando en un costo total de $29.33 para el
colector solar. Por otro lado, la construccion del Sistema de Calefaccion Pasiva con PET
(SCPP), como se muestra en la Fig. 2b, fue mas laboriosa, requiriendo entre 6 y 7 horas
debido a la fabricacién manual de las ldminas tipo teja. Las botellas PET, con un costo de
$0.03 por unidad, totalizaron $1.33, y la madera para el marco también costo $8.00. La
mano de obra, debido al tiempo adicional, sumé $28.00, resultando en un costo total de
$37.33 para el colector solar de PET. El uso de materiales reciclados como las botellas
PET no solo reduce costos, sino que también contribuye significativamente a la

sostenibilidad ambiental.
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El almacenador térmico fue construido utilizando una mezcla de aserrin y yeso en
una proporcion de 2:5, con un tiempo de construccion estimado entre 2 y 3 horas. Los
costos incluyeron $1.33 para el aserrin y $2.33 para el yeso. Ademas, se utiliz6 totora
como material aislante, con un costo de $2.00, resultando en un costo total de $5.66 para
el almacenador. El tiempo total estimado para la construccion de todos los componentes

fue de 11 a 12 horas, proporcionando una vision realista de los recursos necesarios.

El SCPA, con su disefio cubico, captura entre el 85% y 90% de la energia solar en
climas frios y secos, optimizando el rendimiento en dias invernales. Sin embargo, su
eficacia disminuye con nubosidad alta o nieve acumulada. EI SCPP, aunque capta entre
el 75% y 80% de la irradiacién debido a la menor transmitancia del plastico reciclado,
cuenta con una inclinacién ajustable que facilita el drenaje y mantiene un rendimiento
estable. La eficiencia térmica del SCPA destaca por su capacidad de concentrar el calor
en un espacio bien aislado, con baja pérdida de calor durante la noche. En contraste, el
SCPP, con su material mas resistente, retiene mejor el calor y lo libera lentamente durante
la noche. La estructura de las botellas crea camaras de aire que mejoran la retencion de
calor. EI SCPA es mas vulnerable al desgaste por radiacién UV y frio extremo, lo que
podria requerir reemplazos mas frecuentes. EI SCPP es méas duradero, con mayor
resistencia a la degradacion UV e impactos fisicos, y requiere menos mantenimiento,
haciéndolo una opcién confiable y sostenible para aplicaciones a largo plazo. Aungue el
SCPA es mas econdmico y facil de instalar, el SCPP ofrece ventajas significativas en
durabilidad y mantenimiento, siendo ideal para entornos donde la sostenibilidad y la

longevidad son cruciales. cruciales.
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3.2  Evaluacion térmica de SCPA 'y SCPP

La radiacion solar promedio en la region fue de 502.9 W/m2, significativamente
inferior al estandar de 1000 W/mz2 de las Condiciones Estandares de Medida (CEM). Esto
refleja los desafios locales en la captacion solar, afectados por nubosidad y bajas
temperaturas invernales. Las mafanas, con un promedio de 200.4 W/m2, presentan la
menor radiacion, influenciadas por neblina o heladas. Por la tarde, la radiacion aumenta
a 811.0 W/mz, acercandose a los niveles CEM, lo que sugiere una mayor captacion solar
en este periodo. Los datos meteoroldgicos mostraron una temperatura exterior media de
13.02 °C, con una desviaciéon estandar de 4.68 °C, mostrando variabilidad térmica
moderada. En contraste, la temperatura interior fue mas alta y estable, con una media de
19.27 °C y desviacion de 2.28 °C, lo que sugiere buen aislamiento. La humedad exterior
promedi6 35.95% con alta variabilidad (desviacion de 15.78%), mientras que la humedad
interior fue més controlada, con una media de 27.45% y desviacion de 2.39%, reflejando

la estabilidad térmica interior frente a las condiciones externas.

El analisis de Temperatura en la evaluacion de la eficiencia de los sistemas de
calefaccién pasiva en climas frio-secos nos indican que, durante el dia, el Sistema de
Calefaccion Pasiva de Agrofilm (SCPA) alcanzé una temperatura promedio de 23.96°C,
superando el estandar de 20°C de la norma A110 (p < 0.001), demostrando su eficacia en
climas frios. El Sistema de Calefaccidn Pasiva con PET reciclado (SCPP) registré una
temperatura promedio de 19.64°C, cercana al estandar (p = 0.583), sugiriendo un entorno
térmicamente neutro, adecuado para equilibrar eficiencia y costo. En la tarde, tanto el
SCPA como el SCPP y el Grupo Control (GP) superaron los 20°C, con el SCPA
alcanzando 26.62°C (p < 0.001). Sin embargo, en la mafiana y la noche, ningn médulo

mantuvo temperaturas superiores a 20°C. Aungque SCPA y SCPP mostraron un mejor
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rendimiento que el GP, todos quedaron por debajo del estandar, evidenciando la dificultad
de mantener el calor sin radiacion solar suficiente. Esto subraya las limitaciones térmicas

de las viviendas a escala real.

El funcionamiento del SCPA se muestran en la Fig. 3a mafiana, 3c tarde, y el
SCPP en las Fig. 3b mafana, 3d tarde. Ambos sistemas fueron evaluados en términos de

temperatura y humedad relativa.

Figura 3
Diagrama de funcionamiento térmico del SCPA (a, ¢) y SCPP (b, d) y comportamiento

térmico de la Mafana (a, b), Tarde (c, d).
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Mientras que, el analisis de la humedad relativa, con un estandar de 40%, mostrd
que ningln modulo alcanzd niveles adecuados. EI SCPP tuvo menores déficits de

humedad (-7.96% en la mafiana y -13.56% en la noche, p < 0.001), pero aun insuficientes,
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indicando la necesidad de mejorar la retencion de humedad. Aunque el SCPA cumple con
las normativas de temperatura durante el dia y la tarde, ambos sistemas requieren mejoras
para mantener un rendimiento adecuado en periodos de menor radiacién solar y en la

gestion de la humedad, para cumplir plenamente con la norma A110.

3.2.1 Eficacia Térmica (Temperatura - Humedad)

Para determinar su eficacia térmica, con respecto a la temperatura, en la mafiana,
se observd una diferencia significativa en las temperaturas medias. EI Grupo Control
(GC) registré una temperatura media de 9.77°C, mientras que el Mddulo Agrofilm
(SCPA) y el Modulo PET (SCPP) alcanzaron 13.10°C y 12.25°C, respectivamente. Estas
diferencias fueron estadisticamente significativas (p < 0.001), sugiriendo que ambos
maddulos proporcionan un ambiente térmicamente més favorable que el GC, con el SCPA
logrando temperaturas ligeramente superiores. A medida que avanza el dia, las
diferencias se hacen més pronunciadas. EI GC mantuvo 16.79°C, mientras que el SCPA
alcanz6 23.96°C y el SCPP 19.64°C, ambas significativamente superiores a la del GC (p
< 0.001). Estos resultados subrayan la eficacia del SCPA en mantener temperaturas mas
calidas durante el dia, mejorando el confort térmico. Por la tarde, las temperaturas medias
se igualaron, con el GC registrando 25.99°C, el SCPA 25.13°C, y el SCPP 24.64°C, sin
diferencias significativas (p > 0.05). Esto sugiere que, a medida que el dia avanza, las
diferencias térmicas se atentan debido a la mayor incidencia de radiacién solar y la
estabilizacion térmica de los materiales. Por la noche, el GC mantuvo 15.40°C, mientras
que el SCPA registré 13.58°C (p = 0.002), indicando que el SCPA pierde calor méas
rapidamente. En contraste, el SCPP mostré 14.99°C, sin diferencias significativas en

comparacion con el GC (p = 0.398), lo que sugiere mejor retencion de calor en el SCPP.
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En cuanto a la humedad relativa, en la mafana, el GC registré 24.76%, el SCPA
27.75% y el SCPP 32.04%, siendo esta ultima significativamente superior (p < 0.05).
Durante el dia, el SCPA mantuvo un ambiente mas seco con 20.86%, en comparacion con
el GC (26.90%) y el SCPP (28.28%) (p < 0.001). En la tarde, el SCPA continud con
19.93%, frente al 24.78% del GC y al 23.50% del SCPP (p < 0.001), por la noche, las
diferencias en los niveles de humedad se estabilizaron y no fueron significativas (p >

0.05), con el GC registrando 25.82%, el SCPA 25.58%, y el SCPP 26.44%.

3.2.2 Efectividad Térmica (Andlisis Comparativo)

Los resultados de este estudio confirman la efectividad de los sistemas de
calefaccion pasiva en climas frios y secos, como se observo en el SCPA y el SCPP. El
SCPA, que capta entre el 85% y el 90% de la radiacién solar, mantiene alta eficiencia
térmica durante el dia, crucial para el confort en condiciones extremas. Este desempefio
coincide con los hallazgos de Molina et al. (2023), quienes subrayan la necesidad de
adaptar la calefaccion solar pasiva para zonas altoandinas. Asimismo, Agurto et al. (2020)
han demostrado que tecnologias solares pasivas, como los muros Trombe en Chile,
reducen la demanda de energia y mejoran el confort, alineandose con la eficiencia del
SCPA observada aqui. Sin embargo, la eficiencia del SCPA disminuye bajo nubosidad y
acumulacion de nieve, lo que limita su rendimiento en climas variables, como también
sefialan Bensehla et al. (2021), quienes abogan por aumentar la capacidad fotovoltaica en
regiones con alto potencial solar. EI SCPP, aunque menos eficiente en captar radiacién
solar, mostré mejor retencién de calor y durabilidad, cruciales para aplicaciones a largo
plazo, en linea con lo reportado por Lu et al. (2023), que subrayan la importancia del
almacenamiento térmico en mejorar la eficiencia energética. Econdmicamente, el SCPA

es mas viable para proyectos con presupuestos limitados, ideal para comunidades rurales
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0 programas subsidiados, como sugieren Chandel et al. (2024), en la region del Himalaya
occidental. EI SCPP, con mayor durabilidad y menor mantenimiento, es mejor para
aplicaciones sostenibles a largo plazo, como discuten Larrea-Saez et al. (2024), en Chile,
y Tungnung (2020) en India, quienes destacan la importancia del disefio pasivo en
optimizar la temperatura interior. La efectividad de estas soluciones puede mejorarse ain

mas con ventilacion flexible y acristalamiento optimizado (Wang et al., 2023).

CONCLUSION

El anlisis de dos tipos de colectores solares disefiados para climas frios y secos
revela diferencias clave en eficiencia y aplicabilidad. EI SCPA capta entre el 85% vy el
90% de la energia solar disponible, pero su rendimiento disminuye en condiciones de alta
nubosidad o nieve. En contraste, el SCPP, que captura un 75%-80% de irradiacion solar,
sobresale en retencion de calor y durabilidad gracias a la estructura de las botellas y su
inclinacion ajustable, optimizando la captacion segin la latitud. Econémicamente, el
SCPA es viable para proyectos con presupuestos limitados y rapida implementacion, ideal
para comunidades rurales o programas de subsidio. Aungue el SCPP tiene un costo inicial
mas alto y es mas complejo de construir, ofrece durabilidad y menor mantenimiento,
siendo més adecuado para aplicaciones a largo plazo en entornos donde la sostenibilidad
es crucial. El estudio evidencia la viabilidad de soluciones innovadoras de calefaccion
pasiva como alternativas sostenibles para mejorar el confort térmico en viviendas urbanas
de clima frio seco, resaltando el rol de los sistemas pasivos en ciudades sostenibles frente
al cambio climético. Sin embargo, se recomienda investigaciones adicionales para
optimizar los materiales de ambos colectores en entornos con alta nubosidad y

precipitaciones sélidas.
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ANEXO 3: PANEL GRAFICO DESCRIPTIVO —
PROTOTIPOS

Figura 1.
(a) Detalle de Prototipo, (b) Detalle de Prototipo sin modificaciones — Grupo Control (c,d)

Detalle de los SSCP Modulo PET Y Modulo Aarofilm.
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Figura 2.

(a) Sistema SCPA, 01 Estructura de madera. 02 Tejas de Plastico PET Tipo I, 03
Esclusas de Aire, 03 Totora, 04 Almacenador Térmico de Yeso y Aserrin., (b) Sistema
SCPP 01 Plastico Agrofilm 2mm, 02 Estructura de Madera, 03 Totora, 04 Almacenador

Térmico de Yeso y Aserrin.

Figura 3.

Diagrama de Funcionamiento Térmico SCPA (a) Y PCHS (b) a partir de la captaciéon de

irradiancia solar en cada sistema.
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Figura 4.

Diagrama de Funcionamiento Térmico por periodo (01 mafiana, 02 dia ) SCPA (a) Y PCHS (b)

a partir de la captacion de irradiancia solar en cada sistema.
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Figura5.

Diagrama de Funcionamiento Térmico por periodo (03 Tarde, 04 noche) SCPA (a) Y PCHS (b)

a partir de la captacion de irradiancia solar en cada sistema.

Tapns| 13.583°C
L

e

£ i e | . :
g§ EHV\\\\\\ Q ‘ Sg \ \\\ \\\ Q\j

60

repositorio.unap.edu.pe
No olvide citar adecuadamente esta tesis
.|



UNIVERSIDAD

NACIONAL DEL ALTIPLANO
Repositorio Institucional

ANEXO 4: ARTICULO PRESENTADO

Incidence of solar irradiation on thermal comfort for the
architectural design of a passive heating system in urban
housing in a cold-dry climate.

Keysi Zenaida Huanca Choquehuanca![0009-0009-4536-6560] Grover Marin Mamani'[°0%%-

0003-4222-6297]

I Universidad Nacional del Altiplano de Puno, Peru.
Facultad de Ingenieria Civil y Arquitectura
khuancac@est.unap.edu.pe
gmarin@unap.edu.pe

Abstract. Climate change impacts the thermal performance of buildings, accen-
tuating the need for adaptive architectural systems. This study optimizes thermal
comfort in dwellings in cold-dry climates through passive heating that takes ad-
vantage of solar irradiation. Two 1:5 scale prototypes were built in Juliaca, Peru:
one with Agrofilm (APHS) and one with recycled PET (PPHS), plus a control
group (CG). During the four winter months, the APHS, at $21.33, achieved day-
time temperatures of 26.6°C, higher than the CG (20.4°C), making it viable for
communities with limited resources. The PPHS, at $37.33, maintained nighttime
temperatures of 14.99°C, excelling in heat retention. Both systems faced chal-
lenges in moisture management, affecting thermal inertia and pointing to the need
for improved PET shingles on the PPHS to reduce thermal bridging. Although
APHS is more economical and efficient during the day, PPHS offers durability
and lower maintenance, making it suitable for long-term sustainable applications.
This study suggests optimizing materials for high cloud cover environments and
further researching passive heating systems for similar climates, contributing to
sustainability in high Andean areas.

Keywords: Bioclimatic design, solar energy, recycled materials, passive tech-
nologies, thermal performance evaluation.

1 Introduction

The lack of indoor comfort generates dissatisfaction, decreases the productivity and
well-being of occupants, and can affect their physical and mental health, with comfort
being dependent on environmental conditions, constructive characteristics, and individ-
ual needs [1], together, they are closely linked to climate change seen as a global chal-
lenge that significantly alters temperatures, affecting the performance of buildings and
their repercussions over time [2]. A significant environmental factor is reflected in solar
irradiance, its increase is influenced by the environment, the season of the year, and the
position of the sun, while the increase in albedo notably affects exposed surfaces [3].
Although there have been advances in this field, it is necessary to deepen the under-
standing of the perception of comfort in different spaces [4]. The study of solar irradi-
ance, defined as the intensity of sunlight reaching the earth's surface [5], is key to
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developing strategies to improve thermal comfort and reduce dependence on conven-
tional energy sources [6]. Passive heating systems, which take advantage of solar en-
ergy. the building envelope, and building materials. optimize comfort without relying
on mechanical systems [7]. Passive building design, using passive or active heating,
transforms the approach to heating needs [8]. Projects such as “Sunlighthouse Velux"
(Austria), “Vivienda 3C2C" (Chile), and “Mi abrigo o Muro Trombe" (Peru) demon-
strate the potential of advanced technologies and sustainable materials to improve ther-
mal comfort and reduce the carbon footprint [9]. In cities with cold-dry climates, such
as Puno in Peru. low humidity intensifies cold sensations. reaching temperatures as low
as -4°C during frosty periods [10.11]. One of these cities is Juliaca, located on the Col-
lao plateau at 3826 m.a.s.l., which acts as a crucial economic center for the south of the
region and the country [12]. Despite its importance. Juliaca presents limited and un-
planned infrastructure development, with housing ranging from rural and traditional
typologies to multifamily structures, predominantly brick masonry. and conventional
finishes [ 13]. Although the use of renewable energy is not common, the use of evacu-
ated tube solar collectors has increased. positively impacting housing by improving
thermal comfort and reducing dependence on fossil fuels and greenhouse gas emissions
[14.15]. This study evaluates the impact of solar irradiance on the thermal comfort of
dwellings in Juliaca, Peru, and develops strategies to optimize passive heating systems.

2 Passive Heating System Design.

This study adopted a quantitative explanatory approach, based on a cross-sectional
measurement, to analyze the relationship between solar irradiance and thermal comfort
[16]. The research was conducted in the Santiago urbanization, in Juliaca, at 3820 me-
ters above sea level (UTM WGS84, zone 19, 379734.00 m E, 8287067.00 m S). In this
high Andean region, solar irradiance and ambient temperature were systematically
measured inside 14 urban single-family houses, selected a priori according to their lo-
cation in the center, semi-center. and urban periphery. and considering the predominant
materials, brick, and concrete, as well as their accessibility to solar energy. according
to their orientation and layout. Preliminary results indicated that low average tempera-
tures represent a significant thermal challenge for housing comfort.

To address this situation. three architectural prototypes were designed and replicated at
a scale of 1:5, using traditional construction techniques with brick and mortar, as well
as solid roofs. The prototypes maintained a symmetrical geometry, with an interior vol-
ume of 4.00 m* and scaled dimensions, including a 2.00 x 1.50 m window facing north
and a 2.10 x 0.90 m door facing east. The design sought to reproduce thermal conditions
equivalent to those of a full-scale architectural space, by previous studies [17]. The
prototypes were built outdoors in an uncontrolled climatic environment to ensure the
external validity and applicability of the data obtained in situ. As for the experimental
treatments, the prototype, the control group (CG), did not receive any intervention.
However, it was selected with an intermediate location between prototypes. optimizing
its orientation to capture solar irradiation under normal conditions. The second proto-
type incorporated a passive heating system with Agrofilm (APHS). as shown in Fig.
la, while the third used a passive heating system with recycled PET (PPHS), as illus-
trated in Fig. 1b. In these models, solar irradiance, temperature. and relative humidity
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were rigorously measured simultaneously to evaluate their thermal performance and
viability in cold-dry climates.

(a) (b)

R

R

S

®

MR

i

Fig. 1. 1:5 scale models, (a) passive heating system based on Agrofilm (APHS), passive heat-
ing system constructed with recycled PET (PPHS).

Evaluate thermal comfort in the APHS and PPHS prototypes, two main objectives were
established. The first was the construction of three 1:5 scale modules, using materials
representative of the study area. These modules incorporated the APHS and PPHS sys-
tems, designed with a focus on cost reduction. prioritizing materials that would opti-
mize the cost-quality ratio and guarantee heat generation from renewable sources [18].
The second objective was to compare the temperatures and humidities recorded in the
modules with a control group (CG). This approach not only made it possible to evaluate
the efficiency of the systems in a controlled environment, but also to identify improve-
ments to optimize thermal comfort in future architectural applications.

2.1 Construction of APHS and PPHS modules.

In the development of Agrofilm's Passive Heating System (APHS). shown in Fig. 2a, a
solar collector with a prismatic geometry with a trapezoidal base was used. designed to
maximize solar radiation during the hours of highest irradiance. With a volume of 0.02
m’, the collector effectively balances solar collection and heat dissipation. ensuring
high thermal efficiency. The structure was manufactured with treated radiata pine
wood. selected for its resistance to humidity and durability in adverse conditions. For
the outer shell, a 2 mm thick yellow Agrofilm agricultural polyethylene was used, ther-
moformed to ensure a precise fit and minimize heat loss by convection. The construc-
tion process consisted of assembling the wood sections with galvanized screws of an
adequate thickness for the structure, ensuring corrosion resistance and structural dura-
bility. Finally. the roof was fastened with stainless steel staples, highlighting its durable
fastening and weather resistance. The Passive Heating System with PET (PPHS),
shown in Fig. 2b, uses a wooden structure similar to the APHS, but with a different
cover. The collector. with a volume of 0.03 m’. uses recycled type 1 PET bottles. cut
longitudinally and arranged in the form of shingles to enlarge the solar collection sur-
face and improve radiation dispersion, thus achieving more uniform heating. PET bot-
tles were selected for their high thermal transmittance, resistance to UV degradation.
and availability as a recyclable material. In the construction process, the PET tiles were
attached to the wooden structure with stainless steel staples. ensuring a leak-free joint,
which increases the durability and efficiency of the system.
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The APHS and PPHS systems integrate layered thermal storage (LTS) using materials
such as sawdust, gypsum, and cattail. Sawdust, with its cellular structure, effectively
retains heat and improves thermal conductivity [ 19]. When mixed with gypsum mortar,
it increases thermal insulation in interior applications and enhances structural stability,
ensuring uniform performance. Cattail (Schoenoplectus californicus). a natural fiber
endemic to southern Peru is notable for its interconnected cell structure, which provides
excellent thermal insulation with low embodied energy [20]. It is economical, accessi-
ble, and due to its low environmental impact, it is viable for passive heating projects in
regions with limited resources. Both systems were north-facing to maximize solar gain
in mid-latitudes and optimize thermal efficiency. The APHS was installed under the
model window., covering 0.49 m*, while the PPHS covered 0.87 m’. Both systems were
anchored to the partition wall with galvanized screws, selected for their corrosion re-
sistance and ability to withstand dynamic loads. ensuring structural stability. The con-
nection between the solar collector and the interior was made by means of airlocks,
which are essential for controlled exchange and optimal heat transfer. These airlocks.
of 0.005 m? in area. were installed at 0.2 m and 0.3 m in height, allowing the airflow to
be adjusted according to internal and external thermal variations. improving the effi-
ciency of the system and maintaining stable thermal conditions.

2.2  Thermal comparison of APHS and PPHS.

Solar irradiance was measured during a 120-day winter period (May-August), taking
advantage of the environmental stability of winter to consistently evaluate variations in
irradiance. Measurements were taken between 8:00 am and 5:00 pm, at 30-minute in-
tervals. using a PCE-SPM | solar irradiance meter, calibrated according to the manu-
facturer's specifications, with an accuracy of +0.5%. The meter was installed at a height
of 1.20 m and at a maximum distance of 3.00 m from the center of the CG, APHS. and
PPHS prototypes. thus ensuring the representativeness of the measurements. In parallel,
ambient temperature and humidity were recorded using a Sainlogic weather station,
equipped with Weather Underground and Weathercloud for real-time data transmission
and storage. Both devices were periodically calibrated and maintained to ensure data
accuracy and reliability. Temperature and internal humidity in the CG, APHS. and
PPHS prototypes were measured during the same period, between 7:00 am and 11:00
pm, at 60-minute intervals, capturing diurnal and nocturnal variations. USB Unit
UT330Tc Thermo hygrometers, strategically placed in the solar collectors and adjacent
environments, were used to capture accurate data. The results were organized into
spreadsheets, with five-column tables including the prototype, month. day, measure-
ment period (Morning. Day, Afternoon, Evening, Night). and temperature and humidity
values. Subsequently, the data was processed with IBM SPSS Statistics. version 26.0.
verifying the normality of the results and performing a student’s t analysis for a single
sample. using 20 °C and 40% as reference values according to the regulations of the
National Building Regulations A110. Finally, an analysis of variance (ANOVA) was
performed to determine the significance of the differences between the prototypes in
terms of temperature and relative humidity.
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3 Results

3.1  Construction of APHS and PPHS prototypes

The construction process of the solar collectors and the thermal store was carried out
with different times and costs associated with each component. reflecting both the tech-
nical and economic feasibility of the systems.

(a) (b)

e :_-g‘_.-r."rm
Fig. 2. Experimental prototypes 1:5 scale, in (a) APHS with thermal storage and differentiated
airlocks, (b) PPHS with thermal storage and airlocks.

The construction of the Agrofilm Passive Heating System (APHS), illustrated in Fig.
2a, required approximately 2 hours to assemble the wood frame and place the Agrofilm.,
at $2.67 per square meter. For an area of 2 nv’, the cost of the Agrofilm was $5.33, and
the wood for the frame cost $8.00. Labor, at a rate of $8.00 per hour, added up to $16.00,
resulting in a total cost of $29.33 for the solar collector. On the other hand, the con-
struction of the PET Passive Heating System (PPHS). as shown in Fig. 2b, was more
labor intensive, requiring 6 to 7 hours due to the manual fabrication of the tile-like
sheets. The PET bottles. costing $0.03 per unit. totaled $1.33. and the wood for the
frame also cost $8.00. Labor, due to the additional time, totaled $28.00, resulting in a
total cost of $37.33 for the PET solar collector. The use of recycled materials such as
PET bottles not only reduces costs but also contributes significantly to environmental
sustainability.

The thermal store was constructed using a 2:5 sawdust and gypsum mixture, with an
estimated construction time of 2 to 3 hours. Costs included $1.33 for sawdust and $2.33
for gypsum. In addition, cattail was used as an insulating material at $2.00, resulting in
a total cost of $5.66 for the storeroom. The total estimated time for construction of all
components was || to 12 hours, providing a realistic view of the resources required.
The APHS. with its cubic design, captures 85% to 90% of solar energy in cold and dry
climates, optimizing performance on winter days. However, its efficiency decreases in
high cloud cover or accumulated snow. The PPHS, although it captures 75% to 80% of
irradiance due to the lower transmittance of recycled plastic, has an adjustable tilt that
facilitates drainage and maintains stable performance. The thermal efficiency of the
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APHS is notable for its ability to concentrate heat in a well-insulated space. with low
heat loss at night. In contrast, the PPHS, with its stronger material, retains heat better
and releases it slowly during the night. The structure of the bottles creates air chambers
that improve heat retention. APHS is more vulnerable to wear and tear from UV radia-
tion and extreme cold. which may require more frequent replacements. PPHS is more
durable, with greater resistance to UV degradation and physical impacts, and requires
less maintenance, making it a reliable and sustainable option for long-term applications.
Although APHS is less expensive and easier to install. PPHS offers significant ad-
vantages in durability and maintenance, making it ideal for environments where sus-
tainability and longevity are crucial.

3.2 Thermal evaluation of APHS and PPHS

The average solar radiation in the region was 502.9 W/m?, significantly lower than
the 1000 W/m? Standard Measuring Conditions (SMC) standard. This reflects local
challenges in solar gain, affected by cloud cover and low winter temperatures. Mom-
ings. with an average of 200.4 W/m?, present the lowest radiation, influenced by fog or
frost. In the afternoon. radiation increases to 811.0 W/m?, approaching EMF levels.
suggesting higher solar gain in this period. The meteorological data showed a mean
outdoor temperature of 13.02 °C. with a standard deviation of 4.68 °C. showing mod-
erate thermal variability. In contrast, the indoor temperature was higher and more sta-
ble, with a mean of 19.27 °C and a deviation of 2.28 °C, suggesting good insulation.
Outdoor humidity averaged 35.95% with high variability (deviation of 15.78%), while
indoor humidity was more controlled, with a mean of 27.45% and deviation of 2.39%,
reflecting indoor thermal stability versus outdoor conditions.

The temperature analysis in the evaluation of the efficiency of passive heating sys-
tems in cold-dry climates indicates that, during the day, the Agrofilm Passive Heating
System (PACS) reached an average temperature of 23.96°C. exceeding the standard of
20°C of the A110 norm (p < 0.001), demonstrating its efficiency in cold climates. The
Recycled PET Passive Heating System (RCPS) recorded an average temperature of
19.64°C, close to the standard (p = 0.583). suggesting a thermally neutral environment.
suitable for balancing efficiency and cost. In the afternoon. both APHS and PPHS and
the Control Group (GP) exceeded 20°C, with APHS reaching 26.62°C (p < 0.001).
However, in the moming and evening, no module-maintained temperatures above
20°C. Although APHS and PPHS showed better performance than GP, they all fell
below the standard, evidencing the difficulty of maintaining heat without sufficient so-
lar radiation. This underscores the thermal limitations of full-scale housing.

The performance of the APHS is shown in Fig. 3a morning, 3¢ afternoon, and the PPHS
in Fig. 3b morning, 3d afternoon. Both systems were evaluated in terms of temperature
and relative humidity. Whereas, the analysis of relative humidity. with a standard of
40%,. showed that neither module reached adequate levels. The PPHS had lower hu-
midity deficits (-7.96% in the morning and -13.56% in the evening, p < 0.001). but was
still insufficient, indicating the need to improve moisture retention. Although APHS
complies with daytime and evening temperature regulations, both systems require
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improvements to maintain adequate performance in periods of lower solar radiation and
humidity management to fully comply with A110.

%3

e

R
',.:\\
|l |9

Fig. 3. Thermal operation diagram of the APHS (a, c¢) and PPHS (b, d) and thermal behavior in
the Morning (a, b) and Afternoon (c, d).

3.2.1 Thermal Efficiency (Temperature - Humidity)

To determine their thermal efficiency, to temperature, in the morning, a significant
difference was observed in the mean temperatures. The Control Group (CG) recorded
a mean temperature of 9.77°C, while the Agrofilm Module (APHS) and PET Module
(PPHS) reached 13.10°C and 12.25°C, respectively. These differences were statistically
significant (p < 0.001), suggesting that both modules provide a more thermally favora-
ble environment than the CG, with the APHS achieving slightly higher temperatures.
As the day progressed, the differences became more pronounced. The CG maintained
16.79°C, while the APHS reached 23.96°C and the PPHS 19.64°C, both significantly
higher than the CG (p < 0.001). These results underscore the effectiveness of APHS in
maintaining warmer temperatures during the day, improving thermal comfort. In the
afternoon, mean temperatures were equalized, with CG recording 25.99°C, APHS
25.13°C, and PPHS 24.64°C, with no significant differences (p > 0.05). This suggests
that, as the day progresses, thermal differences attenuate due to the higher incidence of
solar radiation and thermal stabilization of the materials. At night, CG maintained
15.40°C, while APHS recorded 13.58°C (p = 0.002), indicating that APHS loses heat
faster. In contrast, PPHS showed 14.99°C, with no significant difference compared to
CG (p = 0.398), suggesting better heat retention in PPHS.

Regarding relative humidity, in the morning, CG recorded 24.76%, APHS 27.75%,
and PPHS 32.04%, the latter being significantly higher (p < 0.05). During the day,
APHS maintained a drier environment with 20.86%, compared to CG (26.90%) and
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PPHS (28.28%) (p < 0.001). In the afternoon, APHS continued at 19.93%, compared
to 24.78% for CG and 23.50% for PPHS (p < 0.001), in the evening, differences in
humidity levels stabilized and were not significant (p > 0.05), with CG registering
25.82%, APHS 25.58%, and PPHS 26.44%.

3.2.2 Thermal Effectiveness (Comparative Analysis)

The results of this study confirm the effectiveness of passive heating systems in cold
and dry climates, as observed in the APHS and PPHS. The APHS, which captures 85%
to 90% of solar radiation, maintains high thermal efficiency during the day, crucial for
comfort in extreme conditions. This performance coincides with the findings of [9].
who emphasize the need to adapt passive solar heating for high Andean areas. Also,
[21] has shown that passive solar technologies. such as Trombe walls in Chile, reduce
energy demand and improve comfort, aligning with the APHS efficiency observed here.
However, APHS efficiency decreases under cloud cover and snow accumulation, which
limits its performance in variable climates. as also noted by [22]. who advocate increas-
ing PV capacity in regions with high solar potential. PPHS, although less efficient in
capturing solar radiation, showed better heat retention and durability. crucial for long-
term applications, in line with that reported by [23], who underlined the importance of
thermal storage in improving energy efficiency. Economically, APHS is more viable
for projects with limited budgets, ideal for rural communities or subsidized programs,
as suggested by [24] in the western Himalayan region. PPHS. with higher durability
and lower maintenance. is better for long-term sustainable applications. as discussed by
[25] in Chile. and [26] in India. who highlight the importance of passive design in op-
timizing indoor temperature. The effectiveness of these solutions can be further en-
hanced with flexible ventilation and optimized glazing [27].

4 Conclusion

Analysis of two types of solar collectors designed for cold and dry climates reveals
key differences in efficiency and applicability. The APHS captures 85-90% of the avail-
able solar energy. but its performance decreases in high cloud or snow conditions. In
contrast, the PPHS, which captures 75%-80% of solar irradiance, excels in heat reten-
tion and durability thanks to the structure of the bottles and their adjustable tilt. opti-
mizing collection according to latitude. Economically, APHS is viable for projects with
limited budgets and quick implementation, ideal for rural communities or subsidy pro-
grams. Although the PPHS has a higher initial cost and is more complex to construct,
it offers durability and lower maintenance, being more suitable for long-term applica-
tions in environments where sustainability is crucial. The study evidences the feasibility
of innovative passive heating solutions as sustainable alternatives to improve thermal
comfort in dry cold climate urban dwellings. highlighting the role of passive systems
in sustainable cities in the face of climate change. However. further research is recom-
mended to optimize the materials of both collectors in environments with high cloud
cover and solid precipitation.
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