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Abstract  

In the Peruvian Andes, inadequate housing represents an important problem for the local rural 

people. Over 3000 meters above sea level, communities suffer from very low indoor 

temperatures this becomes an issue which affects the health and indoor thermal comfort of the 

building. At early winter mornings, outdoor temperatures can occasionally go down to -15°C 

and indoor temperatures can drop below zero. Previous work in the field has been done by the 

Pontifical Catholic University of Peru PUCP, to address thermal comfort in Langui, Peru 

involving participatory design techniques, multidisciplinary approaches and a focus on 

sustainability. Their most recent design is based on an attached passive solar heating system 

similar to a Trombe wall.  

The effect of housing environment on human health has been an acknowledged issue for 

many years. In the area, the occupants live with high levels of air infiltration, dirt floor (soil), 

simple windows, metallic or wood doors, roof most commonly made of corrugated metal 

sheets, adobe walls, no additional insulation attached and no house heating system. This thesis 

aims to contribute to a current body of research on thermal comfort and provide insights on 

how the building environment in Langui can be improved.  

The main objective is to improve thermal comfort in residential buildings in Andean regions 

of Peru. An improvement was made by installing a Heat Transfer Rocket which increased the 

temperature while the relative-humidity stayed steady. Overall, the study shows that indoor 

improvements can increase thermal comfort in Andean regions of Peru.  

 

Keywords: Peru, Sustainable development, Thermal comfort, Heat transfer, inadequate 

housing, Relative humidity, Temperature 

 

  



Acknowledgements 

This bachelor thesis was conducted as a Minor Field Study (MFS) with financial support from 

Swedish International Development Cooperation Agency (SIDA). This field study in Peru 

would not have been possible without their support. I would, therefore, like to thank SIDA for 

their trust in giving me this opportunity.  

My greatest gratitude goes to my supervisor Enrique Mejia Solis, for accepting me on this 

project and making this wonderful experience possible. His knowledge, tough questions, and 

guidance allowed me to grow as a research scientist and also encouraged my research.  

Very special thanks to my subject reader, Jaime Arias, for his continuous support and 

immense knowledge. I also want to thank Miguel Hadizich for welcoming me, being a great 

support and sharing his knowledge about the housing situation in Peru.  

Furthermore, I would like to thank Oskar Bång for being my moral support throughout the 

project. I will not forget the adventures we shared.  

And finally, a very special thanks to my supervisor in Peru: Victor Ramos. For the patience, 

you showed me, for being my translator, showing me everything and for your enthusiasm 

throughout the entire project.  



TABLE OF CONTENTS 

1. Introduction ............................................................................................................................ 8 

1.1 Background ....................................................................................................................... 8 

1.2 Objectives.......................................................................................................................... 9 

1.3 Research Question............................................................................................................. 9 

1.4 Scope and Limitations ..................................................................................................... 10 

1.5 Motivations ..................................................................................................................... 10 

2. Methodology ........................................................................................................................ 11 

2.1 Assessment of the problematic ........................................................................................... 11 

2.2 Study of the alternatives implemented by GRUPO-PUCP ................................................ 12 

2.3 The design and test of the proposed solution .................................................................. 12 

3. Description of the case of study problematic ....................................................................... 13 

3.1 Sustainable Development Goals (SDG) in Peru ............................................................. 13 

3.2 Climate data .................................................................................................................... 14 

3.3 Chapter about the houses in Peruvian Andes and Solutions implemented ..................... 15 

3.3.1 Houses’ Interior and construction ............................................................................. 15 

3.3.2 Trombe Wall ............................................................................................................. 16 

3.3.3 Economical and performance aspects of Trombe wall ............................................. 17 

4. Literature review .................................................................................................................. 18 

4.1 Thermal comfort ............................................................................................................. 18 

4.1.1 Predicted Percentage Dissatisfied (PPD) .................................................................. 19 

4.1.2 Accepted levels of relative humidity and temperature ............................................. 20 

4.2 Health and indoor environment....................................................................................... 21 

4.3 Different ways to improve thermal comfort ................................................................... 21 

4.3.1 Natural ventilation .................................................................................................... 21 

4.4 Heat transfer .................................................................................................................... 22 

4.5 Building envelopes .......................................................................................................... 22 

4.5.1 Roofs ......................................................................................................................... 24 

4.5.2 Walls ......................................................................................................................... 24 

4.5.3 Windows, doors and floors ....................................................................................... 25 

4.6 Calculation to classify energy balance ............................................................................... 26 

5.1 Interviews ........................................................................................................................... 27 

5.2 Summarized answers....................................................................................................... 27 

6. Results from the sensors installed in a regular and improved house in Langui ................... 28 

6.1 Regular house .................................................................................................................. 28 



6.2 House with Trombe wall ................................................................................................. 30 

7. Results from simulation in software IDA ICE ..................................................................... 32 

7.1 Regular house .................................................................................................................. 33 

7.2 House with Trombe wall ................................................................................................. 34 

8. Results from the Heat Transfer Rocket ................................................................................ 35 

8.1 Design process ................................................................................................................ 35 

8.2 Economical aspects ......................................................................................................... 37 

8.3 House with Heat Transfer Rocket off ............................................................................. 38 

8.3 House with Heat Transfer Rocket on ................................................................................. 39 

9. Discussion ............................................................................................................................ 41 

9.1 Trombe Wall ................................................................................................................... 41 

9.2 Results from the sensors ................................................................................................. 42 

9.2 IDA ICE .......................................................................................................................... 42 

9.3 Heat Transfer Rocket ...................................................................................................... 43 

9.4 SDG goals in the project ................................................................................................. 43 

10. Conclusion .......................................................................................................................... 44 

11. Further studies .................................................................................................................... 45 

13. References .......................................................................................................................... 46 

Interviews .............................................................................................................................. 49 

Tables and Figures ................................................................................................................ 49 

Appendix .................................................................................................................................. 50 

Appendix A – Budget for Trombe-wall ................................................................................ 50 

Appendix B – Interviews with GRUPO ................................................................................ 51 

14.4 Appendix C – Interview questions ................................................................................ 51 

Appendix D ........................................................................................................................... 53 

 



List of figures 

 

Figure 1 - Building types in Langui ........................................................................................... 8 

Figure 2 - The average exterior temperature at 4:00 am June 2015, Langui ........................... 14 

Figure 3 - Plastic pieces and clothes to decorate the wall ........................................................ 15 

Figure 4 – Trombe wall ............................................................................................................ 16 

Figure 5 - Cool ceilings ............................................................................................................ 20 

Figure 6 - Cool and warm floors .............................................................................................. 20 

Figure 7 - Heat resistance wall ................................................................................................. 23 

Figure 8 - Energy balance ........................................................................................................ 26 

Figure 9 - Temperature and relative-humidity in a regular house ............................................ 28 

Figure 10 - Temperature in a regular house ............................................................................. 29 

Figure 11 - Humidity in a regular house .................................................................................. 29 

Figure 12 - Temperature and humidity in a house with Trombe Wall ..................................... 30 

Figure 13 - Temperature in a house with Trombe wall ............................................................ 30 

Figure 14 - Humidity in a house with Trombe wall ................................................................. 31 

Figure 15 - Heat Transfer Rocket design ................................................................................. 35 

Figure 16 - Heat Transfer Rocket ............................................................................................. 36 

Figure 17 - House where the installation was made ................................................................. 37 

Figure 18 - Temperature and humidity with Heat Transfer Rocket off ................................... 38 

Figure 19 - Temperature with Heat Transfer Rocket off.......................................................... 38 

Figure 20 - Humidity with Heat Transfer Rocket off ............................................................... 39 

Figure 21 - Temperature and Humidity with Heat Transfer Rocket on ................................... 39 

Figure 22 - Temperature with Heat Transfer Rocket on .......................................................... 40 

Figure 23 - Humidity with Heat Transfer Rocket on ............................................................... 40 

  



List of tables 

Table 1 – Building envelope .................................................................................................... 22 

Table 2 - Material used in the Heat Transfer Rocket ............................................................... 28 

Table 3 - Temperature and Relative-humidity in a regular house ............................................ 33 

Table 4 - Temperature and Relative-humidity in a modified house......................................... 34 

Table 5- Cost for the Heat Transfer Rocket ............................................................................. 35 

 



 1 

1. Introduction  

This thesis studies the indoor thermal comfort and the effects of applying different thermal 

improving techniques on houses in Andean regions of Peru. Information documented in the 

area related to inadequate housing in Peruvian Andes is sparse, however, previous studies 

have shown that indoor thermal benefits can be achieved by using climate responsive building 

materials.  

1.1 Background   

Inadequate housing in the Peruvian Andes represents a major problem for the local rural 

people. The affected population typically lives in small villages over 3000 meters above sea 

level, commonly in houses of one room of about 13 m2. They have walls built with adobe, 

high level of air infiltration, roof made of corrugated metal sheets, dirt floors, simple 

windows, thin metal doors, no additional insulation attached and no house heating system.  

             

Figure 1 - Building types in Langui 

Inadequate house envelope is a worrying problematic and its consequence is the inhabitants 

suffering from very low indoor temperatures e.g. at early winter mornings, outdoor 

temperatures can go down to -15°C (CENEPRED, 2016) and indoor temperatures can drop 

below zero. This represents a significant gap relative to the proposal from World Health 

Organization, since the temperatures to reach indoor comfort should be between 18°C and 

21°C, according to the World Health Organization (WHO, 2010). The literature shows that 

unhealthy temperature levels affect mental and physical health with outcomes like depression, 

deficit disorder, aggressive behavior, asthma, anxiety and heart diseases (M. Novoa, 2010.). 

To deal with the described, this bachelor thesis looks at the relation between the seventeen 

global goals, also known as Sustainable with focus on (1) inadequate housing and (2) Thermal 

comfort and indoor quality.  
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The SDGs is a model to create a balance between the three sustainable development 

dimensions: economic, social and environmental. It is important to achieve balance between 

the three sustainable development dimensions in order to increase people’s quality of life. 

(UN, 2016). Today more than half of the affected population in Andean regions live below the 

poverty line and have very limited resources to improve the situation. (Ifad, 2012). In this 

sense, housing can be defined as a product of multiple factors: economic, physical and social 

processes which involve issues of constriction quality, location, cost and durability (WHO, 

2010)  

It is possible to achieve sustainable and comfortable housing through different techniques and 

designs. For example, earth construction techniques and designs, like the use of adobe which 

is a material that allows energy saving in buildings, increases thermal comfort and is 

environmental friendly with high ecological value, while being recyclable. (Dumler, 2016). 

Another example to increase thermal comfort and the indoor temperature is the installation of 

Trombe wall 1. This technique is used by the Peruvian research group called “GRUPO of 

support to the Rural Sector” (GRUPO PUCP) of the Pontifical Catholic University of Peru. 

Finally, a lot has to be done in order for different developing countries to reach the SDGs. 

Peru has made some progress, for example it has managed to reduce the proportion of people 

who live below extreme poverty by half (Grande, 2016) however there are still people who 

live in extreme poverty in a social context where ensured health and well-being is not 

guaranteed for all. The reality is even worse in rural areas, where the locals are often 

constrained by basic infrastructure and housing environments which reduces the local living 

standards and future prospects. (Grande, 2016). Consequently, next to the immensity of other 

social challenges that appear more urgent, efforts in the present research topic, indoor thermal 

comfort, have been sparse and therefore much work must be done to develop sustainable 

technologies and their further diffusion because according to the Peruvian government, 2 

million people in Peru are living in similar situations and 87 000 houses are ungently in need 

for attention. (Dumler, 2016).  

1.2 Objectives 

The main objective of this thesis is to improve thermal comfort in residential buildings in 

Andean regions of Peru with a sustainable approach.  

The first specific objective is to assess the problematic related to thermal comfort in Langui. 

The second specific objective is to evaluate thermal performance in a house that 

GRUPO_PUCP has improved. Finally, the third specific objective is to design, install and test 

a novel solution to achieve indoor thermal comfort and its relationship with sustainable 

development on a selected Langui house.  

1.3 Research Question 

The study will therefore look at the following main and following sub-questions to promote a 

more efficient housing environment.  

                                                 

1 A passive solar design technique which works as an attached greenhouse and increases the indoor temperature. The 

technique is used to collect the heat from the sun during the day and then slowly releases it evenly at night when the indoor 

temperature reaches low degrees. It is a relevantly cheap installation which costs 2 800 s/, which in US$ is 855.75. See the 

calculations for the Trombe wall cost under Appendix A.  
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The main research question of the thesis is: 

Can small additional installations improve the indoor thermal comfort in Langui houses? 

Sub-questions: 

What is the current thermal comfort situation in Langui? 

What are the thermal results of the GRUPO PUCP’s solution? 

What is the impact of a novel technical solution based on local Langui materials on the 

indoor thermal comfort?  

1.4 Scope and Limitations 

Due to time and financial constraints, purposive methods where used to select and identify 

respondents who are experienced and can contribute to the thesis.  

The study will mainly focus on problem related to interior climate such as indoor temperature 

and relative humidity.  

The thesis will not focus on problems related to moisture which can occur with insulated 

constructions, however if it happens it will be written in the report. The study will not 

calculate or measure air velocity nor will it take wind measurements into account. 

Furthermore, measurements on indoor air pollution from open fire stoves and carbon dioxide 

rate will neither be considered in this thesis.  

1.5 Motivations 

This thesis aims to contribute to current body of research on inadequate housing and provide 

insights into how the housing environment of Langui’s dwellings can be improved. The 

motivation arose from recognizing the fact that a lot can be done to increase the building 

qualities in countries where inadequate housing is a major problem. However, to achieve this 

and keep improving the situations for Andean communities the government also must assist the 

people. If GRUPO-PUCP can scientifically show that their solutions are effective enough, they 

could affect government programs and get a large-scale impact and spread the technologies out 

to the majority of the population in the small rural Andean villages. The research presents an 

opportunity to understand the limitations and opportunities of housing environments in low 

income regions by looking at the challenges and motivations of improving them.  
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2. Methodology  

The thesis methodology is both a combination of quantitative and qualitative methods. The 

body is divided into three parts: (1) Assessment of the problematic (2) the study of the 

alternatives implemented by GRUPO-PUCP and (3) The design and test of the proposed 

solution.  

2.1 Assessment of the problematic  

For the assessment of the problematic the next methodology was followed: 

- A literature review to gain more detailed knowledge: pre-trip and during the field trip. 

Material concerning building materials, thermal comfort and climate of Langui is 

collected from GRUPO-PUCP, World Health Organization and the World Bank. 

- Pre-field trip lectures and non-structure interviews with Enrique Mejía Solís, a 

Peruvian PhD student at KTH that has worked closely with inadequate housing 

problems in Peru as part of GRUPO-PUCP.  

- Interviews with professionals from the Peruvian academy and industry through e-

mails and during the first and last week of the field trip that took place in the cities of 

Lima and Cusco. Special emphasis was put into understand the situation regarding the 

inhabitants of Langui. The summary of the professionals interviewed is on the 

Appendix B. 

- During week 15 and 19 a field trip took place in Langui. There semi-structure 

interviews took place, with 10 inhabitants of Langui to get a better understanding of 

the occupant’s lifestyle, to identify the local available resources, address their 

perception about thermal comfort and to gain knowledge about the existing techniques 

in the area. This was done with the collaboration of Victor Ramos, a Peruvian research 

engineer part of GRUPO-PUCP. Victor Ramos played the role of translator, 

knowledge and logistic facilitator. Thereafter all the answers were summarized and 

structured in an Excel sheet. This made it easy to see if more information was needed 

to be obtained. 

- Field trip to Langui to conduct 5 non-structured interviews to the users of the 

traditional common households to learn about the perspective of the local people 

towards the thermal comfort issue  

- Visit to 4 houses with and without the improvements to measure indoor temperature 

and indoor air humidity. The sensors were put at different positions of the room: floor, 

window, door and ceiling. There are also data from a sensor hanging from the ceiling - 

collecting values from the air closest to the occupants.  

- Inspections to 4 houses to gather qualitative evidence of the house conditions to 

characterize the house features related to thermal comfort such as: the state of the 

envelope, source of air leakage, evidence of dampness and mold, indoor air quality, 

and lightning. 

- Finally, short visits to other villages (Checca and Pichigua) and cities (Sicuani, 

Espinar) which gave the possibility to improve the understanding of the local situation, 

collect interesting inputs for feasible solution alternatives, and make non-structure 

interviews.  
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2.2 Study of the alternatives implemented by GRUPO-PUCP 

- GRUPO-PUCP has not publications in scientific journals but has access to 

unpublished reports; however empirical data was granted, also to a bachelor degree 

thesis.  

- Pre-field trip lectures (4 sessions of 4 hours each) with Enrique Mejía Solís, where he 

explained the technology. 

- In Lima, during the first week, sessions with the professor Miguel Hadzich, head of 

GRUPO-PUCP, and researcher engineers Victor Ramos, Jorge Soria and Daniel 

Abarca explained the fundamentals, implementations and results of the studied 

solution. 

2.3 The design and test of the proposed solution  

- Results from the sensors and interviews with the inhabitants were later analyzed to 

design the Heat Transfer Rocket. The evaluation of the Heat Transfer Rocket was 

made with the help of sensors in the room to further measure relative-humidity and 

temperature. The design process behind the design can be read under chapter 7. 

- The design process also involved the Sustainable Development Goals. The solution is 

related mainly to 2 goals. Goal 3: Good Health and Well-being and Goal 7: Affordable 

and Clean Energy.  
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3. Description of the case of study problematic   

The thesis research will take place in Langui, Peru. A small village is in Canas Province 

which is one of eight provinces in Cusco, Peru. The selected area has a very small population 

of 3032 inhabitants. The elevation of the village is 3969 meters above sea level and the 

outdoor temperatures, during the winter can drop as low as -15°C. (CENEPRED, 2016).  

3.1 Sustainable Development Goals (SDG) in Peru 

The SDGs, also known as seventeen global goals is a model to create a balance between the 

three sustainable development dimensions: economic, social and environmental. The goals 

are, with a sustainable approach, meant to ensure well-being and health for all, to eradicate 

poverty and ensure access to sustainable, reliable, modern and affordable energy for all 

(UN, 2016). The Sustainable Development Goals related to Andean region condition and 

the inadequate housing situation are: Good Health, Well-being (Goal 3), Affordable and 

Clean Energy (Goal 7), Reduced Inequalities (Goal 10) and Gender Equality (Goal 5).  

The preliminary perspectives that Peru presents involves the Sustainable Development Goals 

which integrates sets of voluntary, universally applicable global goals statements organized 

by thematic areas. These targets are time-bound and a suite of indicators to be adapted at 

national level. The aim is to catalyze pathways to sustainable development and to balance 

social, economic and environmental dimensions while reflecting the interconnections between 

them. They include equality; poverty eradication, which means that the country is trying to 

achieve social protection and decent work. Furthermore, it includes gender equality, 

education, good health and well-being, food security and agriculture. (UN, 2016). 

As one of the region's fastest-growing economies, over the past decade, in 2011 Peru had an 

average growth rate of 5.9 percent. However, in regions such as the Peruvian Andes the 

extreme poverty line, defined at $1.90 or less per person per day the situation looks different 

(World bank, 2011). In rural areas, more than 70 percent of the total income comes from 

agriculture. Because of distance to markets - subsistence farming is encouraged. About 20 

percent of agricultural production is used for labor exchange characterized by reciprocity, 

personal consumption and despite the low productivity of the land there are poor opportunities 

for non-agriculture related incomes. (UN, 2016). Furthermore, Poverty is a complex issue in 

Peru. Compared with early 2000s, less than a third of the Peruvian population now lives 

below the national poverty line, $1, 90 a day. (World Bank, 2017a). According to The World 

Bank, 2017, about 1 million people remain poor and the poverty is considered the deepest 

among people living in remote rural areas (Word Bank, 2017b). The reason behind poverty in 

rural areas is the lack of opportunities which includes basic needs such as: health care, work 

opportunities and poor livelihood options. The result of this is a migration to urban centers 

where different market activities offer greater livelihood options. It is estimated today three 

out of four Peruvians reside in and around urban areas. (Morrisson, 2002). The mission to 

reduce poverty across geographic regions has been unequal and can be explained by the 

different rural area’s geographic position, which isolates it owns from the rest of the 

economy. (UN, 2016)  

Although the country has managed to reduce poverty there are still people who live with bad 

health conditions and ensured health and well-being is not guaranteed for all. Good health and 

well-being seeks to ensure it for all. All major health priorities are included in the SDGs, such 

as: maternal and child health; non-communicable, communicable and environmental diseases. 
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Furthermore, good health and well-being includes access to effective, safe, affordable and 

quality vaccines and medicines for all. Good health and well-being has a strong connection 

with poverty in the area. In Andean regions lack infrastructure, poverty and diseases are the 

most important constraints which limit the inhabitant’s well-being and health. Because of the 

location of the Andean regions in some areas it is necessary to walk for several hours to get to 

the health center, markets, the city or a public school and has led to high rates of illiteracy in 

rural areas, particularly among women. (Morrisson, 2002). 

Advocating for a more adequate housing or sustainable housing (Meng et al, 2006) notes that 

the Peruvian housing reform is designed and oriented towards the finance of urban shelter. 

The focus as Meng puts forward is that tackling Peruvian housing deficit are fundamental 

issues to achieve environmental and socio-economical sustainability. The assertions that are 

being put forward by enabling strategies advocates that there is, for Peru, considerable scope 

to improve housing environments by implementing instruments that are low budget and 

environmentally friendly.  

3.2 Climate data 

The local climate in Langui is influenced by two key factors: elevation and latitude. It is 

known that there is a correlation between average annual temperatures and elevation. The 

average temperature during June, the coldest month occurs at 4 am is -1.61 °C between a 

mean maximum of 4.5°C and a mean minimum of -6°C, according to external temperature 

sensors that GRUPO-PUCP have installed outside one house. Figure 2 shows the values per 

each measured day. The climatic conditions of the region belong to a tropical region however 

it experiences a subtropical highland climate. Langui’s climate oceanic2: is characterized by 

narrow variations of perceptions and annual temperatures distributed all year around (Ramos, 

2017). 

 

 

Figure 2 - The average exterior temperature at 4:00 am June 2015, Langui (GRUPO, PUCP) 

                                                 

2 Climate which features cool winters and cool summers (relative to the latitude). In the warmest 
month, the mean temperature can reach below 22°C, and approximately 0°C in the coldest month  
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3.3 Chapter about the houses in Peruvian Andes and Solutions implemented 

Implements to increase the thermal comfort have been installed in the Andean regions of 

Peru. The installations are however not optimal for the building types and the indoor 

environment conditions.  

3.3.1 Houses’ Interior and construction  

The adobe brick-walls either had cracks or space between them, which allows the cold 

outdoor air to integrate with the indoor temperature. The one-story buildings have most 

commonly 300 – 400 mm thick walls.  

The foundation of the houses is made of rammed soil or stones. In most of the houses the 

floors are made of soil or earth, however it is possible to find houses with wooden parquet 

floors. Furthermore, none of the houses were shaded by the surrounding; all of them were 

quite exposed to direct sunlight. 

Most houses in Langui have a bedroom of 3m x 5m and a ceiling height of 2 meters. Adobe is 

the material used to construct the walls and is used worldwide, mainly in rural areas. 

Furthermore, the houses have thin metal doors and broken windows which affect the indoor 

thermal comfort. The roof often consists of a thin metal sheet roof that, during nights, because 

of its high conductivity, an important amount of heat is transferred through the roof from 

inside to the outside and, in the opposite side, during the day the roof material contributes to 

the indoor heating process during the sunny moments of the day.  

          

Figure 3 - Plastic pieces and clothes to decorate the wall 
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3.3.2 Trombe Wall  

The high-altitude mountain areas have a climate which is relatively warm during daytime and 

cold during nighttime. This climate requires technologies that are suitable for the settlements 

in the area and captures the heat and stores energy during peak-hours and supplies energy to 

the building when it is required to. (Omidreza et al, 2012). The Trombe wall is a technique 

which has been used to for many years and is being used in today’s low-energy buildings to 

improve thermal storage (Castillo et al, 2011). Furthermore, the wall reduces in CO2 

emissions and promotes a sustainable living. However even though Trombe wall is an 

efficient way to achieve thermal comfort it suffers from shortcomings such as low thermal 

resistance. The heat flux, during prolonged periods of cloudiness and nights, is transferred 

from the inside to the outside. Because the heat gained is unpredictable the heat transfer 

proceeds uncertainty due to changes in solar intensity. (Omidreza et al, 2012).  

The south-facing Trombe wall in the GRUPO-PUCP design consists of a black painted inside 

and a 70° plastic sheet cover, about 10 cm away from the wall. When the sunlight hits the 

transparent sheet cover onto the black wall it absorbs the sun-radiations. The black painted 

surface cannot reradiate the collected heat to the cold outer environment and later releases the 

heat, by conduction into the house (Gadgil, 2017).  

 

Figure 4 – Trombe wall  

Figure 4 displays the Trombe wall attached to a house in Langui. It is possible to witness 

moisture and grass inside the wall. The grass affects the absorption of solar radiation, while 

the moisture exemplifies the high humid level inside the wall.  
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3.3.3 Economical and performance aspects of Trombe wall 

The prime importance, before constructing a building element is the benefits and the cost. The 

economic aspects of Trombe wall is depended on different variable factors such as cost of 

materials and manpower, type of construction and climate condition. Potential financial 

savings, due to energy savings, is possible with the Trombe wall. The Trombe wall requires 

minimum or no maintenance once it is installed.  However, it can be costly to install a Trombe 

wall and has to be carefully designed. (Omidreza Saadatian et al, 2012). 

Advantages 

• Provides free heating 

• Uses renewable energy 

• No Co2 emissions  

Disadvantages  

• Low thermal resistance  

• Uncertain heat transfer 

• Components not accessible in the area  
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4. Literature review  

Important theory which is used in the study is presented in the literature review. Initially facts 

considering thermal comfort, followed by information about building envelope designs and 

energy balance, along with theory concerning heat transfer are part of the literature review. 

4.1 Thermal comfort  

According to ASHRAE thermal comfort is defined as “that condition of mind which expresses 

satisfaction with the thermal environment” (ASHRAE, 1997). Responses to the indoor 

thermal environment have a considerable effect on comfort, performance and health. 

There are different factors affecting thermal comfort, both personal and environmental. The 

conditions in general are socially influenced and can change with time as activity, clothing 

fashions, technology and design change. The factors are independent of each other, but 

together they contribute to thermal comfort. (D. E. Kalz, 2014). Physiological reactions to the 

environment can be affected by different physical parameters: absolute surface temperature, 

stratification of air, humidity (McClurg, 2016) (air, surface and radiant temperature, air 

humidity and velocity). Thus, these parameters are considered the basis for defining criteria 

for acceptable thermal environment.  

The criteria for general and local thermal comfort disturbance result in requirements such as 

radiant asymmetry, draft and vertical air temperature differences. (De Dear, 1998). Absolute 

surface temperature is another criterion which is important for thermal comfort, since the 

body has constant contact with it. As a criterion for local comfort the stratification of the air 

temperature is also relevant. Additionally, humidity has also to be considered for general 

comfort. (McClurg, 2016). Air velocity can occur due to buoyancy effects, which is air falling 

along a cold window surface or to enforced air movements (open door/window, air outlet of 

ventilation system). Moreover, it can either lead to improved thermal comfort during warm 

conditions or be experienced as a draft sensation. (Levin, 2016). 

There are many ways of achieving thermal comfort and maintaining these body temperatures 

in different climates, and this has been the case for centuries. The main question addressed 

considering thermal comfort is how it should be addressed by engineered solutions to the 

issue where maintaining an optimum temperature range in summer and winter. The main 

approach to this is to concentrate on using design, materials and locations of the building as 

sustainable as it can be for likely future conditions. (De Dear, 1998). For thermal comfort, 

there are interactions between insulation technologies, heating, building design, cooling and 

climate, and behavior. Behavior adjustments includes different modifications an individual 

might unconsciously or consciously make that in turn can affect mass fluxes or modify heat 

governing the body's thermal balance.  

In addition, adjustments can be sub-classified into technological such as turning on the air 

conditioner and personal adjustments e.g. as simple as removing an item of clothing. There 

are also physiological adaptations to the exposure of thermal factors. The adaptions “can best 

be described as a term which includes changes in the physiological responses: a result from 

exposure to the thermal environment factor that leads to a gradual diminution in the body by 

the exposure” (ASHRAE, 1997). Moreover, the term: physiological adaptation can be broken 

down into acclimatization and genetic adaption. Genetic adaption is intergenerational while 

acclimatization is within the individual’s lifetime. (Popescu et al, 2016).  
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Thermal discomfort still appears in some regions where the technology and financial situation 

does not allow energy-intensive environmental control strategies and sometimes mechanical 

strategies which allow personal control. One of the challenge for the houses in Andean 

regions is to raise the level of indoor heating which will then be sufficient for well-being and 

health during cold climates - ensuring that all households are affordably and adequately 

heated. In Andean climate, comfort is a major concern when considering the demand for 

mainly heating and cooling, and the different ways in which it can be met. In Andean regions, 

the goal is to achieve a safe level of thermal comfort for health. According to WHO, 2010 the 

temperatures for the main living area should be 21°C.  

4.1.1 Predicted Percentage Dissatisfied (PPD) 

Air temperature is the most commonly used indicator for local thermal comfort. Local thermal 

comfort takes the aspects near the occupants into account, while thermal comfort focuses on 

the entire thermal comfort of a building. To determine local thermal comfort air temperature 

alone is not an accurate or valid indicator. The validation should always take other personal 

and environmental factors to consideration. Due to the thermal comfort being subjective the 

psychological dimension of the thermal evaluation is relevant. Personal comfort set points can 

differ and are often far from thermostatic. The psychological dimension refers to an altered 

reaction to the environment and perception of information that are linked to past expectations 

and experiences. (Jacklitsch et al, 2016) 

Further temperature-related criteria to evaluate the local thermal comfort such as the 

temperature asymmetry is defined as the difference between the temperatures either between 

two verticals (floor and ceiling) or horizontal (wall) surfaces. If there are immense gaps (e.g. a 

floor temperature of 10˚C and a ceiling temperature of 30˚C) between the surfaces it further 

indicates thermal discomfort. (Levin, 2016). The equation developed by Fanger illustrates a 

calculation for cool ceilings.  

Equation 1 and 2 and figures 5 and 6 illustrate the PPD (Predicted Percentage Dissatisfied), 

when temperature asymmetry occurs in a building. The x-axis in Figure 5 and 6 demonstrates 

different temperature values and the y-axis shows PPD. Values greater than 10˚C illustrates a 

gain in PPD. While Figure 5 and 6 establishes when local discomfort occurs in an overall case 

the results from the sensors (chapter 8) will reveal the temperatures for ceiling- and floor 

temperatures in a representative building in Langui.  

 PPD = 
100

1+exp(9,93−0,50∙∆tpr
)


 (1)
 

tpr 15 < °C   (tpr = Ceiling temperature) 

PPD = 100-94• Exp (-1,387+0,118• tf -0.0025• tf
2)   (2) 

Tf= Temperature (floor) 
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Figure 5 - Cool ceilings 

Figure 5 illustrates cool ceilings and the PPD3; when the temperature boosts the PPD 

increases as well. Temperatures above 8°C is perceived as thermal discomfort.  

 

Figure 6 - Cool and warm floors 

Figure 6 illustrates thermal discomfort for floors. Temperatures between 20°C and 27°C are 

considered comfortable.    

4.1.2 Accepted levels of relative humidity and temperature 

Relative humidity (RH) is a way to measure the moisture in the air, compared to potential 

saturation levels. Relative humidity is expressed in percentage and it measures the absolute 

humidity relative to the maximum amount of water vapor which the air can hold at the given 

air temperature. A value between 30 to 60 percent is often what is considered most 

comfortable. (McClurg, 2016) 

Interior air humidity levels are based on outdoor air humidity, number of occupants, 

ventilation system, appliances and cooling or heating system. The room occupants add 

considerable moisture through exhaled air which is at 100 % relative humidity. Since relative 

humidity is a factor which depends on temperature, relative humidity of cold air decreases as 

it is warmed up. Often refrigerated air conditioning removes moisture from the air as it is 

cooled. Moreover, evaporative air increases moisture to the air and contributes to a higher 

percentage of relative humidity. (Jacklitsch et al, 2016).  
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What is considered normal levels of temperature and relative humidity vary widely from 

region to region due to different climates. Individual preferences can also vary widely as to 

what is considered acceptable. It is recommended to maintain an indoor relative humidity 

between 50 to 70 percent. Higher or lower levels of humidity in the building provide an 

environment which can cause allergies or asthma. (WHO, 2010). 

4.2 Health and indoor environment  

Human health and housing environment has been acknowledged to have a link for many years 

(Bonnefoy, 2017). The immediate housing environment can either limit or support the 

wellbeing of the residents. Low temperatures, inadequate indoor air quality, high levels of 

humidity growth and mold growth are some relevant possible health threats to be found in 

inadequate housing. Mental health is also affected by living conditions. The report written by 

Bonnefoy, X. (2007) explores the relevance of different housing conditions as a factor 

influencing health in various ways such as: mental health, sleep quality, obesity hygrothermal 

conditions and home safety.  

There is distinct link between housing conditions and health, however there is no agreement 

upon definition of “healthy housing”. The World Health Organization’s, 2010 (WHO’s) 

housing and health program; issues guidance on “healthy housing” and different methods on 

how to prevent a wide range of diseases. According to WHO an estimation that nearly two 

million people in developing countries die from housing-related risks which includes: deaths 

from temperature extremes because of poor living conditions. An environment with lower 

relative humidity than 50 % can increase the spreading rate of influenza viruses. If the relative 

humidity is too dry, respiratory problems coupled with eye irritation and skin can occur. 

Equally, high RH values can lead to thermal discomfort, respiratory ailments and 

condensation problems. (WHO, 2010) 

4.3 Different ways to improve thermal comfort   

There are different techniques to achieve thermal comfort in a sustainable way. Adobe and 

Trombe walls are both affordable and socially acceptable in the area. The Trombe wall uses 

renewable energy and, increases the indoor temperature.  

4.3.1 Natural ventilation  

Natural ventilation is a natural force which occurs due to outdoor and indoor air density 

differences, these drives outdoor air via purpose-built, building envelop openings. Purpose-

built openings involve solar chimneys, trickle ventilators, windows, wind towers and doors. 

The building’s natural ventilation depends on building design, climate and human behavior. 

WHO, 2007) 

There are several advantages with natural ventilation systems, compared to mechanical 

ventilation systems, such as: HVAC.  

• Natural ventilation, generally, provide higher ventilation rate more economically than 

mechanical systems, due to large opening and natural forces which are being used 

• Natural ventilation is considered more energy efficient, if heating is not required 

Yet the drawbacks with natural ventilation are significant. It is dependent of natural forces 

and can only work when these are available.  
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• It is variable and depends on the outdoor climate conditions relative to the interior 

climate.  

• Difficult to control. This includes the rate and the direction. Low air-change rate can 

occur due climate conditions which are considered unfavorable.   

• Natural ventilation only works when the forces are available; once high ventilation 

rate is required; the availability of natural forces also must be correspondingly high. 

The maintenance cost of natural ventilation systems can often be very low; however, if the 

system does not work in a proper way due to shortage of funds, the system’s performance can 

be compromised. It can cause air pollution, additionally spread of infectious diseases and 

increase humidity values, instead of working as an important tool for ventilation and control. 

(WHO, 2007) 

4.4 Heat transfer 

Heat transfer is significant to understand the building envelope and to better streamline 

thermal solutions. Heat transfer occurs when there is a temperature difference between media 

or in a medium. The medium which may be fluid or solid the term conduction is being used to 

refer to heat transfer who will occur across these mediums. This can be calculated with a 

temperature gradient. (Cengel et al, 2015) 

4.5 Building envelopes 

Building envelopes are important part in a sustainable building. The design of a building 

envelope involves several considerations. Both outdoor and indoor materials must be resistant 

to vandalism, affordable, durable and easy to maintain. Furthermore, they should be strong 

enough to meet seismic and structural codes. For the construction of the house, the selection 

of materials effect resource efficiency including the volume, thermal comfort and other types 

of energy transports. For comfort, a building should be protected from draughts and strong 

winds, but also be well ventilated with fresh air. The building enclosure needs to keep out the 

rain, a thermal barrier to reduce heat gains and losses, and air barrier to reduce infiltration, 

and a vapor for possible condensation and prevent moisture migration within the structure. 

(Nishioka, 2003) 

The building envelope is known to be the physical separator between the exterior and interior 

of a building. Envelopes consist of walls, doors, roof and windows. Well-designed envelopes 

respond to the local climate; that have more heating degree days rather than cold degree days. 

Thus, maximizing insulation is fundamental to keeping the indoor climate warm, as well as 

using different types of windows for solar gain on thermal mass inside the building envelope. 

(Mohsen, 2000)  

There are different ways of measuring the building envelop and thermal performance of a 

building. This is measured in terms of heat loss, and is commonly expressed in the 

construction industry as an R-value or U-value. U-value, also known as thermal transmittance, 

plays an important role and is the rate of transfer of heat through a wall, or a structure, which 

in this case can be a composite or a single material, divided by the temperature difference 

across that structure. If a structure is better-insulated a lower U-value will occur which leads 

to a lower energy consumption in a building. However, if the installation and workmanship 

standards are poor it can affect the thermal transmittance. Poorly fitted insulation with cold 

bridges and gaps affect the thermal transmittance and can generate considerably higher U 
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values than desired. Furthermore, thermal transmittance takes heat loss due to convection, 

radiation and conduction into account. (Cengel et al, 2015)  

Thermal conductance also known as a thermal resistance will appear in more complex 

problems. This approach makes use of a concept developed in electric-circuit theory. The 

equations below illustrate the link between heat flows through two sections in series, as 

shown in figure 7. (Bergman, 2007) 

qk = 
𝛥𝑇

𝑅
  (3) 

𝛥𝑇 = 𝑇𝐿 − 𝑇𝑅, a thermal potential  (4) 

R = 
𝐿

𝑘𝐴
  (5) 

R= Resistance, T= Temperature, k= thermal conductivity, L= Length, A= System area   

qk= Amount of heat transferred (heat flux)  

  

Figure 7 - Heat resistance wall (Spakovszky, 2014)  

The temperature in the equation is a difference between ambient temperature outside and the 

indoor temperature. A lot of factors can affect the value such as: weather conditions and 

material. Furthermore, more test points enable greater accuracy, when the temperature is 

being measured.  

The unit of U-value is W/m²K. To calculate U-value it is important to find the reciprocal of 

the sum of the thermal resistance of each material which makes up the building element in 

question. As well as the material resistance, the external and internal faces also have 

resistance that must be added in the calculation. These are however fixes values, in the 

calculation there are number of standards which covers calculation methods for thermal 

transmittance. (Bergman, 2007) 

 

 

 

 

 



 17 

Table 1 illustrates U-value, material and thickness of the different parts of a building. This has 

an importance for the calculations in IDA-ICE and for the author to understand the thermal 

resistance which affects the indoor environment.  

Table 1 – Building envelope (Cengel, 2015)  

Envelope Material Thickness (mm) U-Value 

[W/m2] 

Roof Zinc/Iron 3 5.71 

Wall (External) Adobe 400  1.9 

Floor Compressed Soil 300 1.86 

Window Glass 4  2.87 

Door Iron 4 2.38 

4.5.1 Roofs 

The interior climate is affected by the emittance and reflectance of the exterior surface. This 

concept is especially important for roofs. The term cool roofs4 has two key features, firstly: 

roofs high emittance, which is a percentage of energy which is radiated from a surface. 

Galvanized metal or other metallic finished have low emittance. This means that when they 

worm up, they do not easily release their heat by radiating this back to the sky. Second: roofs 

have a high solar reflectance. This means that they are light in color and solar radiation is 

reflected rather than absorbed by the surface, which leads to the roof reducing heat gain and 

keeping the surface temperature lower. (Chandran et al, 2015) 

4.5.2 Walls 

With minimal embodied energy adobe allows energy saving in buildings and is recyclable 

with a high ecological value. It is an affordable construction material, generally manufactured 

by local communities. Adobe structures are usually self-made due to the simple construction 

practice and do not require additional energy sources. The blocks of adobe are often made 

from local soil and are mainly used in rural areas, where the buildings are typically one story 

with a height of 3 meter and a wall thickness ranging from 0.25 to 0.8 meters. (World-

housing, 2011). 

The buildings made from adobe are capable to restrict less intense sun rays. The adobe allows 

the sunlight to continue to transfer the heat several hours after the sun is set, having an 

influence from effect from time lag. Even though adobe bricks have many advantages; they 

also have low water resistance and work as a sponge for humid air. In the Peruvian Andean 

where humidity is a concern for the residents it can be seen as a disadvantage. Furthermore, 

adobe bricks have a low compressive strength and moderately low tensile strength. (World-

housing, 2011) 

                                                 

4 Material for roofs which absorbs less heat and reflect more sunlight than a standard roof 
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However, there are methods to improve the characteristics and reduce the disadvantages. 

Different additives can be used to help solve the problem. Stabilizers are an additive which 

can modify the soil to manage its swelling, shrinkage, thus improve the binding strength.    

Advantages  

• Cheap 

• Has minimum or no environmental effect  

• Can be produced locally 

Disadvantages 

• Low water resistance 

• Low compressive strength 

• Low tensile strength 

Optimizing and understanding the heat transfer through the walls is important. Using 

insulation and thermal mass with passive design strategies will help increase the thermal 

performance of the building. The walls in the area are all made of rammed earth, adobe. Mud 

consists of several properties that make it sustainable for constrictions which aim achieving 

indoor thermal comfort affordably. (Madhumathi et al, 2014) 

Rammed earth consists of high capacity to store heat energy, also referred to as ‘thermal 

masses’. This means that the material act to naturally regulate the internal temperature. 

Furthermore, adobe has an ability of absorbing heat and stores it and do not readily prevent 

the flow of heat energy, due to their high density. (Mohsen, 2000). The value of the overall 

heat transfer coefficient for rammed earth wall is 1.9 W/m2, which is a considerably lower 

value than suggested value of 3.5 W/m2 for walls (Madhumathi et al, 2014).  

4.5.3 Windows, doors and floors 

Fenestration, e.g. skylights and windows are considered to be the most important part of the 

building envelope components. Fenestration designs include the placement and size of 

windows affects daylight opportunities, cooling loads, solar gains and glare. Thermal gains 

and losses through windows are usually considered to be the largest building envelope factor, 

often greater than gains and losses through walls and roofs combined. (Advanced buildings, 

2015).  

However, most windows are costly; they are essential elements of the building envelope and 

contribute to the energy consumption and heat performance of residential buildings. Many 

studies estimate that approximately 20-40 % of total energy consumption and heat loss is 

attributable to heat gains or loss trough building fenestration. Windows represent a major 

source of unwanted heat losses in areas where the local climate is cold, so low solar heat gain 

coefficient (SHGC) window systems are used for reducing solar gain. (Sharim et al, 2016)  

Commonly used materials for exterior doors are steel or wood in the area. Doors are 

problematic components of a building’s thermal envelope. This includes heat loss from air 

movement during operation and radiant heat loss through the door materials. Furthermore, 

heat loss from air leakage through the door is another challenge to thermal performance for 

heavy used exit and entrance doors. There are strategies to improve thermal performance by 
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limiting the air loss which includes: better insulation to minimize heat losses and wind effects. 

(Merla et al, 2016) 

Floors are also known to affect the indoor temperature and humidity levels. Floors which are 

not insulated in any way contribute to heat losses. Furthermore, they also increase the indoor 

humidity, due to the floor not being insulated in any way it operates after the outdoor climate. 

(Mohsen, 2000) 

4.6 Calculation to classify energy balance  

There are many aspects which affect the energy balance of a house; surroundings and local 

climate are two of them. The main factors are humidity, wind speed and direction, outdoor air 

temperature, sky radiation and solar, the closest surroundings, including shading. These also 

have an impact on the local climate conditions. All these data are important when working 

with indoor climate simulations. (Abel et al, 2013). 

Calculations considering the building’s energy balance is significant, in order to understand 

different improvements (see figure 8). The energy balance will show how much energy the 

house accumulates and how much it exudes. Further assumptions involve no air leakage and 

that the system if fully insulated.  

 

 

Qpeople + QTrombe Wall  Qwalls + Qwindows + Qceiling 

 + Qdoors + Qfloor 

 

Figure 8 - Energy balance 

Qheating = (Qwalls + Qwindows + Qceiling + Qdoors + Qfloor)out  – (Qpeople + QTrombe Wall) in (6) 

Qgains = Qpeople + QTrombe Wall are heat gains 

Qlosses = Qwalls + Qwindows + Qceiling + Qdoors + Qfloor are heat losses  

Tsurr is the surrounding temperature  

Ts Temperature of the hot surface  

T is the free stream temperature  
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5. Results from interviews  

This chapter presents summarized answers from interviews with local inhabitants.  

5.1 Interviews  

In order to assess the problematic regarding thermal comfort in the area interviews with the 

locals were completed. The interviews which focuses on the patterns of the occupants: energy 

use and the house condition. Ten people, mostly women from different households in Langui 

were asked the same questions. The purpose of interviewing people from different parts of the 

village was to spot the diversity in their experiences. The questionnaires can be read under 

Appendix C.  

5.2 Summarized answers  

The interviewees initially started by answering the questions pertaining to social aspects of 

their houses. When asked how long they’ve lived in the house many interviewees answered 

either since they married or had lived in the village their entire life. The average household 

has three to six occupants, sharing a sleeping space of 13 m2.  

Questions regarding the age of the house could not be answered by the interviewees. Common 

answers were that the house was built before the owners moved in and was therefore not able 

to answer the question properly.  

The majority of the inhabitants of the village work with agriculture. A regular working day 

stretches from 5 am to 7 pm. They are usually home right before bedtime which can differ 

with power cuts and the light possibilities, but is usually between 7pm and 9pm. While some 

residents work other takes care of their family. When asked if what they use for cooking, the 

residents replied, “dung or firewood”. Furthermore, some occupants have their cooking stove 

installed in the same room as they sleep. However, the common sleeping area did not have a 

cooking stove installed in it. The kitchen is often situated in another room. The people who 

got interviewed experienced that the cold affects in negative ways, it affects their ability to 

work with their agriculture or their specific business.  

During cold periods, the occupants sometimes heat up their houses with the help of cooking 

stoves. However, the common approach to coldness is often solved by putting more clothes 

on, decorating walls with plastic pieces, clothes or plastic bags in addition to decrease cold 

outdoor air to enter the indoor environment. Furthermore, some occupants enlightened that 

they approached the cold indoor temperature by sharing beds to spread body heat, while some 

do nothing and cope with it. The different techniques to increase heat are often used in the 

sleeping area. Moreover, the indoor climate in Langui is often described as cold during most 

of the year, thus the inhabitants rarely use devices to decrease the indoor temperature.  
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6. Results from the sensors installed in a regular and improved house in Langui 

The sensors were positioned on the floor, ceiling, window and door of different houses and 

the purpose with the different levels in the houses was to get better-quality results. Initially 

figures regarding the regular house are presented; this includes temperature and relative-

humidity values.  

For plotting and reading out data from sensors, HOBOware software was used. The purpose 

of the program is to filter, export, check logger and save changes to graphs in project files, 

and scale data with Pulse Scaling data assistants and Linear Scaling. In this study, the 

software was used to measure the relative humidity and the temperature in the room on 

different levels.  

Initially results from a regular house, while the second section contains values from the 

improved house.   

6.1 Regular house 

 

Figure 9 - Temperature and relative-humidity in a regular house 

Figure 9 illustrates result from a sensor close to the occupants. The result shows a peak-value 

for relative-humidity (93.3 %) at 18:47. 
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Figure 10 - Temperature in a regular house 

The results in figure 10 show the indoor temperature at different levels. This includes values 

from the floor, window, door and ceiling. The peak between 09:07 and 13:55 show an indoor 

temperature at 25˚C and a base-temperature of 11˚C. 

 

Figure 11 - Humidity in a regular house 

Further observations reveal a peak-value floor-indoor humidity level at 74% in figure 11.  
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6.2 House with Trombe wall 

 

Figure 12 - Temperature and humidity in a house with Trombe Wall 

Figure 12 illustrates an indoor temperature and relative-humidity level in an improved house. 

Values for indoor temperature vary between 9 and 27 °C, while the sensor show a peak 

relative-humidity value of 98 %.  

 

Figure 13 - Temperature in a house with Trombe wall 

In figure 13 the peak for the indoor temperature is 29.9˚C, while the base-temperature in the 

house is under 10 °C. 
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Figure 14 - Humidity in a house with Trombe wall 

Figure 14 shows a relative-humidity value of 98%, window and floor are areas which 

accumulate the majority of the humid air.  
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7. Results from simulation in software IDA ICE   

Simulations carried out in the software IDA ICE have evaluated the energy consumption, 

relative humidity and indoor climate of a rural house in Peru. These values have been studied 

for one or several zones within a building and it’s possible to model the controllers and 

systems of the building. The simulation tool takes aspects such as: shade from surroundings 

air handling unit and weather conditions into consideration. Some assumptions, such as 

occupancy and activities are based on the answer from the interviews.  

The following steps were carried out in IDA ICE to evaluate indoor quality in rural house in 

Peru:  

1. Create a model of a regular rural house in Langui with and without Trombe wall.  

2. Defined the outdoor climate, from Langui.  

3. The building envelope values and -values used in the model were standard values 

found in IDA ICE for local building materials in Langui.  

4. Thermal bridges are set as “very poor” and assumptions such as: no shading from 

threes and other houses were made.  

5. The obtained values from the simulations were used to create diagrams and tables.  

Data from simulations in IDA ICE are presented in Table 2, Table 3 and in Appendix D. The 

figures in Appendix D illustrate a humidity level in the improved house (between 18h and 

07h) which is lower than 70 %, during 30 % of time. Appendix D also show a significantly 

higher indoor humidity in the improved house compared to the outside humidity level. Table 

No. 3 indicates that the average relative-humidity between 18h and 07h is 85.87 % in an 

improved house and while the average relative-humidity, in Table 2, is 65.225 %.   
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7.1 Regular house  

Table 2 illustrates an average yearly temperature of 16.37 °C between 0h to 24h. An average 

relative-humidity level of 50.5 % between 0h and 24h. From 18h to 7h the average 

temperature is 11.78 °Cand relative-humidity of 65.225 %. 

Table 2 - Temperature and Relative-humidity in a regular house 

 

 From 0h to 24h From 18h to 07h 

 Temperature °C Relative Humidity 

(%) 

Temperature °C Relative Humidity 

(%) 

 Max Min Average Max Min Average Max Min Average Max Min Average 

Jan. 28.8 10.2 16.1 
84.9 24.3 58 18.4 10.2 13 84.9 43.2 69.7 

Feb. 28.5 10 16.6 
85.5 20.9 56.9 18.2 10 13.2 85.5 48.6 71.5 

March 28 9.7 16.6 
86.1 16.1 56.3 18.4 9.7 13.1 86.1 40.6 71.6 

April 28.6 7.8 16.4 
83.9 19.8 54.2 17.1 7.8 11.9 83.9 43.1 69 

May 27.7 5.1 16.1 
83.1 16 49.7 17.3 5.1 10.9 83.1 37.5 64.9 

June 26 4.2 14.7 
72.7 12.8 46.4 15.5 4.2 9.1 72.7 37.3 60.3 

July 27.3 4.2 14.8 
73.6 12.9 44 16.1 4.2 8.8 73.6 34 59.7 

Aug. 28.3 4.8 16 
70.9 13.5 43.4 16.7 4.8 10 70.9 40.1 60.3 

Sep. 31 6.8 16.6 
74.2 17.9 48 16.9 6.8 11.5 74.2 45.4 63 

Oct. 29.6 7.5 17.7 
78.1 16.7 48.3 18.8 7.5 12.8 78.1 44.4 63.6 

Nov. 29 10.5 17.7 
80.9 12.5 48.9 18.5 10.5 13.7 80.9 41.3 64.4 

Dec. 28 10.9 17.1 
78.6 20.2 51.9 18.6 10.9 13.4 78.6 46 64.7 

Total.    16.37 
  50.5   11.78   65.225 

 

The purpose with Table 2 is to illustrate the temperature and relative-humidity levels for one 

year. The lowest indoor temperatures are, according to IDA ICE, during June, with a 

minimum temperature of 4.2˚C and a max relative-humidity level of 86.1%.  
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7.2 House with Trombe wall  

Table 3 illustrates an average yearly temperature of 15.015 °C between 0h to 24h. An average 

relative-humidity level of 62.43 % between 0h and 24h. From 18h to 7h the average 

temperature is 14.73 °C and relative-humidity of 85.87 %. 

Table 3 - Temperature and Relative-humidity in improved house 

 From 0h to 24h From 18h to 07h 

Month 

Temperature °C Relative Humidity 

(%) 

Temperature °C Relative Humidity 

(%) 

Max Min Average Max Min Average Max Min Average Max Min Average 

Jan. 23.1 11.8 16.5 
100 33.1 68.7 20.5 11.8 15.5 100 47.7 89.1 

Feb.  22.5 12.2 16.9 
100 31.9 67.6 19.9 12.2 15.7 100 51.4 89.8 

March 22.1 11.4 16.9 
100 27.2 67.1 20.2 11.4 15.7 100 44.8 89.5 

April 22.8 9.9 16.5 
100 30.1 65.6 19.4 9.9 14.8 100 50.2 87.8 

May 21.6 7.4 16.2 
100 22.7 61.8 19.3 7.4 14.1 100 33.2 85.4 

June 20.8 6.6 15.2 
100 19.1 59.8 18.2 6.6 12.7 100 35.5 83.4 

July 21.6 6.6 14.8 
100 19.5 57.5 18.5 6.6 12.3 100 37.4 83.2 

Aug.  22.7 7 15.8 
100 19.8 56.7 19.1 7 13.4 100 35.6 83.2 

Sep. 23 8.8 16.6 
100 29.3 60.5 19.5 8.8 14.5 100 44.5 84.4 

Oct. 23.8 9.6 17.7 
100 26.6 60.3 20.9 9.6 15.6 100 46.9 84.1 

Nov. 23.6 12.5 18 
100 24.2 60.6 20.5 12.5 16.4 100 39.9 85.1 

Dec. 22.9 12.3 17.5 
100 30.8 63.6 20.2 12.3 16.1 100 48.1 85.4 

Tot.    15.015 
  62.43   14.73   85.87 

 

Tables 2 and 3 illustrate the indoor temperatures and humidity levels patterns through one 

year in a regular and improved house on Langui. The first section shows values during the 

whole day, while the second section focuses on when the occupants are active outside the 

house. The tables further illustrate temperature and relative-humidity differences between the 

two types of buildings.  
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8. Results from the Heat Transfer Rocket  

The cooking stove played a significant role for the inhabitants in Langui. It assists with 

cooking and increases the indoor temperature. However; occasionally the occupants used the 

cooking stove to merely heat up the room. Using fire and gas stoves which contributes to poor 

indoor air quality and are not made to work as indoor heating systems. Hence, the observation 

led to a prototype construction which would increase the indoor temperature without risking 

the occupant’s health.  

8.1 Design process 

The main purpose of the Heat transfer rocket is to increase the interior temperature, while the 

relative humidity stays unchanged. According to WHO 2010 an air temperature that is 

maintained at a minimum indoor temperature of 18˚C is recommended for sedentary 

occupants.  

   

Figure 15 - Heat Transfer Rocket design 

The installation contains of a cylinder, with adobe on the inside. As fuel either firewood or 

dung can be used or, products which the inhabitants use as cooking fuel. Furthermore, the 

installation should have socio-economic advantages to be able to adequate the inhabitants of 

Langui.  

Table 4 presents materials and the dimension of the Heat Transfer Rocket. The chamber is 

where wood will be placed.  

 

 



 29 

Table 4 - Material used in the Heat Transfer Rocket 

Section Material Diameter (mm) Height (mm) 

Cylinder Hot rolled iron 700 800 

Black pipe Steal 9 1600 

Wall (interior) Adobe 100 750 

Chamber/Channel  600 800 

  

   

Figure 16 - Heat Transfer Rocket 

Figure 16 illustrates the Heat Transfer Rocket. The inside is made of adobe while the outside 

is a hot-rolled iron cylinder.  

It is important to further evaluate the indoor environment and the affect from the Heat 

Transfer Rocket. Therefore, the next section illustrates the different results obtained from the 

sensors both when the Heat Transfer Rocket was on and off. 
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Figure 17 - House where the installation was made 

Figure 17 shows the house which the Heat Transfer Rocket was installed in. The house is not 

the characteristic house in the Andes regions of Peru.  

8.2 Economical aspects  

It is important for the installation to be cheap and affordable. The total price for the 

installation was s/ 270 (Nuevos soles) which in US$ is 87.53 US$ (see Table 5). The adobe 

used on the interior wall of the cylinder is cheap and stores heat. Furthermore, this is a 

product that the locals can construct.   

Maintenance and fuel are the main expenses of the Heat Transfer Rocket. Gradually risk for 

the smoke to block the channel and produce polluted indoor air can occur. Due to the 

firewood and dung producing a great deal of smoke. Fuel, in the form of firewood or dung is 

essential for the Heat Transfer Rocket to work and contribute to the indoor temperature. 

Although firewood is expensive in the area it is possible to work with dung which the 

inhabitants already are familiar with and use it for cooking.  

Table 4- Cost for the Heat Transfer Rocket 

Currency  Cylinder Pipe Installation Total 

S/ 20 150 100 270 

US$ 6.11 45.85 30.57 82.53 
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8.3 House with Heat Transfer Rocket off 

Figure 16 shows data of temperature and relative humidity of the building with the Heat 

Transfer Rocket off.  

 

Figure 18 - Temperature and humidity with Heat Transfer Rocket off 

Results show a peak relative-humidity of 72 % and a peak-temperature value of 27˚C. This 

indicates that the values meet the recommendations made by WHO. However, during the 

night hours the temperatures are occasionally below 10 ˚C.  

 

Figure 19 - Temperature with Heat Transfer Rocket off 

In figure 19 the maximum indoor temperature value is 18.2˚C between 09:36 and 14:24.  
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Figure 20 - Humidity with Heat Transfer Rocket off 

In figure 20 the fluctuating indoor relative-humidity value has a peak of 80% and a base-value 

at 41 %.   

8.3 House with Heat Transfer Rocket on 

 

Figure 21 - Temperature and Humidity with Heat Transfer Rocket on 

Figure 21 illustrates value during hours when the Heat Transfer Rocket There is on. A peak-

temperature value of 20 °C can be witnessed from the figure above. 
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Figure 22 - Temperature with Heat Transfer Rocket on 

The sensors registered, in figure 22, show both great indoor floor and ceiling temperatures 

when the Heat Transfer Rocket was on. However, further analysis shows that it failed to keep 

the indoor temperatures at a constant temperature level. The peak value of 32˚C decreases as 

soon as the Heat Transfer Rocket was turned off.  

 

Figure 23 - Humidity with Heat Transfer Rocket on 

Figure 23 illustrates a peak value of 80% between 16:48 and 20:24, then falls back to a 

constant value of 63 %.    
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9. Discussion 

The following paragraph discusses the outcomes related to the indoor humidity and 

temperature values in two types of buildings in Andean regions of Peru.  

Many the houses in Langui suffer from high thermal losses which occur through the walls 

where it is possible to either find cracks or space between the adobe bricks. This can easily be 

restored by filling the cracks or space with adobe. However, the residents often use plastic 

sheets to prevent exterior air to enter the interior environment or wear the same clothes 

indoors and outdoors to sustain a warm and comfortable body temperature. Solutions such as 

plastic sheets might be a good short-term fix but can lead to blocked ventilation and/or 

increased indoor humidity.  

The house-designs in the Andean regions do not vary a lot; the characteristic house is a one-

story hose made of thick adobe bricks and has zinc-roofs. Although thick adobe bricks form 

the building envelope, the material obtains low thermal resistance and therefore fails to store 

heat for the occupants.  

The building envelope is an important factor in the poor thermal comfort. Although some 

modifications have been made by the occupants, the modifications are not nearly enough to 

achieve thermal comfort. Building envelopes that could be improved include the roof, 

windows, walls, and doors. Recommendations would involve wooden doors and wooden 

framed and double-glazed windows. However, taking the financial situation of the village into 

account these solutions are not possible, thus not socio-economically sustainable.  

The method of measuring thermal comfort by interviewing inhabitants showed consistent 

results. The qualitative method yielded valuable information concerning the poor indoor 

environmental conditions. According to the interviewees quick and unsustainable solutions 

such as insulating the room with clothes, cook in the same room as they sleep in and/or use 

plastic sheets to cover air leakage are the only affordable and available techniques to use. In 

fact, results from sensors in Figure 9 (relative-humidity level of 93.3 %) confirms how 

unmaintainable the solutions are. 

9.1 Trombe Wall  

Majority of the houses in Langui have installed a Trombe wall, an installation which provides 

the occupants with free heat by using sunlight as its primary source. The main cost for the 

Trombe wall occurs during the installation phase. Due to Langui’s remote location, an 

impairment in the construction could lead to the installation losing its purpose and/or large 

expenses to repair it.  

The Trombe wall is a complex solution that requires knowledge in order for it to reach its full 

potential. If the Trombe wall is used in a wrongful way the effect can disfavor the occupants 

instead of contributing to a comfortable indoor environment. The contrasting results between 

an effective and inadequate Trombe wall could be witnessed in some houses by mold forms 

on the ceiling and accumulated dampness on the interior walls and windows. Further 

observations involve grass on the inside of the Trombe walls, which affects its ability to 

absorb sunlight. An optimization of the Trombe wall would, therefore, involve filters to 

absorb humid air and plastic sheet in the bottom of the Trombe wall to prevent grass from 

growing and disturbing the sunlight absorption.  
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9.2 Results from the sensors  

Since there weren’t any sensors measuring the exterior conditions they are considered as 

factors contributing to uncertainties. Further factors that could contribute to uncertainties and 

affect the results were: number of occupants in each room, activities in the room (cooking), 

modifications made by the occupants which could affect the results.  

Results from the sensors suggest that the overall indoor environment (based on indoor 

temperature and humidity) in both houses are considered unhealthy for the occupants. The 

improved house obtained a temperature-span between 29 and 9 degrees Celsius and a peak-

relative-humidity level of 98 %, whilst the regular house obtained a peak-relative-humidity 

level of 92 %. Both of the houses failed to reach the acceptable humidity-level between 50 

and 70 percent. There are many factors affecting the results which treat the relative-humidity 

level, naturally ventilated houses have dynamic conditions and generally have low air-change 

rates, therefore poor ventilation affects the indoor humidity level. Furthermore, the results 

from the sensors also show a decreasing indoor temperature value during sleeping hours and 

an increasing humidity level. Cold indoor temperatures depend on the outdoor temperature 

while an increased relative-humidity level occur due to the occupants sleeping and exhaling. 

Finally, temperature values near the window can be affected by sunlight and therefore 

illustrate irregular values. 

9.2 IDA ICE  

Results from IDA ICE is obtained through observations and assumptions regarding emitted 

heat and air leakages. The assumptions are assumed by the author or found in the literature. 

Furthermore, results from the simulation tool are only obtained for the regular house and the 

improved house.  

The results from the simulation tool show a greater relative-humidity level in the improved 

house (annual relative-humidity of 62.43 %), compared with an annual relative-humidity of 

50.5 % in Table 2 (regular house). According to IDA ICE, the annual temperature (16.37 °C) 

for the regular house is greater, between 0h and 24h, than the improved house (annual 

temperature of 15°C between 0h and 24h). This could depend on the air leakage due to the 

installation of the Trombe wall, which increases air leakage-areas.  

Further results from IDA ICE (Appendix D) show a greater relative-humidity level in the 

improved house compared to the outside humidity level, which could depend on human 

activities, for example cooking and exhaling which contributes to relative-humidity.  

9.3 Heat Transfer Rocket  

The Heat Transfer Rocket is a device which is both cheap and simple to install. Costs such as 

fuel- and maintenance-costs can, however, be expensive. The inhabitants are familiar with the 

heating-technique and have, therefore, the ability to operate the technique correctly. People 

living in the Andean regions work with firewood and dung when they cook and both materials 

are accessible in the area. A method which requires electricity would not be considered an 

option due to the inhabitants of Langui not possessing as much electricity as a thermal 

providing device would require.  

Based on Figure 20 and 23 the Heat Transfer Rocket does not contribute with higher indoor 

relative-humidity. In figure 23 the indoor relative-humidity in the building was not affected 

by the Heat Transfer Rocket in the same way as the Trombe wall, which contributed with high 
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relative-humidity levels. The Heat Transfer Rocket would, however, show other results if it 

was installed in a smaller house, similar to what the inhabitants of Langui live in (of 15 square 

meters). Further results from the sensors show that the Heat Transfer Rocket managed to 

contribute with an average indoor temperature of 13.31 °C and higher floor- and ceiling 

temperature when it was on. When it was shut off it, however, failed to supply the same heat. 

Furthermore, according to figure 5 and 6 higher floor- and ceiling temperatures contributes to 

temperature asymmetry and an increased PPD-value which causes local discomfort for the 

occupants.  

Results from the sensors suggest that the Heat Transfer Rocket is not an optimal solution for 

the conditions in Langui. Although the materials are available and the inhabitants are familiar 

with the technique the Heat Transfer Rocket failed to contribute to consistent indoor 

temperature. When the Heat Transfer Rocket is turned off the temperatures decreases and 

goes back to the initial indoor temperatures. Furthermore, due to the houses in Langui only 

depending on natural ventilation, difficulties such as smoke being accumulated in the room 

can lead to serious consequences affecting the indoor air quality. The drawbacks can, 

however, be solved through modifications which involve the design aspects.  

Although adobe is a cheap and easy material to work with, higher temperature values can be 

achieved through material inside the cylinder with higher heat transfer coefficient, a larger 

container (the cylinder) and a wider pipe would support the concept of less polluted indoor 

air. 

9.4 SDG goals in the project  

In areas such as the Andean regions, where lack of infrastructure, diseases, and poverty are 

the main constraints that limit the inhabitant’s well-being and health, therefore adequate 

indoor environments have a significant role. The Heat Transfer Rocket promotes a better 

health and well-being (Goal 3) for the inhabitants of Langui by improving the indoor 

environment, thus decreasing diseases caused by cold indoor temperatures. An estimation that 

nearly two million people in developing countries die from housing-related risks such as 

deaths from temperature extremes can be reduced by affordable and long-term solutions 

The Heat Transfer Rocket requires fuel in the form of firewood, which promotes 

deforestation, particularly in semiarid and arid like Langui. On a large scale, it can involve 

serious damage including erosion, soil depletion and loss of biodiversity, decreased 

agricultural yields and climate change. A common desire which exists in today’s society is to 

become carbon-free while achieving effective energy solutions. The Heat Transfer Rocket has 

environmental benefits while it encourages affordable energy to the inhabitants (Goal 7: 

Affordable and clean energy). Due to Andean inhabitants living under the extreme poverty 

line, defined at US$1.90, it is necessary to develop a solution which takes affordability into 

consideration. The Heat Transfer Rocket uses local materials which increases work 

opportunities in the area. 
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10. Conclusion  

The most significant conclusion of this study is that people in Langui live in thermal 

discomfort with high relative-humidity levels and low indoor temperature. Different short-

term techniques such as plastic covers, clothes and sleeping together to increase the indoor 

temperature are used by the occupants.  

 

The following key conclusions are drawn from this study: 

 

1. A small additional installation is not enough to improve the indoor thermal comfort in 

Langui. There are different aspects which should be taken into consideration: the installation 

should, for instance, be socially accepted, affordable, made out of local material and improve 

the indoor temperature without affecting the air quality (relative humidity and polluted air).  

 

2. Measurements indicate that the current thermal comfort situation in Langui do not meet the 

indoor climate recommendations made by WHO (concerning temperature and relative-

humidity). The building materials used in Andean regions of Peru often consists of low 

thermal resistance which leads to cold interior climate. The houses had an overall indoor 

relative-humidity level above 50 to 70 percent and an overall indoor temperature below 18 

°C.  

 

3. Buildings which were installed with GRUPO PUCP’s solution had an increased indoor 

temperature value and an increased relative-humidity value. Measurements show a peak-

indoor humidity level at 98 % and a base temperature of 9 °C. 

 

4. The impact of a novel technical solution on the indoor thermal comfort shows an 

improvement in the indoor temperature while being socially accepted and affordable. Since 

the inhabitants of Langui already are familiar with the technique the Heat Transfer Rocket 

have the potential of being used in a correct way. The solution managed to increase the indoor 

temperature to an average of 13.31 °C, which is still far from an indoor temperature of 18°C. 

It, however, failed to maintain a constant temperature when it was turned off.   
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11. Further studies  

Further studies in Langui involve renewable energy techniques which would increase the 

thermal comfort in the residential buildings in Langui. Research including possibilities using 

solar water heating systems. The heated water in the village is generally used for hot showers 

and rarely used to heat up the house. This would be an effective solution both 

environmentally and economy wise, due to the great access to sunlight during warm periods.  

Although the thesis consists of selected recommendations for the Trombe wall; a further study 

considering solutions on decreasing relative-humidity values is suggested. This way a solution 

which uses the sunlight in a sustainable approach can help the inhabitants in Langui and aim 

for further success.  
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Appendix  

Appendix A – Budget for Trombe-wall  

 

Trombe wall - Budget     
 

 Unit Quantity  Unit price Total price 

Total price 

(US$) 

Wood strips 2" x 3" x 3 mts Unit 50  S/.      12.00  

 S/.    

600.00  

US$ 

185.5 

Wood preservative Unit 2  S/.      40.00  

 S/.      

80.00  

US$ 

24.7 

Nail 1" Kilo 2.5  S/.         8.00  

 S/.      

20.00  

US$ 

6.2 

Nail 1 1/2" kilo 2.5  S/.         7.00  

 S/.      

17.50  

US$ 

5.4 

Nail 3" kilo 5  S/.         8.00  

 S/.      

40.00  

US$ 

12.4 

Nail 4" kilo 5  S/.         8.00  

 S/.      

40.00  

US$ 

12.4 

Nail 8" kilo 5  S/.         8.00  

 S/.      

40.00  

US$ 

12.4 

Staples  kilo 2,5  S/.      12.00  

 S/.      

30.00  

US$ 

9.3 

Plaster bag 27Kg Unit 15  S/.      10.00  

 S/.    

150.00  

US$ 

46.4 

Black paint gallon 5  S/.      38.00  

 S/.    

190.00  

US$ 

58.7 

Tube of PVC C10 4"x 3mts Unit 5  S/.      25.00  

 S/.    

125.00  

US$ 

30.6 

Cap of PVC 4" Unit 30  S/.         5.00  

 S/.    

150.00  

US$ 

46.4 

Cement Unit 5  S/.      22.50  

 S/.    

112.50  

US$ 

34.8 

Plastic lists  meter 125  S/.         3.00  

 S/.    

375.00  

US$ 

115.9 

Sand m3 1  S/.      60.00  

 S/.      

60.00  

US$ 

18.5 

Fine sand m3 1  S/.      60.00  

 S/.      

60.00  

US$ 

18.5 

Stones m3 1  S/.      60.00  

 S/.      

60.00  

US$ 

18.5 

Polycarbonate 1mm de thick m2 48  S/.      60.00  

 S/.   

2 880.00 

US$ 

890.4 

     
 

Labor for installation technical 5  S/. 500.00    
 

 

Labor for installation  Technical  5  US$ 154.6 

 

1 Workday       
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Appendix B – Interviews with GRUPO 

First name  Last name  Position/Education  

Miguel  Hadzich  President GRUPO 

Sandra  Vergara  Vice President GRUPO 

Victor  Ramos Research engineer, GRUPO 

Jorge Soria Navarro Research engineer, GRUPO 

Silvana Loayza Architecture Student  

Daniel Abarca Research engineer, GRUPO 

14.4 Appendix C – Interview questions  

Social 

How long have you lived here?  

How many people live in the house? 

How old is the house? – do you know?  

What do you do in the room? - What is the main purpose of the house? 

Do you cook in the same room you sleep in? 

In what room you stay during most of the time? 

Where do you sleep? 

Energy 

What do you use for cooking? 

At what time do you cook?  

In what room do you cook? 

Heating 

Do you use heating devices when it’s cold? 

If yes: Which months do you usually use them?  

Which rooms?  

At what time of the day? How many hours? 

Cold 
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Do you use any devices when it gets warm (e.g. fan) 

If yes: Which months do you usually use them? 

Which rooms?  

At what time of the day? How many hours? 

Economical 

What do you work with? 

At what time do you start your day? 

At what time do you get home? 

In what way does the cold/warmth affect your business?  

Environmental 

During which hours do you feel that it gets the coldest? This month  

Do you sometimes feel that you can’t get enough sleep because of the cold/warmth? 

Do you do anything in particular when you try to sleep? – When it gets cold 

Do you do anything in particular when it gets cold during daytime? 

Do you sleep all the night? Or do you get interrupted when you sleep? 
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Appendix D 

Relative-humidity in the different houses, relative-humidity 18h and 07h and relative-

humidity 0h and 24h IDA ICE 

Interior temperature in the different houses, IDA ICE 
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