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AGUAS DE MARCO 
Antonio Carlos Jobim 

É pau, é pedra, é o fim do caminho 
É um resto de toco, é um pouco sozinho 
É um caco de vidro, é a vida, é o sol 

É a noite, é a morte, é um laço, é o anzol 
É peroba do campo, é o nó da madeira 
Caingá, candeia, é o Matita Pereira 

É madeira de vento, tombo da ribanceira 
É o mistério profundo, é o queira ou nao queira 
É o vento ventando, é o fim da ladeira 
É a viga, é o vao, festa da curneeira 
É a chuva chovendo, é conversa ribeira 
Das águas de março, é o fim da canseira 
É o pé, é o chao, é a marcha estradeira 
Passarinho na mao, pedra de atiradeira 

É ulna ave no céu, é urna ave no chao 
É urn regato, é urna fonte, é um pedaço de pao 
É o fundo do poço, é o fim do caminho 
No rosto o desgosto, é um pouco sozinho 

É um estrepe, é um prego, é uma conta, é urn conto 
É uma ponta, é um ponto, é um pingo pingando 
É um peixe, é urn gesto, é urna prata brilhando 
É a luz da manha, é o tijolo chegando 
É a lenha, é o dia, é o fim da picada 
É a garrafa de cana, o estilhaço na estrada 
É o projeto da casa, é o corpo na cama 
É o carro enguiçado, é a lama, é a lama 

É um passo, é uma ponte, é um sapo, é uma ra 
É um resto de mato, na luz da manna 
Sao as águas de março fechando o verao 
É a promessa de vida no teu coraçao z 

É urna cobra, é um pau, é Joao, é José 
É um espinho na mao, é urn corte no pé 
É um passo, é uma ponte, é um sapo, é urna ra 
É um belo horizonte, é urna febre terça 
Sao as águas de março fechando o verao 
É a promessa de vida no teu coraçao 

To Sergio and to my family, 
all my love and gratitude. 



TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS xii 

LIST OF TABLES xvi 

ABSTRACT xvii 

CHAPTER I: INTRODUCTION 

1.1 Problem statement and significance 1 

1.1.1 Social housing definition 2 

1.1.2 Social housing demand in Brazil and in São Paulo 3 

1.2 Scope of work 5 

1.3 Project description 6 

CHAPTER II: PASSIVE SOLAR DESIGN 

2.1 Introduction 8 

2.2 The elements of climate 10 

2.2.1 Air temperature 10 

2.2.2 Solar radiation 11 

2.2.3 Air movement 11 

2.2.4 Humidity 12 

2.2.5 Climatic classification 13 

2.3 Site characteristics 15 



vi 

TABLE OF CONTENTS - continued 

2.3.1 Altitude 15 

2.3.2 Topography 15 

2.3.3 Vegetation 19 

2.3.4 Water bodies 20 

2.3.5 Urban sites 20 

2.4 The building envelope 22 

2.4.1 Building location 22 

2.4.2 Orientation 23 

2.4.3 Building shape 24 

2.4.4 Indoor spaces 25 

2.4.5 Construction materials 26 

2.4.5.a Thermal properties of materials 26 

2.4.5b Environmental aspects of materials 28 

CHAPTER III: SOLAR GEOMETRY 

3.1 Introduction 30 

3.2 Earth -sun astronomical relations 31 

3.3 Solar angles 34 

3.3.1 Solar altitude and azimuth 34 



vii 

TABLE OF CONTENTS - continued 

3.3.2 Solar declination 35 

3.3.2a Solar time 36 

3.3.3 Solar incidence angle 37 

3.4 The sun path diagram 39 

3.5 Design of shading devices 40 

3.6 Intensity of solar radiation on surfaces 42 

CHAPTER 4: THERMAL COMFORT 

4.1 Introduction 44 

4.2 The heat exchange through the body 45 

4.2.1 Convection 46 

4.2.2 Radiation 47 

4.2.3 Evaporation 47 

4.2.4 Conduction 47 

4.3 The heat exchange through buildings 48 

4.3.1 Internal heat gain (QI) 49 

4.3.2 Solar heat gain (QS) 49 

4.3.3 Conduction (QC) 49 

4.3.4 Ventilation (QV) 51 

4.3.5 Mechanical controls (QM) 56 

4.3.6 Evaporation (QE) 56 



Ali 

TABLE OF CONTENTS - continued 

4.4 Thermal indices: the psychrometric chart 57 

4.5 Determination of the comfort zone on the psychrometric chart 61 

4.5.1 Outlining the comfort zone for São Paulo 63 

4.6 Outlining design strategies areas on the psychrometric chart 66 

4.6.1 Direct gain 66 

4.6.2 High thermal mass 69 

4.6.3 High thermal mass with night ventilation 70 

4.6.4 Ventilation 71 

4.6.5 Evaporative cooling 72 

4.6.6 Indirect evaporative cooling 73 

4.6.7 The psychrometric chart for Sao Paulo 74 

CHAPTER V: PASSIVE SYSTEMS FOR COMFORT 

5.1 Introduction 76 

5.2 Passive solar systems 77 

5.2.1 Solar control 80 

5.2.1a Design 80 

5.2.1b Vegetation 81 

5.2.1c Shading devices 82 

5.2.2 Thermal insulation of construction materials 84 

5.2.2a Reflective insulation 85 



ix 

TABLE OF CONTENTS - continued 

5.2.2b Resistive insulation 85 

5.2.2c Capacitive insulation 86 

5.2.3 Direct gain 88 

5.2.4 Trombe wall or masswall 90 

5.2.5 Roof pond 92 

5.2.6 Sunspace or greenhouse 93 

5.2.7 Thermocirculation with rockbed 96 

5.2.8 High thermal storage 97 

5.2.9 High thermal storage with night ventilation 98 

5.2.10 Ventilation 98 

5.2.10a Infiltration 99 

5.2.10b Body cooling and building cooling 99 

5.2.10c Wind and site design 101 

5.2. l Od Design of windows regarding ventilation 101 

5.2.11 Evaporative cooling 106 

5.2.12 Indirect evaporative cooling 107 

5.2.13 Earth integration or bermed construction 108 

5.2.14 Underground coolth pipes 109 

CHAPTER VI: APPLICATION 1 / CLIMATIC ANALYSIS 

6.1 Introduction 110 



X 

TABLE OF CONTENTS - continued 

6.2 The climate of Sao Paulo -SP- Brazil 111 

6.3 Climatic evaluation 114 

6.3.1 The hourly temperatures on the psychrometric chart 116 

6.3.1a Summer chart 117 

6.3.1b Winter chart 118 

6.3.1c Fall/spring chart 119 

CHAPTER VII: APPLICATION 2 / DESIGN 

7.1 Introduction 120 

7.2 General recommendations 121 

7.2.1 Recommendations for apartment buildings and attached houses 122 

7.3 Analysis of the performance of strategies with a computer program 125 

7.3.1 Project description 126 

7.3.2 Improvement of thermal comfort with low -cost strategies 130 

7.32a Materials utilized to build the walls 130 

7.3.2b Shape and orientation 132 

7.3.2c Solar gain 132 

7.3.2d Color of the walls 135 

7.3.2e Infiltration 136 

7.3.2f Thermal insulation and heat storage 137 

7.3.2g Ventilation 141 



xi 

TABLE OF CONTENTS - continued 

7.3.2h Combination of low -cost strategies 148 

7.3.2i Application of conventional insulation materials 149 

7.3.3j Outdoor and indoor temperatures 151 

CHAPTER VIII: CONCLUSION 

CONCLUSION 154 

APPENDIX 1: Sun path to 24° south latitude 156 

APPENDIX 2: Internal heat gain 157 

APPENDIX3: Calculation of wind speed at a reference height 158 

APPENDIX 4: Reflectance of some surfaces 159 

APPENDIX 5: Parameter for the computer simulations 160 

APPENDIX 6: Output report from computer simulations 161 

REFERENCES 176 



xii 

LIST OF ILLUSTRATIONS 

FIGURE 2.1 - Valley Effect 16 

FIGURE 2.2 - Housing development on hillsides 18 

FIGURE 2.3 - Location of housing developments on slopes 19 

FIGURE 2.4 - Solar heat gain on vertical surfaces 23 

FIGURE 2.5 - Distribution of indoor spaces 25 

FIGURE 3.1 - The inclination of the axis of rotation of the Earth 32 

FIGURE 3.2 - The solar azimuth and altitude angles 34 

FIGURE 3.3 - Solar incidence angle 37 

FIGURE 3.4 - Shadow -line angles 40 

FIGURE 3.5 - Incidence of solar radiation 42 

FIGURE 4.1 - Heat exchange through the body 45 

FIGURE 4.2 - Building heat exchange 48 

FIGURE 4.3 - Psychrometric chart 60 

FIGURE 4.4 - Comfort zone on the Psychrometric chart 65 

FIGURE 4.5 - Direct gain zone 68 

FIGURE 4.6 - High thermal mass zone 69 

FIGURE 4.7 - High thermal mass zone with night ventilation zone 70 

FIGURE 4.8 - Ventilation zone 72 



X" 

LIST OF ILLUSTRATIONS - continued 

FIGURE 4.9 - Evaporative cooling zone 73 

FIGURE 4.10 - Indirect evaporative cooling 74 

FIGURE 4.11 - Psychrometric chart for Sao Paulo 75 

FIGURE 5.1 - Courtyard system 81 

FIGURE 5.2 - Seasonal shading by deciduous trees 82 

FIGURE 5.3 - Vertical shading device 83 

FIGURE 5.4 - Horizontal shading device 83 

FIGURE 5.5 - Egg -crate shading device 84 

FIGURE 5.6 - Earthberm 86 

FIGURE 5.7 - Direct solar gain through north facing glasses 89 

FIGURE 5.8 - Convective trombe wall 91 

FIGURE 5.9 - Non -convective water Trombe wall 92 

FIGURE 5.10 - Roof pond 93 

FIGURE 5.11 - Sunspace used for cooling 94 

FIGURE 5.12 - Direct gain sunspace 95 

FIGURE 5.13- Sunspace systems 95 

FIGURE 5.14 - Rockbed system 97 

FIGURE 5.15 - High thermal storage wall 98 

FIGURE 5.16 - Infiltration through fissures and gaps between different materials 99 

FIGURE 5.17 - Wind pressure zone around buildings 100 



xiv 

LIST OF ILLUSTRATIONS - continued 

FIGURE 5.18 - Wind around buildings in different site layouts 101 

FIGURE 5.19 - Wind around buildings 101 

FIGURE 5.20 - Wing walls 104 

FIGURE 5.21 - Influence of window types in the air flow through a building 106 

FIGURE 5.22 - Evaporative cooler 107 

FIGURE 5.23 - Cool tower 108 

FIGURE 5.24 - Earth integration 109 

FIGURE 5.25 - Underground coolth pipe 109 

FIGURE 6.1 - Wind roses for São Paulo 113 

FIGURE 6.2 - Hourly temperature calculator 114 

FIGURE 6.3 - Summer conditions in Sao Paulo plotted on the psychrometric chart 117 

FIGURE 6.4 - Winter conditions in Sao Paulo plotted on the psychrometric chart 118 

FIGURE 6.5 - Fall and spring conditions in São Paulo plotted on the psychrometric chart 119 

FIGURE 7.1 - Low - income housing development in São Paulo 123 

FIGURE 7.2 - Unilateral and bilateral arrangement 124 

FIGURE 7.3 - Comparison between hot -humid and São Paulo climatic data 125 

FIGURE 7.4 - Floor plan - Original design 127 

FIGURE 7.5 - Section - Original design 128 

FIGURE 7.6 - Housing settlement in the countryside of São Paulo State 129 

FIGURE 7.7 - Shading from overhangs 133 



XV 

LIST OF ILLUSTRATIONS - continued 

FIGURE 7.8 - Basecase floor plan 134 

FIGURE 7.9 - Orientation for basecase based on solar position and wind direction 135 

FIGURE 7.10 - Conduction Analysis for basecase 138 

FIGURE 7.11 - Earthberm and vented attic space 140 

FIGURE 7.12 - Ventilation through basecase 144 

FIGURE 7.13 - Ventilation through basecase with openings at ceiling 147 

FIGURE 7.14 - Ventilation through basecase with stack effect 147 

FIGURE 7.15 - Analysis of optimum resistive insulation for basecase 150 

FIGURE 7.16 - Outdoor and indoor temperatures 153 



xvi 

LIST OF TABLES 

TABLE 2.1- Materials and energy usage 29 

TABLE 3.1 - Number of the day in a year 36 

TABLE 4.1 - Factor for relative inlet/outlet areas 54 

TABLE 4.2 - Free area for ventilation configurations 54 

TABLE 4.3 - Average annual temperatures for São Paulo 64 

TABLE 5.1- Passive solar systems for cooling and heating 79 

TABLE 5.2 - Time -lag of common wall materials 88 

TABLE 5.3 - Free area for ventilation configurations 105 

TABLE 6.1 - Hours of insolation in São Paulo 111 

TABLE 6.2 - Air temperatures in Sao Paulo 111 

TABLE 6.3 - Humidities in São Paulo 112 

TABLE 6.4 - Precipitation in São Paulo 112 

TABLE 6.5 - Percentage of wind directions in Sao Paulo 113 

TABLE 6.6 - Hourly DBT and WBT for Sao Paulo 116 



xvii 

ABSTRACT 

This work investigates the application of Passive Solar Design principles into social 

housing developments at the city of Sao Paulo, Brazil. It presents a methodology to optimize 

the use of climatic elements, site characteristics, and locally available materials towards the 

enhancement of thermal comfort in buildings. This methodology was applied to an existing 

house design and followed a low budget scenario. Numerical calculations were used to 

analyze the thermal performance of both the original design and the modified design 

according to specific strategies. The efficiency of each strategy was measured by the energy 

consumption required to maintain the inside temperature of the house at a comfortable level. 

This report describes a combination of strategies that show a 33% efficiency improvement in 

the thermal performance of the redesigned house. Among these strategies are the relocation of 

windows position for optimized solar collection and ventilation, the reduction of air leakage, 

the use of proper paint color for outside walls, and the use of earth for slab perimeter and wall 

insulation. The results presented here demonstrate that the Passive Solar Design methodology 

can be a significant tool to improve the quality of social housing at a minimal or no additional 

cost to the construction. 



CHAPTER I 

INTRODUCTION 

1.1 PROBLEM STATEMENT AND SIGNIFICANCE 

In the middle of this century the industrialization process and the scarcity of 

opportunities in the rural areas induced the convergence of the Brazilian population to the 

urban areas. As a consequence an increasing housing deficit started to accumulate. The 

problem was aggravated due in part to structural problems, land speculation, high cost of 

construction and the declining purchasing power of the working class. In an effort to solve this 

crescent demand, governmental agencies initiated programs for the construction of houses for 

the low- income population. These housing patterns usually followed economical and political 

standards and presented only small or no adaptation to the site. Oftentimes the reduced final 

cost and high density were the exclusive criteria for the buildings. Later on, due to the efforts 

of community organizations and some governmental groups, social and cultural aspects were 

introduced to this matter. Furthermore, research on materials and construction methods has 

been developed, making possible the improvement of social housing. This is however a 

gradual process that always faces challenges imposed by economical and political constraints. 

In an attempt to contribute to the above process, this research focuses on the 

environmentally responsive design, or Passive Solar Design, applied to social housing 

developments in Brazil. This approach to design takes into consideration climatic and 
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microclimatic elements and construction materials in order to enhance the thermal comfort 

inside buildings by natural means. 

Although the average climate is moderate in Brazil, the extremes of temperature are 

outside the comfort level in many locations. In addition, the adaptation of the building to the 

site is not among the major concerns. This frequently results in thermally inappropriate 

dwelling units. Moreover the availability of energy efficient materials and construction 

techniques is limited in some parts of the country, non -qualified labor is oftentimes employed, 

and a limited budget is directed to the constructions. 

This work investigates the optimization in the use of natural elements, site 

characteristics and locally available materials in the design and construction of these 

dwellings. The elaboration of a Passive Solar Design Methodology is expected to enhance the 

thermal quality of social housing in Brazil by defining basic guidelines for energy efficient 

urban and architectural design, despite the financial constraints imposed on it. The application 

of this method is subjected to the economical and political complexity surrounding the matter; 

however, these issues are not discussed in this work. 

1.1.1 SOCIAL HOUSING DEFINITION 

The social housing considered in this work is the low -income housing produced or 

financed by either the municipal, state or federal government. These houses are usually 

intended for the population whose household income does not exceed US$ 1000.00 per 

month, i.e., 10 times the minimum wage. There are several variations on the design, 
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construction materials and techniques, type and size of buildings. The common characteristics 

of the typologies are the need for low cost and the high- density of the settlements. In general 

the government provides funds for the construction and finances the housing for the 

population. The construction can be administered and performed by the government, private 

companies or by the intended population of the development (self -construction or "mutirao "). 

The mortgage is established according to the economical possibilities of the families. 

1.1.2 SOCIAL HOUSING DEMAND IN BRAZIL AND IN S1kO PAULO 

The lack of low- income housing is one of the greatest social problems in Brazil. The 

Foundation for Administrative Development (Fundaçao do Desenvolvimento Administrativo 

- FUNDAP) estimates that the housing shortage will be about 8 to 10 million units by the year 

2000, depending on the criteria used to define what is considered unqualified habitation. This 

deficit is concentrated in the urban areas. 

As the largest city in the country and one of its major industrial centers, Sao Paulo 

faces a correspondingly enormous housing problem. In 1991, the population of Sao 

Paulo's metropolitan area was estimated at 12 million inhabitants. From this amount, 

about two thirds were living in substandard habitations such as tenement houses 

(cortiços), shantytowns (favelas), lots in geologically unstable areas or in risk of flooding, 

legally irregular lands, and precarious built houses (Muçouçah 1991, 3 -5). Today the deficit of 

social housing affects 1.5 million people and one quarter of the population is estimated to live 

in substandard habitations. For this reason and because of the availability of information 
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on climate and housing, São Paulo City was selected as case study. 
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1.2 SCOPE OF WORK 

The main goal of this research is to define a methodology of Passive Solar Design for 

social housing development in Brazil. This methodology provides guidelines for the most 

effective utilization of topography, vegetation, climate, and local materials. Furthermore, it 

presents passive controls for cooling and heating towards the construction of thermally 

comfortable low- income houses. 

Brazilian territory extends from five degrees of north latitude to thirty-four degrees of 

south latitude in South America. It is divided into five major climatic regions: equatorial, 

tropical, mid -dry, altitude tropical and subtropical. The climate of Sao Paulo can be classified 

as altitude tropical, with requirements for both cooling and heating throughout the year. 

Typical social housing typologies currently built in the region are investigated. 

The application of the Passive Solar Design Methodology as a practical tool by 

designers and builders is also the intention of this work. For this reason, the passive design 

strategies consider the required density, overall construction costs, the utilization of locally 

available materials as well as the feasibility of the devices. 
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1.3 PROJECT DESCRIPTION 

In order to address and test problems in the complex subject of housing in Brazil, this 

work was divided in two phases: 

1. Phase One: Literature review on the fundamentals of Passive Solar Design 

2. Phase Two: Passive Solar Design application on climatic analysis and design 

During Phase One, the fundamentals of Passive Solar Design are illustrated with Sao 

Paulo's available data on climate and housing issues. This phase consists of chapters II to V. 

Chapter II (Passive Solar Design) exposes the factors that must be taken into consideration for 

a climate responsive approach in architecture. In this chapter we examine the elements that 

most influence the decisions on design and construction of buildings regarding passive means 

for thermal comfort. Chapter III (Solar Geometry) provides a succinct explanation on the 

astrological relation between sun and earth, and on the variables that affect the intensity of 

solar radiation on surfaces. Chapter IV (Thermal Comfort) examines the conditions for 

thermal comfort and thermal regulations of the human body and of buildings. This chapter 

also provides tools for comfort and climatic evaluation. Chapter V (Passive Systems for 

Comfort) investigates passive solar strategies to restore thermal comfort in regions with 

requirements for cooling or heating. Several principles of passive control systems are 

presented even if the current costs for the devices are high. This is done in the expectation that 

adaptations for low- income housing with the utilization of local materials and available 

techniques could lower the costs. 
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Phase Two consists of the application of the Passive Solar Design approach to 

climatic analysis and design in Sao Paulo. It consists of three chapters (VI, VII and VIII). In 

chapter VI the climate of São Paulo is evaluated providing the basis for the selection of 

appropriate strategies. In chapter VII general recommendations for designing in the city are 

established. A computer simulation program (CALPAS 3 developed by the Berkeley Solar 

Group) is utilized to evaluate the performance of some strategies applied to one case study: a 

detached house. The strategies are selected according to the problems detected in the case 

study, affordability, and feasibility. The performance of those strategies for which simulations 

are not possible is explained by using the fundamental principles of Passive Solar Design. 

From the results of chapter VII conclusions are made regarding the utilization of Passive Solar 

Design in social housing in São Paulo. These conclusions are presented in chapter VIII. 
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CHAPTER II 

PASSIVE SOLAR DESIGN 

2.1 INTRODUCTION 

Passive Solar Design is the approach to design that takes into consideration the 

interaction of several factors related to the building environment, including the climate, 

microclimate, control of the building envelope, construction materials and consequently 

the life style of the occupants. 

The main objective of this approach is to produce optimal indoor conditions by 

natural means; eliminating or reducing the utilization of energy based mechanical 

devices. 

Passive Solar Design is justifiable by several factors, including: 

Economic - mechanical equipment requires cost for installation, maintenance and 

energy consumption, while passive controls utilize renewable energy and sometimes 

require the commitment of the occupants for appropriate operation. 

Ecological - passive buildings involve the least amount of energy consumption 

through heating, cooling and lighting and by promoting the utilization of low energy 

consuming materials. They also produce the least amount of waste. Generally the 

lifetime of these buildings is longer, which can be understood as savings in energy. 

Aesthetic - passive buildings require more thinking and attention in the design 
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process because of all the considerations with the site. Therefore they are more likely 

to be harmonious with the location. 

Regarding social housing, the application of this approach becomes imperative. 

The utilization of mechanical means to correct a design problem is hardly affordable and 

the comfort of the occupants is therefore seriously compromised. In addition the financial 

constraints for this type of construction and the necessity to achieve thermal qualities can 

greatly benefit from passive controls. 

The limitation for Passive Solar Design is the reliance on climatic elements, 

which may vary from the standard pattern for short periods. For such times the 

availability of back -up mechanical systems is the ideal condition. 

In this chapter we investigate the factors to be considered in Passive Solar Design 

regarding the environment, site characteristics and the design and construction of the 

building envelope. 
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2.2 THE ELEMENTS OF CLIMATE 

Human health and energy are directly affected by the environment. The 

atmospheric conditions can invigorate or depress our activities. In extreme climates a 

great amount of energy is expended in the biological adaptation of the body. 

The variation and combination of several elements determine the climate of a 

region. The principal climatic elements that influence human response to the environment 

and building design, simultaneously affecting the heat exchanges between the body and 

its surroundings are: 

Air temperature 

Solar radiation 

Air movement 

Humidity 

2.2.1 AIR TEMPERATURE 

Air temperature is the factor that influences human thermal comfort the most. The 

measurement is taken in the shade with a dry bulb temperature (DBT) thermometer. Air 

temperature is expressed in this work as degrees Celsius ( °C). The difference in 

temperature is expressed in degC, i.e., if the daily maximum and minimum temperature in 

a place is respectively 30 °C and 15 °C, then the temperature range is 15degC. 

The analysis of the monthly average maximum and minimum DBT of a region 
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gives the definition of its comfort zone. The plotting of the hourly data plus the 

correspondent relative humidity on the psychrometric chart shows the basics on which 

designers can articulate decisions on appropriate strategies to enlarge the comfort zone 

for a given site. 

2.2.2 SOLAR RADIATION 

Solar radiation is an electromagnetic radiation emitted from the sun. The solar 

spectrum is divided into three regions: 

ultra -violet (u.v.) radiation - causes biological effects, such as tanning and sunburn 

visible light - causes thermal effects 

short infra -red (i.r.) radiation - causes thermal effects and some photo -chemical 

effects 

Altitude, latitude, date, time, cloudiness an air pollution affect the amount of solar 

radiation reaching the earth. This subject is covered on Chapter III (Solar Geometry). 

The reference of solar geometry in this work is made regarding the Southern 

Hemisphere. 

2.2.3 AIR MOVEMENT 

Breezes and winds cause a cooling sensation due to heat loss by convection and 

by increasing the evaporative capacity of the air and consequently the cooling efficiency 

of sweating. 
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Temperature and pressure differences determinate the pattern of air movement in 

a global scale, however, local factors such as topography and vegetation cause variation 

on this pattern. 

The upper limit of the comfort zone can be raised with the increase of velocity of 

air. This effect, however, slows as higher temperatures are reached. In addition, the 

increase in air velocity is limited by its negative effects on human beings when over 

acceptable values. 

The access of air movement is a main strategy to increase thermal comfort in hot - 

humid climates. In hot -dry climates, however, its effects have little efficiency towards 

comfort. 

Regarding air movement, wind direction and velocity are the information needed 

for design purposes. They can be represented simultaneously on wind roses. 

2.2.4 HUMIDITY 

Humidity, which is the amount of moisture in the atmosphere, effects the body 

efficiency to release heat by sweating. It can be expressed as relative humidity, absolute 

humidity, specific humidity and vapor pressure. The most common denomination for 

designers is relative humidity (RH), which is the percentage of moisture in the air. 

The variations on relative humidity are caused by diurnal and annual changes in 

air temperature. The higher the temperature, the higher the air capacity to hold the water 

vapor. The vapor distribution over the earth is not uniform but is highest in the equatorial 
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zones and decreases towards the poles, varying parallel with the pattern of annual solar 

radiation and temperature average (Givoni 1976, 13). 

2.2.5 CLIMATIC CLASSIFICATION 

Depending on the purpose of the classification the climate can be arranged under 

varied and complex parameters. A general climatic classification divides Brazil into five 

types: equatorial, tropical, mid -arid, altitude tropical and subtropical. 

For the purpose of passive solar design the classification of the climate can be 

simplified according to the heating and cooling requirements. Thus we have: 

COLD CLIMATE - discomfort due to underheating is predominant during all or 

more than 75% of the year. Few places in Brazil under microclimatic influences can 

be classified as cold. 

TEMPERATE CLIMATE - there is a variation between mild requirements for 

heating and cooling. These characteristics are present in the altitude tropical and 

subtropical types of Brazil. Sao Paulo, located in the altitude tropical zone is 

considered in this work as an example of temperate climate. 

HOT -ARID CLIMATE - the predominant problem is overheating due to high 

temperatures. The humidities are very low thus there is a great variation between day 

and night temperatures. The Brazilian mid -arid climate can be considered under this 

classification. 

HOT -HUMID CLIMATE - the main problem is overheating. The temperatures are 
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lower than in the hot -arid climate however the high humidity reduces the capacity of 

the body to cool itself by sweating. The equatorial and tropical climatic types 

illustrate this climate. 
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2.3 SITE CHARACTERISTICS 

Particular characteristics of a location can modify the general climate of a region, 

creating a specific condition for that site or a microclimate. 

The factors that act to generate a microclimate are: 

Altitude 

Topography 

Vegetation 

Water bodies 

Urban sites 

The effect of these factors is described in the following paragraphs. 

2.3.1 ALTITUDE 

Air temperature decreases with altitude. There is a decrease of approximately 1 °C 

for every 200m rise in altitude during summer and for every 225m rise on winter. 

2.3.2 TOPOGRAPHY 

Topographical differences produce significant modifications in the microclimate. 

Under nocturnal clear skies, the outgoing radiation causes the heavier cold air to 

flow towards the lowest spots, forming a layer near the ground. Concave terrain and 

valleys are transformed in cold air lakes. On the other hand, elevations that impede the 
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flow of air affect the distribution of even temperatures. The plateau, valley walls and 

bottom surface cool off at night. Between the cold bottom of the valley and the plateau an 

intermediate layer remains warm. This layer, often indicated by vegetation, is referred as 

warm slope or thermal belt (Figure 2.1). This region is the best location for placing a 

building in a Temperate Zone, unless it is exposed to strong winds. In this case, a region 

halfway up the slope is preferred. 

- -- --- 
r/.., 

Cold air pool. 

- Radiating surface - Air movement 

Cold Plateau 
Warm slope 
/igloo 

Cold take 

Cold 111111 Warm 
Nocturnal minima 

FIGURE 2.1 - Valley effect (Olgyay, 1963) 

The amount of solar radiation on 

a hillside depends on its inclination and 

orientation (Figure 2.2). Surfaces that are 

perpendicular to the sunrays receive 

more solar radiation than parallel 

surfaces. Northwest surfaces must be 

avoided for placement of building in hot 

climates for presenting the highest 

temperatures. 

Several sites for placement of 

housing developments in Brazil are located in slope areas. From Olgyay (1963, 51 -52) we 

can draw some conclusions for desirable orientations of slopes in response to the climate 

(Figure 2.3): 

COOL REGIONS 

a. Objective: - heat conservation 
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- winter insolation 

- wind protection 

b. Location: - lower part of thermal belt 

- east side of north, in the NNE (where there is a better heat 

distribution) 

- wind protected side of the hill (wind shadow) 

c. Note: the need for insolation precedes the need for wind protection which can be 

achieved by other means 

TEMPERATE REGIONS 

a. Objective: - balance the demands of over and underheated periods 

- utilize the breezes in warm periods 

- collect and store solar heat during cold periods 

b. Location: - upper locations of thermal belt (with windbreak sheltering) 

north and NNE orientation 

HOT -ARID REGIONS 

a. Objective: - heat loss 

- obtain shade most part of the year 

- benefit from air cooled by outgoing night radiation 

b. Location: - low hillside locations to benefit from cool air flow 

- ENE side of slope is preferred for shading in the afternoon 
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c. Note: wind effects have small importance for cooling; courtyard solution can be 

used to capture the air of immediate surrounding that is cooled by the outgoing 

night radiation. 

HOT -HUMID REGIONS 

a. Objective: - provide air movement to restore comfort 

b. Location: - high elevations of slope on the windward side near the crest 

- northern and southern orientations 

c. Note: air movement effect is the main consideration, shade can be provided by 

other means such as vegetation. 

FIGURE 2.2 - Housing developments 
on hillsides (Yannas, 1994) 
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hot -avid 9 hot -humid 

FIGURE 2.3 - Location of housing developments on slopes (Olgyay, 1963)- Center of circumference 
represents top of hill. 

2.3.3 VEGETATION 

The type of vegetation in a region occurs in consequence of the climate, but it can 

also locally modify it. 

Vegetation can obstruct or funnel winds on a site. This effect can be used to avoid 

unwanted winter winds and to channel prevailing summer winds to a building. Vegetation 

used as windbreak can reduce the velocity of wind in up to 90 %. Plants and grasses can 

also reduce the temperature by obstructing the passage of solar radiation to the ground. 

Deciduous vegetation, such as trees and vines, are seasonally controlled shading 
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devices. They provide shading in summer and loose the leaves on winter when the 

sunlight is necessary. 

2.3.4 WATER BODIES 

Compared to the surrounding terrain, water is normally warmer in winter and 

during night and cooler in summer and during day because of its higher heat capacity. 

Due to this diurnal variation in temperature, the low cool air from over the water 

moves towards the lands to replace the updraft during day. This breeze direction is 

reversed during night. The effect of such breeze varies according to the size of the water 

body but it is found to cool up to 6degC. The relative humidity of regions nearby water 

bodies are 10% higher than inland regions and this results in more moderated 

temperatures. 

2.3.5 URBAN SITES 

Urban environments often present their own microclimate. Significant variations 

can be observed in large cities compared to the surrounding countryside. Buildings can 

funnel or obstruct winds, reducing its velocity by half. The relative humidity is also 

reduced by 5 to 10% due to the quick run -off of water from paved areas, absence of 

vegetation and temperatures up to 10degC higher than the countryside (Koenigsberger, 

1974, 37). These deviations on the natural environment are known as urban climate. 

The factors that contribute to the creation of urban climates are: 
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CHANGED SURFACE QUALITIES (pavements and buildings) - increases the 

absorptance or reflectance of solar radiation and reduces evaporation 

BUILDINGS - creates shadows, obstructs or funnel winds, acts as storage for heat 

that is released at night 

ENERGY SEEPAGE - heat output from engines, mechanical devices, factories, 

furnaces, etc. increases the air temperature 

ATMOSPHERIC POLLUTION - reduces direct solar radiation, increases diffuse 

radiation and provides a barrier to outgoing radiation. It may also assist the formation 

of fog and induce rainfall. 
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2.4 THE BUILDING ENVELOPE 

Primary decisions on the building envelope must be taken in response to 

microclimatic conditions in order to improve the thermal performance of buildings and 

assist further application of passive solar controls. These decisions are: 

Location 

Orientation 

Shape 

2.4.1 BUILDING LOCATION 

Location is one of the most important concerns regarding thermal comfort. The 

designer should find the areas on the site where the sunlight is mostly available from 9:00 

a.m. till 3:00 p.m. (solar time), especially when heating is needed during winter. The 

appropriate location for a building is on the northern side of this sunny area to help 

minimize the possibility of shading from future constructions. 

Considering social housing, the placement of high -rise buildings and one -story 

houses in the same development should take in consideration the matter of solar access 

for the lower constructions. In hot -humid climates, special attention should be taken to 

prevent the blockage of the prevailing winds of summer by the higher constructions. 
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2.4.2 ORIENTATION 

The sun and the prevailing winds are the most important factors to be considering 

in building orientation. Solar orientation overrules the wind orientation, once wind 

direction can be modified by design elements. As a general recommendation for all 

climates the best building orientation should allow the maximum solar radiation on the 

underheated season and the minimum on the overheated season. For this reason the 

principal building façade should face north. Rotations up to 30° to east and west are 

accepted depending on the need for solar heat in the morning or afternoon. The charts 

below show the solar radiation on vertical surfaces at various orientations during the 

underheated and overheated period in São Paulo. The north orientation receives the 

maximum solar radiation on the cold season and the minimum in the hot season, 

compared to the other orientations. East and west orientation should be avoided for being 

the warmest in summer and coldest in winter. 

1 

13 
11 

É 
3 7 

SOLAR HEAT GAIN ON VERTICAL 
SURFACES IN THE OVERHEATED AT 24 

DEGREES SOUTH LATITUDE 

III 
11 
1 i 
I 
III 

1 

III Ill 
5 4c, ti 4ci + , 4 5 

orientation of vertical surfaces 

Dec/Jan/Feb 

SOLAR HEAT GAIN ON VERTICAL 
SURFACES IN THE UNDERHEATED PERIOD 

AT 24 DEGREES SOUTH LATITUDE 

i 

5 54i ti + , 5 
orientation of vertical surfaces 

Jun/Jul/Aug 

FIGURE 2.4 - Solar heat gain on vertical surfaces in the overheated period in São Paulo. 
Solar heat gain on vertical surfaces in the underheated period in Sao Paulo. 
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2.4.3 BUILDING SHAPE 

The ideal building shape varies according to the climate and microclimate where 

it is located. The common requirement is that it should allow the minimum heat gain 

during summer and the minimum heat loss during winter. 

In this sense, buildings elongated on the east -west axis display the best access and 

control of sunlight. In these buildings, the larger equator- facing side is exposed to the low 

winter sun. During summer, when the sun is high, the most exposed areas are the roof and 

the smaller east and west sides. 

The east -west elongation for buildings is valid for all conditions with some 

variations according to the climatic zones where it is located. These variations are: 

COOL REGIONS - low temperatures press the building into more compact forms. In 

severe conditions of cold weather the minimum area should be exposed to the outside. 

In this case a nearly square shape can be applied and enhanced by two story 

structures. Hemispherical volumes enclose the maximum area with minimum surface 

area. 

TEMPERATE REGIONS - east -west elongated buildings are the best solution, 

however the type of climate permits some flexibility on forms and plans. 

HOT -ARID REGIONS - compact forms are preferred for a traditional building type 

with characteristics such as small openings, thermal mass walls and roof. Otherwise 

east -west elongation is the best choice. Courtyard solutions can create a pleasant 

microclimate if shade and humidity are provided by vegetation, fountains and pools. 
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HOT -HUMID REGIONS - east -west elongation provides the best solar control and 

ventilation, the main elements for comfort restoring in this climate. 

2.4.4 INDOOR SPACES 

The distribution of indoor spaces (Figure 2.5) should follow the requirement for 

sunlight and heat. Those spaces least occupied, such as garage, corridor, closets and 

laundry room can be placed on the east, west and south facing sides, so they can act as a 

thermal buffer in a building. When sunlight and heat are required on the south side, 

clerestory and skylights may solve the problem. 

buffer spaces 
closets, stairs, hallways, etc L 

bath bedroor> 
::--th I 

J 

kitchen 
dinning 

FIGURE 2.5 - Distribution of indoor spaces (Mazria, 1979) 
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2.4.5 CONSTRUCTION MATERIALS 

Passive solar buildings utilize the materials they are made of to collect, store and 

distribute the heat. For this reason the selection of materials follows the necessity of the 

climate for cooling or heating. 

2.4.5a THERMAL PROPERTIES OF MATERIALS 

Some material properties mentioned in this work are briefly described as follows. 

These properties affect the rate of heat transfer inward and outward from the building, 

and consequently the thermal comfort of occupants. 

Note that the terms ending in "ance ", such as absorbtance and emmitance are 

properties of surfaces or materials at a given thickness, while the corresponding terms 

ending in "ivity ", such as absorptivity and emissivity, are properties of bodies, 

independent of their geometry or surface condition. 

CONDUCTANCE (C) is the heat flow rate through a unit area of the body, i.e., the 

density of heat flow rate, when the temperature difference between the two surfaces is 

ldegC (Koenigsberger, 1974, 71). 

Unit of measurement: W / m2degC (or BTU/h ft2 °F) 

RESISTANCE (R- value) is the reciprocal of conductance (R = 1 / C). It is the product 

of the thickness of a body and the resistivity of its material: 

R =bx 1 /k =b /k 

Where: b = thickness in meters 
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1/k = resistivity (k- value= conductivity) 

Resistance is the most used designation to describe the insulative properties of a 

material. Better insulators have higher resistance values. In multilayers construction, 

the resistance is the sum of the R- values of each layer. The conductances are not 

additive only the resistances: 

Rb =Eb /k 

Where: Rb = Resistance of the body 

C = 1 / Rb = 1/ E b / k 

Unit of measurement: m2degC / W (or (or h If °F/BTU) 

TRANSMITTANCE (U- value) is. It is the reciprocal of the air -to -air resistance. The 

air -to -air resistance is the sum of the body's resistance and the surface or film 

resistance (Koenigsberger, 1974, 72). 

U = 1 /Ra 

Ra = 1 / fi + Rb +1 /fo 

Where: Ra = air -to -air resistance 

1 / fi = internal surface resistance (resistance of the internal air) 

Rb = resistance of the body 

1 /fo = external surface resistance (resistance of outside air) 

Unit of measurement: W / m2degC (or BTU/h ft2°F) 

ABSORPTANCE (a) is the ratio of the amount of radiant energy absorbed by a 
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particular surface to the total amount of radiant energy incident upon it. 

Unit of measurement: Wm2degC 

REFLECTANCE (r) is the ratio of the amount of radiant energy reflected by a 

particular surface to the total amount of radiant energy incident upon it. The radiation 

received by a surface is partly absorbed and partly reflected. The sum of absorptance 

and reflectance on a surface is one (a + r = 1) 

Unit of measurement: Wm2degC 

2.4.5b ENVIRONMENTAL ASPECTS OF MATERIALS 

Different amounts of non -renewable energy are consumed in the production, 

transportation and assembly of building materials. This embodied energy of materials 

(Table 2.1) and the capacity to generate pollution define their impact on the environment. 

In this sense the least energy consuming materials should be used as primary 

elements. In this category we can list traditional thermal mass materials such as adobe, 

soil- cement, brick, stone, concrete and water in containers. 

Materials like wood, plywood, particleboard and gypsum board should be used as 

secondary or finish materials. The most energy consuming materials such as steel panels 

and containers, rolled steel section, aluminum and plastics should be used only in small 

quantities and preferably after being recycled. 

The selection of locally produced materials is another aspect to be considered. 

Besides saving energy expended for transportation, they create support for local labor and 
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market. 

Steel (rolled 
Aluminum 
Copper 
Concrete 
Cement 
Sand and gravel 
Lead 
Concrete block 

Material 
Energy Used for Production 

BTU / lb BTU per unit 
19974 
112676 

34144 
413 

3755 

30 

20486 
15200 per 
block 

Silicone, metal and high -grade steel alloys 99018 
Glass 11438 

Titanium (rolled) 239010 
Plastics 4097 
Drywall 

. 

2160 
3 ' 

Insulation (board) 2040 per block 
Paint 4134 

Lumber 5019 per board 
ft 

Paper 10072 

Roofing 6945 per ft' 
Vinyl tile 8000 
Brick 138 682 per block 
10% soil -cement block 34 170 per block 

TABLE 2.1 - Materials and energy usage (Mazria, 1979, 117) 
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CHAPTER III 

SOLAR GEOMETRY 

3.1 INTRODUCTION 

The sun is the major influence in climates. Therefore the understanding of the 

astronomical relations between sun and earth and the factors modifying the quality of solar 

radiation is essential in Passive Solar Design. This knowledge allows the control of the 

reception of sunlight on buildings, as well as the prediction of the radiation intensity on a 

given location, at a given time. 

This chapter presents the fundaments on the sun -earth geometric relationship and on 

local factors that influence the intensity of sunlight on a given site. 
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3.2 EARTH -SUN ASTRONOMICAL RELATIONS 

The intensity of solar radiation at the top of the atmosphere (solar constant) is 

estimated in 1395 W /m2, varying about 2% due to changes in the output of the sun and about 

3.5% due to changes in the earth -sun distance. 

The earth rotation around the sun is counterclockwise and slightly elliptical. One 

revolution takes 365 days, 5 hours, 48 minutes and 46 seconds. At aphelion (when the sun is 

farthest from the sun) the solar distance is 152 million Km and at Perihelion (when the sun is 

nearest to the sun) it is 147 Km. The aphelion occurs about July 4 and the perihelion about 

January 3. The average earth -sun distance is 149 7 million Km and occurs about April 4 and 

October 5. 

The velocity of the earth rotation around the sun varies depending on the earth -sun 

distance, the closer to the sun the slower the motion. For this reason the Apparent Solar Time 

(AST) taken from a sundial differs from a clock time. 

The earth rotates around its own orbit in a period of 24 hours. The axis of this rotation 

has an inclination of 23.45 °, which is the main cause for the seasonal changes. It makes the 

maximum intensity of solar radiation to move north and south between the tropic of Cancer 

(latitude 23.45° N) and Capricorn (latitude 23.45° S). 

On March 21 and September 23 areas along the Equator are normal to the sunlight and 

experience the zenith path of the sun. These are the equinox days (day and night of equal 

length) for all areas of the earth. The days of maximum inclination of the sun rays are called 
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solstice. They happen on December 21 and June 21, the longest and the shortest days of the 

year. 

FIGURE 3.1- The inclination of the axis of rotation of the Earth (Mazria, 1979) 

The amount of radiation received in a given location of the earth depends on several 

factors: 

Latitude 

Altitude 

Time of the day (solar time) 

Date 

Inclination of site (if the location is a slope) 
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Orientation 

Atmospheric depletion, i.e. the absorption of radiation by ozone, clouds and air pollution 

Location regarding the surrounding environment (shading from buildings, vegetation, etc) 
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3.3 SOLAR ANGLES 

The solar angles locate the position of the sun in the sky in relation to the earth and 

consequently in relation to any building surface to be analyzed. These angles are examined in 

this section. 

3.3.1 SOLAR ALTITUDE AND AZIMUTH 

The solar altitude and the azimuth establish the position of the sun in a given date and 

time. These angles are defined as: 

SOLAR ALTITUDE (AL) is the vertically measured angle between the sun and the 

horizontal plane of the horizon. At sunrise and sunset the altitude is zero and is a 

maximum at noon. 

AZIMUTH (AZ) is the solar angle horizontally measured from the north. This angle is 

zero towards north, east negative and west positive. 

Altitude 
Angle 

s j / 
Azimuth 
Angle 

N 

FIGURE 3.2 - The solar azimuth and 
altitude angles (McPherson, 1984) 

The altitude angle at solar noon in the Southern Hemisphere at the equinoxes and 
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solstices are: 

Summer Solstice (Dec, 21) AL solar noon = 90° - (latitude L - 23 °27') 

Winter Solstice (Jun, 21) AL solar noon = 90° - (latitude L + 23 °27') 

Equinoxes (Mar, 22 - Sep, 21) AL solar noon = 90° - (latitude L) 

In order to find the solar azimuth and altitude angles at any time we need: 

Latitude (L) 

Solar Declination (D) 

Apparent Solar Time (AST) 

The solar declination angle varies in function of the time. It is the angular position of 

the sun in relation to the equator plane measured at solar noon. 

The apparent solar time is the time taken from a sundial oriented due north. It differs 

from the clock time because of the variations on velocity of the earth rotation around the sun. 

The Apparent Solar Time is expressed as the Hour Angle (H), where each 1° Hour Angles 

equals 4 minutes: 

H = 0.25 x (number of minutes from local solar noon)° 

The relation of the angles AL, AZ, L, D and H is expressed with the equation: 

SinAL = (CosL x CosD x CosH) + (SinL x SinD) 

CosAZ = (SinAL x Sin L - SinD) / (CosAl X CosL) 

3.3.2 SOLAR DECLINATION 

Solar Declination (D) is the angle between an imaginary line connecting the centers of 
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the sun and earth and the plane of the equator. This angle is zero at the equinox. At the solstice 

the declination angle is 23.45° on December 21 and -23.45° on June 21 (Southern 

Hemisphere). This angle varies due to the inclination of the rotation axis of the earth around 

itself, therefore we have: -23.45 < D < 23.45, where north is positive. 

From Cooper's (1969) equation we can find the Solar Declination: 

D = 23.45 x Sin(360 x (284 + n) I 365) 

where n is the number of the day in the year. 

The number of the day in a year (n) can be found by adding the day of month plus the 

past days of the year in the following table. 

MONTH 

day of month 

pi 

past days of year 31 59 90 120 151 181 212 243 273 304 334 

TABLE 3.1 - Number of the day in a year (Chalfoun, 1997) 

n = day of month + past days of year 

For leap years, the value for n is obtained by adding 1 from March onward. 

3.3.2a SOLAR TIME 

As mentioned before, Apparent Solar Time is taken by a sundial and differs from a 

clock time. This variation is obtained by the equation of time or ET (Whilier, 1979): 

ET= 9.87xSin2B- 7.53xCosB- 1.5xSinB 

Where: B= 360 x (n - 81) 
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n = the number of the day in the year. 

The Apparent Solar Time (AST) is obtained by adding the Equation of time to the 

Local Civil Time. Local Civil Time is obtained by adding to or subtracting from Local 

Standard Time the longitude correction of 4 min/deg difference between the local longitude 

and the longitude of the standard time meridian for that site (Chaulfoun, 1997). The Apparent 

Solar Time can be expressed as: 

AST = LST + ET + 4(LSM - LON) 

Where: ET = Equation of Time, minutes of time 

LSM = Local Standard Time Meridian, degrees of arc 

LON = Local Longitude, degrees of arc 

4 = Minutes of time required for 1 degree rotation of the earth 

3.3.3 SOLAR INCIDENCE ANGLE 

ANGLE a = ANGLE OF INCIDENCE 
ANGLE b = ALTITUDE ANGLE 

FIGURE 3.3 - Solar Incidence 
angle (Mazria, 1979). 

Solar Incidence (6) is the angle between a line 

perpendicular to a surface and the solar radiation 

direction. This angle is required for calculating the 

incident radiation on surfaces that are not facing north. 

In order to define the Solar Incidence Angle, we 

need to obtain two angles regarding the plane receiving the 

radiation: 
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SURFACE SLOPE ANGLE (S) - angle between the surface plane and the horizontal 

plane (0° < S < 1800). 

SURFACE AZIMUTH ANGLE (AZsurface) - angle between the north meridian and a 

line perpendicular to the surface. The angle is zero due north, east negative and west 

positive ( -180° < AZsurface < 180 °) 

The Solar Incidence Angle can be expressed as: 

CosO = (SinD x Sin L x CosS) - 

(SinD x CosL x Sin S x CosAZsurface) + 

(CosD x CosL x CosS x CosH) + 

(CosD x SinL x SinS x Cos AZsurface x CosH) + 

(CosD x SinAZsurface x SinH) 

When Solar Altitude Angle is known, this equation can be simplified to: 

CosO = CosAl x Cos(AZsun - AZsurface) x SinS + SinAl x CosS 
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3.4 THE SUN PATH DIAGRAM 

The sun path diagram is a graphical presentation of the solar trajectory across the 

sky as seen from the earth on a given latitude. This tool is available in many sources, in 

this work we refer to Manual of Tropical Housing and Building (Koenigsberger 1974, 

292 -303). 

From the sun path diagram (Appendix 1) we can draw the solar altitude (AL) and the 

solar azimuth (AZ) by: 

selecting the date line 

selecting the hour line (solar time) 

marking an intersection of hour line and date line - this point is located in the circle 

indicating the altitude angle (AL) 

drawing a straight line from the center of the chart through the date -hour intersection to 

the perimeter scale - this point on the perimeter indicates the solar azimuth angle (AZ) 
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3.5 DESIGN OF SHADING DEVIC 

Shading Devices re mechanisms to keen the stints ra7,,s from reaching fnc srations in 

specified hours, 'Ehe ,...fficiencv o dese on the calculated for 

the solar time when shading is desired, 

The PROFil..E OR SHADOW-LINE ANGLE (0) is the angular difference between a 

horizontal plane and a plane tilted about a horizontal axis in the plane of the fenestration until 

It includes the sun. 

Horizontal shadow 
angle 

TDntaI shadow ai 2Ie 

VeTtical s 
ang 

I 

r. 

solar altitude angle 

C vertkal shadow 

*fl ,;,P0 

FIG(RE 3.4 - Shadow-line angfts (Koenigsberger 974) 

The Profile Angle is expressed by the equat 

- an.AL OS( AZSIIII AZW 4.110W) 

The horizontal projection (Pl required to create a specified shadow height (S.h 

solar time and date is calculated 

Ph = Sh X COD. 

at !- ^y 
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Vertical fins are utilized to protect windows from morning and afternoon sun. The 

vertical fin projection normal to a window (Pv) required to create a specified shadow width 

(Sw) at any solar time and date is calculated by: 

Pv = Sw X CotAZsun 
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3.6 INTENSITY OF SOLAR RADIATION ON SURFACES 

When the sun's rays reach the atmosphere about 2/3 of it is reflected back to space 

and 1/3 hits the ground. 

The intensity of solar radiation on a surface perpendicular to the sun's rays is always 

higher than on a horizontal or vertical surface. 

The COSINE LAW states that the intensity of solar radiation on a tilted surface equals 

the normal intensity times cosine of the Solar Angle of Incidence (0). This is expressed in the 

following equation: 

I = Io x CosO 

Where: I = Intensity of solar radiation on a surface 

Io = Intensity on normal surface 

FIGURE 3.5 - Incidence of solar radiation (Koenigsberger, 1974) 

When the surface receiving the solar radiation is horizontal, the Angle of Solar 

Incidence is equal to the Zenith Angle (Z). In this case we have: 



Ih=IoxCosZ or Ih=IoxSinAL 
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Where: Ih = Intensity of solar radiation on a horizontal surface 

Z = Zenith Angle = 90° - AL 

If a surface placed in front of the considered surface reflecting the sunlight upon 

it, the total intensity of solar radiation on this surface equals the solar radiation intensity 

plus the reflected solar radiation. The following equation shows an example for a 0.6 

ground reflectance. 

'total = 'sun + /reflected 

'total 'sun + ('sun X 0.6) 



44 

CHAPTER IV 

THERMAL COMFORT 

4.1 INTRODUCTION 

Thermal comfort is the condition where the human body spends the minimum 

amount of energy to adjust itself to its surroundings. It occurs when there is a balance 

between an individual inside temperature and the climatic conditions of the environment. 

In ASHRAE thermal comfort is described as "that condition of mind which 

expresses satisfaction with the thermal environment ", what relates it with physical and 

mental sensations that influence and promote human well being. 

The criteria for thermal comfort can be slightly affected by age, sex, body shape, 

health state, food and drink intake, among other factors. It also varies for the same 

individual depending on the season, so one can limit different ranges of comfort for 

summer and winter. For instance, a series of physiological adjustments takes place when 

the human body is exposed to a new climate due to the acclimatization process, which 

also affects thermal preferences. 

The factors that influence human thermal comfort are introduced in this chapter. 
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4.2 THE HEAT EXCHANGE THROUGH THE BODY 

The human body is constantly producing heat through metabolic processes. The 

metabolic heat production can be divided into basal metabolism and muscular 

metabolism. The first is related to continuous unconscious body processes such as 

breathing, digestion, and blood circulation. Muscular metabolism is related to conscious 

and controlled activities, such as exercising. 

FIGURE 4.1 - Heat exchange through the 
body (Koenigsberger, 1974) 

About 80% of the heat produced by 

the body is excessive and must be released 

together with some other form of heat 

eventually gained from solar radiation, air 

temperature, etc. The body releases heat 

through regulatory mechanisms in order to 

maintain its deep temperature balanced 

and constant around 37° C. This heat 

exchange takes place by convection, radiation, evaporation and conduction (Figure 4.1). 

According to Koenigsberger (1974, 43), If the heat gain and heat loss factors of 

the human body are: 

Gain: Met = metabolism (basal and muscular) 

Cnd = conduction (contact with warm bodies) 

Cnv = convection (if the air is warmer than the skin) 
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Rad = radiation (from the sun, the skin and hot bodies) 

Loss: Cnd = conduction (contact with cold bodies) 

Cnv = convection (if the air is cooler than the skin) 

Rad = radiation (to night sky and cold surfaces) 

Evp = Evaporation (of moisture and sweat) 

Thus thermal balance is expressed by the equation: 

Met - Evp ± Cnd ± Cnv ± Rad =0 

It is estimated that radiation is responsible for 2/5 of the heat loss of the body, 

convection accounts for 2/5 and evaporation for 1/5. However these proportions changes 

according to the thermal conditions. 

4.2.1 CONVECTION 

Convection occurs when the skin transmits heat to the surrounding air that rises 

and then is replaced by colder air. This process is enhanced by a faster air movement, a 

lower air temperature and a higher skin temperature. 

The warm season in Sao Paulo is characterized by high humidities. In such 

climates ventilation through indoor spaces is the principal method to restore comfort in 

summer. 

Ventilation results in indoor /outdoor heat exchange and air movement, causing 

building and body cooling. 

The natural air flow is caused by: 
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Infiltration 

Wind induced ventilation through building openings 

Thermal forces (stack effect) 

Especially in low -income houses without mechanical systems for heating and 

cooling, infiltration is a problem in the cold season and must be controlled. The natural 

air flow is explained in section 4.3.4 (Ventilation (QV)). 

4.2.2 RADIATION 

It is the heat exchange between the body and its surroundings, depending on the 

temperature of the body surface and the temperature of opposing surfaces. 

4.2.3 EVAPORATION 

Evaporation heat loss takes place through breathing, sweating and perspiration, 

and depends on the level of humidity in the air (the lower the humidity, the faster the 

evaporation). 

4.2.4 CONDUCTION 

It is the exchange of heat from one body in direct contact with another, depending 

on the temperature difference between the two. 
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4.3 THE HEAT EXCHANGE THROUGH BUILDINGS 

Buildings exchange heat with the outdoor environment. The thermal balance of a 

building exists when thermal conditions are maintained, i.e., the sum of gain and loss of 

heat is zero. This is represented by the following expression: 

Qi +Qs ±Qc ±Qv ±Qm ±Qe =O 

where: Qi = internal gain 

Qs = solar heat gain 

Qc = conduction 

Qv = ventilation 

Qm = mechanical controls 

Qe = evaporation 

-t Kr o 

FIGURE 4.2 - Building heat exchange 
(Koenigsberger, 1974) 

When the sum of this equation is negative, the building will be cooling. When it is 

more than zero, the indoor temperature will increase. 
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4.3.1 INTERNAL HEAT GAIN (QI) 

An internal heat gain is a result of indoor heat production from people, lamps, 

domestic animals, motors and appliances. A table with internal heat gains is provided in 

Appendix 2. 

4.3.2 SOLAR HEAT GAIN (QS) 

It is the heat gain through glazing surfaces, such as windows, clerestory windows, 

and skylights. The solar radiation can be intensified with the use of reflective surfaces 

close to windows. During summer shading devices or vegetation can keep the unwanted 

sunlight from passing through glasses. 

4.3.3 CONDUCTION (Qc) 

It is the heat flow rate inwards or outwards through the building envelope 

elements depending on environmental factors, area and the transmittance value (U- value) 

of materials. 

The heat flow through a given material is the product of its U -value and its area. 

The specific conduction heat flow rate (qc) through the whole building envelope with a 

1 degC temperature difference between inside and outside is the product of the U -value 

and the area of each construction material. The specific conduction heat flow rate is 

obtained by the equation: 
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qc = Sum(A x U) (m2 x W /m2K = W/K) 

The actual total conduction heat flow rate of the building or the hourly rate of 

heat transfer is: 

Qc = Sum(A x U) x AT or Qc =gcxAT 

where: A = surface area in m2 

U = transmitance value in W /m2 degC 

AT = temperature difference (Toutdoo. - Tindoor) 

qc = specific heat flow rate of the building 

Qc is negative for heat loss and positive for heat gain. 

In order to account the thermal effect of solar radiation and the absorptance of the 

surface on the amount of heat conducted through walls, the outdoor air temperature must 

be substituted by the sol -air temperature. 

The sol -air temperature equation is: 

SAT = Tout +(Ixa) /fo 

where: SAT = Sol -air temperature , °C 

Tout = outdoor air temperature, °C 

I = Intensity solar radiation, W /m2 

a = surface absorptance, dimensionless 

fo = outside surface or air -film conductance, W /m2 degC 

Then, the temperature equivalent of the radiation gain, i.e., the sol -air excess 

is: 
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SAT - Tout = (Ixa) /fo 

SAT - Tout = AT 

Therefore, the extra heat flow rate caused by radiation per unit area (q = AT x 

U) is: 

q = (Ixa) / fo x U (in W /m2) 

Thus the solar gain factor, i.e. the heat flow rate through the construction due to 

solar radiation expressed as a fraction of the incident radiation, is: 

q /I= axU /fo (W /m2 /W /m2) 

According to Koenigsberger, it is reasonable to assume a constant value for 

outside surface conductance (fo) as 20W /rn2 degC. The author recommends that the solar 

gain factor value should not exceed 0.04 in hot -humid climates and 0.03 in composite or 

monsoon climates (which he defines as climates of regions near the Cancer and Capricorn 

tropics). Hence the target values for a x U -value is: 

for hot -humid climates: 0.8 

composite or monsoon climates: 0.6 

4.3.4 VENTILATION (QV) 

Intentional ventilation through building openings and unintentional infiltration 

cause heat exchange between indoor and outdoor spaces causing building cooling. 

The ventilation heat flow is found as: 
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Qv = qv x AT 
J / s = J/ s degC x °C 

Where: qv = specific ventilation heat flow rate, W /degC 

AT = outside temperature - inside temperature 

The specific ventilation heat flow rate (qv) of the building is expressed as: 

qv = 1200 x F 
J / s degC = J / m3degC x m3/ s 

Where:1200 = volumetric heat capacity of moist air, J /m3degC 

F = air flow rate, m3 /s 

The air flow rate (F) can be calculated as: 

infiltration 

air movement through building openings 

stack effect 

Infiltration occurs around doors and windows, and through fissures and gaps 

between different materials. It is measured in Air- Change/Hour (ACH) units. The average 

construction generally has a 1.0ACH, while an old or poorly built house may have the 

infiltration rate higher than 3.0 ACH. For health reasons ACH should not be lower than 

0.25 in a residential construction. 

The ventilation rate through infiltration (Koenigsberger, 1974) is calculated as: 

F; = N x V°, / 3600 
m3/ s = ach x m3 / s 

Where: F; = air flow rate through infiltration, m3 /s 

N = number of air changes per hour (ACH) 
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Vol = volume of the house, m3 

3600 = number of seconds in an hour 

Then the specific heat flow rate through infiltration is: 

qv= 0.33xNxVo, 

Where: 0.33 = 1200/3600 

The air flow rate through building openings (Abrams, 1986, 115) can 

be calculated by: 

F = 0.55 x R x A x w (perpendicular winds) 
m3/ s = x - x m2 x m/s 

or 

F = 0.30 x R x A x w (oblique winds) 
m3/ s = x - x mZ x M/S 

Where: F = air flow rate through building openings, m3 /s 

R = factor for relative inlet /outlet areas, dimensionless (Table 4.1) 

A = free area of inlet openings, m2 

w = wind speed at the inlet height, mis 

0.55 and 0.30 = Opening effectiveness from 0.50 to 0.60 for perpendicular winds 

or 0.25 to 0.35 for oblique winds 



Ratio of Larger Area 
To Smaller Area 

1.00 

1.25 

1.50 

1.75 

2.00 

2.50 

3.00 

4.00 
5.00 and above 

Factor R 

1.00 

1.11 

1.18 

1.23 

1.27 

1.32 

1.34 

1.37 

1.38 

54 

TABLE 4.1 - Factor for relative inlet /outlet areas (Abrams, 1986) 

The wind speed is usually measured in an open area at 10m height. The 

calculation of the wind speed at the inlet height is explained in Appendix 3. The 

obstruction from insect screens and louvers must also be accounted as shown in Table 

4.2. 

Configuration Free Area 

1 /4 -in. mesh hardware cloth 100 

1 /8 -in. mesh screen 80 

No. 16 mesh screen, with or without plain metal louvers 50 

Wood louvers & 1/8 in. mesh hardware cloth 50, 

Wood' louvers & 1' /8- in.mesh screen' 45 

Wood louvers & no. 16 screen 33 

TABLE 4.2 - Free Area for ventilation configurations (Abrams, 1986) 

The specific heat flow rate through building openings is expressed as: 

qv = 660 x R x A x w (for perpendicular winds) or 

qv = 360 x R x A x w (for oblique winds) 
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Where: 660 = 1200 x 0.55 

360 = 1200 x 0.30 

The air flow rate due to stack -effect (ASHRAE, 1981) is calculated by: 

FSt = C x A x {h x (Ti - To) / Ti}" 
m3/s = - x m2 x {mx (°C) /°C}os 

Where: 

C = constant of proportionality 

C = 0.116 when inlets and outlets are optimal (65% effective) 

C = 0.089 when inlets and outlets are obstructed or restricted (50% effective) 

A = free area of inlets, m2 

h = vertical height difference between the center of the inlet an the center of the outlet, m 

Ti = indoor temperature, °C 

To = outdoor temperature, °C 

The specific heat flow rate through stack effect can be found by: 

qv = 1200xCxAx {hx (Ti - To) /Ti }os 

In the warm season, when the inside air temperature is higher than the outside 

temperature, air movement occurs through building openings and stack effect. The stack 

effect relies on thermal forces, resulted from density difference between indoor and 

outdoor air. The result for both air flow rate can be obtained by the equation: 

z z 

Ft°ta, = F + Fgt 

F = airflow rate through building openings, m3 /s 
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F, = airflow rate through stack effect, m3 /s 

As the heat exchange in the warm season usually occurs through wind induced 

ventilation and thermal forces, the heat flow rate through building openings and stack 

effect can be calculated as: 

qv = 1200 x JF2 +Fst2 

Where:F = airflow rate through building openings, m3 /s 

FS, = airflow rate through stack effect, m3 /s 

In Chapter V - Passive Systems for Comfort, the methods to enhance ventilation 

in the indoor space are explained in detail. 

4.3.5 MECHANICAL CONTROLS (QM) 

Heat gain or loss using external energy supply depends on the efficiency of the 

system. Mechanical controls may also increase the internal heat gain. As an ideal 

condition in climatic design these controls should be minimally or not utilized at all once 

the thermal balance is maintained by other means. 

4.3.6 EVAPORATION (QE) 

This process of heat loss may take place within a building through human sweat 

or a water fountain or pool. A cooling effect is produced when the vapor is removed. 
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4.4 THERMAL INDICES: THE PSYCHROMETRIC CHART 

There are several thermal indices that can be used for climatic design. Each one 

has its own usefulness and limitations. 

For this study the psychrometric chart was selected for being the most complete, 

gathering all the important information of climate, as well as providing a base to 

determine appropriate strategies to bring indoor conditions into the comfort zone when 

outdoor conditions fall outside of it. 

The psychrometric chart is the graphical representation of the data needed for 

climatic design control (passive or active) such as air temperature, humidity, air 

movement and solar radiation. 

The data on the chart utilized for passive strategies are dry bulb temperature, 

relative humidity, wet bulb temperature, and dew point temperature. Knowing any two of 

them it is possible to localize the others. 

DRY BULB TEMPERATURE (DBT) is shown on the chart as the vertical lines. It is 

the measurement of sensible heat read on a standard thermometer. 

RELATIVE HUMIDITY (RH) is represented by the curve lines, ascending from left 

to right. It is a expression of the moisture content of a given atmosphere as a 

percentage of the saturation humidity at the same temperature (Szokolay, 1987, 10): 

1. RH = 100 x AH / SH (%) 

2. AH = Absolute Humidity 
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3. SH = Saturation Humidity 

Absolute humidity (AH) is the vapor content of air, given in grammes of water 

vapor per kilo of air (g/kg). 

Saturation humidity is the amount of water vapor that the air can support at a 

given temperature. 

WET BULB TEMPERATURE (WBT) is the temperature measured by a thermometer 

whose bulb is covered with a wet wick and exposed to a current of air (Hygrometer or 

psychrometer). The difference between DBT and WBT (wet bulb depression) depends 

on the humidity of the air. When the air is saturated, i.e., 100% RH, the reading for 

DBT and WBT are identical. 

DEW POINT TEMPERATURE (DP) is the point at which moist from the air begins 

to condense. For example, when the DBT is reading 26.6 °C, with a 70% RH, the DP 

is 20.5 °C, i.e., precipitation will occur on any surface colder than 20.5 °C, whether it 

is the atmosphere or a glass of iced water. 

The following data also shown on the psychrometric chart are useful for 

calculations on active solar design. 

SPECIFIC VOLUME (Spv) is the volume occupied by one kilo of a substance and 

presented on the chart as the cubic meters of the mixture per kilo of dry air. 

ENTHALPY (H) is the heat content of unit mass of the atmosphere, in KJ/Kg, 

relative to the heat content of 0 °C dry air (Szokolay,1987, 10) 

SENSIBLE HEAT (Hs) is the heat content causing an increase in dry bulb 
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temperature. The heat content of dry air is: Hs = 1.005 x AT 

1.005 KJ / Kg.K is the specific heat capacity of dry air. 

LATENT HEAT (HI) is the heat required to evaporate a given amount of moisture in 

the atmosphere. 
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FIGURE 4.3 - Psychrometric Chart (Szokolay, 1987) 
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4.5 DETERMINATION OF THE COMFORT ZONE ON THE 

PSYCHROMETRIC CHART 

The comfort zone can be plotted on the psychrometric chart considering the 

weather conditions that the local population is used to, according to method Szokolay 

(Szokolay 1987, 34 -37). These conditions are defined by the seasonal variations of 

temperatures in a year. 

This method starts with the calculation of the annual average temperature (Tav), 

which is used to define the thermal neutrality (Tn). 

Thermal neutrality is the temperature where most people feel comfortable, neither 

cold nor hot. Szokolay states that the thermal neutrality is influenced by the climate that 

the individual is used to, and correlates with the outdoor mean temperature (Tav) as: 

Tn = 17.6 + 0.31 x Tav 

with the condition that 18.5° C < Tn < 28.5° C. 

The temperature obtained should be plotted on the 50% relative humidity curve. 

The width of the comfort zone is given by adding and subtracting 2 degrees from 

the thermal neutrality, if Tav is the annual average temperature (or ± 1.75 degrees when 

Tav is a monthly average). 

This method utilizes the standard effective temperature (SET) as the thermal 

index to define the lateral boundaries of the comfort zone. SET combines the effects of 

DBT and humidity, in shading conditions, with no significant air movement. Up to 14 °C 
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these lines coincide with the DBT lines on the psychrometric chart. Above 14 °C the SET 

coincides with DBT at 50% RH curve, but the SET lines have a slope of 0.025 x (DBT - 

14) for each g/kg vertical distance. 

The lower and upper horizontal boundaries of the comfort zone are placed at the 

4g/kg and 12g/kg level of absolute humidity respectively. These levels are the limits for 

comfort related to humidity. Humidity lower than 4g/kg dries the mucous membrane and 

higher than 12g/kg restricts the evaporative heat dissipation. 

The comfort zone obtained is valid for lightly clothed people doing sedentary 

work at shading condition. Yet, according to Szokolay, the thermal neutrality (Tn) should 

be adjusted for heavier physical activities: 

for light work (210 W): -2 °C 

for medium work (300 W): - 4.5 °C 

for heavy work (400 W): -7 °C 

In summary, nine steps should be followed in order to plot the comfort zone on 

the psychrometric chart. These steps are illustrated on the next section: 

1. Define the annual average temperature (Tav) 

2. Define the thermal neutrality (Tn) Tn = 17.6 + 0.31 x Tav 

3. Plot the Tn on the psychrometric chart, on the 50% RH curve 

4. Mark the lower ( L) and upper (U) limits on the 50% RH curve 

L=Tn-2°C and U=Tn+2°C 

5. Define the standard effective temperature (SET) line factor for the lower (SETFL) 
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and upper limits (SETFU). This is achieved by the following expressions 

respectively: SETFL = 0.025 x (L - 14) and SETFU = 0.025 x (U - 14) 

6. From the psychrometric chart obtain the absolute humidity (AH) for the lower (AHL) 

and for the upper (AHU) limit by drawing a horizontal line from those points to the 

absolute humidity line on the right. 

7. Define the lower (BL) and upper (BU) limits on the base line of the chart 

BL = L + (AHL x SETFL) and BU = U + (AHU X SETFU) 

8. Define the SET lines for the lower and upper limits drawing a line trough these points 

on the 50% RH curve. 

9. Define the upper AH boundary drawing a line at the 12g/kg level and the lower 

boundary with a line at the 4g/kg level. 

4.5.1 OUTLINING THE COMFORT ZONE FOR SAO PAULO 

Once the monthly average DBT for São Paulo is given, Szokolay method will be 

used to define the comfort zone. 

The next table shows the monthly average maximum and minimum DBT for that 

city, observed in a period of 34 years. 
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1111111111111111 
Max. DBT 27 28 27 25 23 22 22 23 24 25 26 26 24.8 

mirf.tist. 

Average 23 23.5 22.5 20.5 18.5 17 17 18 19 20 21.5 22 20.2 

TABLE 4.3: Average annual temperatures for São Paulo, in Celsius degrees for the period of 1961- 
1995. Source: Instituto Nacional de Meteorologia 

1. Tay = 20.2 

2. Tn = 17.6 + 0.31 x 20.2 = 24 

3. plot the Tn on the psychrometric chart, on the 50% RH curve 

4. L = 24 -2 = 22 

U = 24 + 2 = 26 

5. SETFL = 0.025 x (22 - 14) = 0.2 

SETFU = 0.025 x (26 - 14) = 0.3 

6. From the chart 

AHL = 10.6 

AHU = 8.3 

7. BL = 22 + (8.3 x 0.2) = 23.5 

BU = 26 + (10.6 X 0.3) =29 

8. Define the SET lines for the lower and upper limits drawing a line trough these points 

on the 50% RH curve. 

9. Define the upper AH boundary drawing a line at the 12g/kg level and the lower 



boundary with a line at the 4g /kg level. 
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4.6 OUTLINING DESIGN STRATEGIES AREAS ON THE 

PSYCHROMETRIC CHART 

After the definition of the comfort zone on the psychrometric chart, the next step 

is the outlining of passive design strategy areas, using the same Szokolay method. Once it 

is done the climatic data can be plotted on the chart for further investigations on 

appropriate strategies to extend the comfort zone. 

On this section the method to outline six main strategies on the chart is explained, 

using the comfort zone for Sao Paulo as a base on the psychrometric chart. These 

strategies are: 

for heating: - direct gain 

for cooling: - high thermal mass 

- high thermal mass with night ventilation 

- ventilation 

- evaporative cooling 

- indirect evaporative cooling 

4.6.1 DIRECT GAIN 

The delineation of direct gain zone depends on the solar radiation, the ratio of 

glass area to building floor area, building material and construction rate of infiltration. Its 
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delineation on the psychrometric chart is estimation, using some building averages. 

This zone can be calculated by the following expression: 

daily useful solar gain = daily heat loss 

DvxAx eff = gcx(Tn- To)x24 

Where: Dv = mean daily irradiation on a vertical surface facing the equator for the coldest 

month of the year 

A = percentage ratio of glass area to building floor area. 

eff = efficiency of the passive solar system ( varies from 0.3 to 0.7, the higher the 

better) 

qc = specific heat flow rate of the building (qc = Sum(A x U- value) 

AT = outdoor temperature - indoor temperature 

Tn = neutrality temperature (as calculated before) 

To = outdoor temperature limit 

From this point on, some average values are assumed for the above expression. 

The building code for the city of Sao Paulo usually determines that the area of 

illumination must be at least 15% of the floor area (A = 15). Assuming a house with fair 

insulation, the specific heating loss is qc = 115 W1degC and the efficiency is assumed as 

eff = 0.4. As calculated before, the neutrality temperature is 24 °C (Tn = 24) 

Then we have: 

Dv x 15 x 0.4 = 115 x (24 -To) x 24 

And solving for To: 
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Dv x 15 x 0.4/(115 x 24) = 24 - To 

To = 24 - 0.002174 x Dv 

From ASHRAE, the mean daily solar radiation on a vertical surface facing north, 

in a latitude 24° in June is 5473 W /m2, and in july 5296 W /m2. 

1. Dv = 5473 W /m2 

To = 24 - 0.002174 x 5473 = 12.7 °C 

2. Dv = 5296 W /m2 

To = 24 - 0.00094 x 5296 = 12.5 °C 
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4.6.2 HIGH THERMAL MASS 

This zone is limited by three points: 

point 5 (at 12g/kg AH level): T2 + 0.5 x (Tmax - Tmin) 

where "Tmax - Tmin" is the average range of temperature for the hottest month. In São 

Paulo this value is 10 degC. 

point 6 (at 4g /kg AH level): T5 + 0.2 x (T5 - 14) 

point 7 (at 14g /kg AH level): T5 - 0.05 x (T5 - 14) 

At the 14g /kg level, the left corner limited by the RH curve of point 1 is omitted. 
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4.6.3 HIGH THERMAL MASS WITH NIGHT VENTILATION 

Three points define this zone: 

point 5A (at 12g/kg AH level): T2 +0.8 x (Tmax - Tmin) 

point 6A (at 4g /kg AH level): T5A + 0.2 x (T5A - 14) 

point 7A (at 14g /kg AH level): T5A - 0.05 x (T5A - 14) 

At the 14g /kg level, the left corner limited by the RH curve of point 1 is omitted. 
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4.6.4 VENTILATION 

The cooling effect of air movement is approximated as: 

AT = 6 x v -v2 

where: AT = the temperature variation 

v = wind speed, expressed en m/s (expression valid up to 3m/s) 

For this calculation the speed of lm/s and 1.5m/s are taken for their pleasant 

effect, being the later the limit for a comfortable indoor condition. 

For lm/s we have: AT = 6 x 1 - (1)2 = 5 degrees 

For 1.5m/s we have: AT = 6 x 1.5 -(1.5)2= 6.75 degrees 

point 8 or T8: point 2 + 5 degrees 

point 8A or T8A: point 2 + 6.75 degrees 

point 9: T8 + 0.1 x (T8 -14) 

point 9A: T8A + 0.1 x (T8A -14) 

point 10: same DBT as point 1 at 90% RH 

point 11: same DBT as point 2 at 90% RH 

point 11A: from point 8A, draw a line following the same slope as the one 

formed by points 8 and 11, until it reaches 90% RH curve. 
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4.6.5 EVAPORATIVE COOLING 

The upper and lower boundaries of this zone are parallel to the WBT lines, 

starting at points 2 and 3. 

Then to find the other boundaries we have: 

point 12 (at Og/kg AH level): Tn + 12 

From point 12 a straight vertical line is draw until it meets the line parallel to the 

WBT. 
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FIGURE 4.9 - Evaporative cooling zone 

73 

4.6.6 INDIRECT EVAPORATIVE COOLING 

The upper boundary of this zone is located at 14g /kg AH level. The left corner 

limited by the RH curve of point 1 is omitted. The lower boundary of this zone is parallel 

to the WBT lines, starting at point 2. 

To find point 13, we have: 

point 13 (at Og/kg level): Tn + 15 

From this point a straight vertical line is draw until meet the upper boundary. This 

corner is then rounded off. 
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4.6.7 THE PSYCHROMETRIC CHART FOR SAO PAULO 

The complete psychrometric chart for São Paulo is shown in figure 4.13. This 

chart is used to investigate the adequate design strategies for the city in the application 

chapter. 
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FIGURE 4.11 - Psychrometric chart for Sao Paulo 
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CHAPTER V 

PASSIVE SYSTEMS FOR THERMAL COMFORT 

5.1 INTRODUCTION 

Passive Solar Design relies on passive systems to restore human thermal comfort, 

excluding or at least reducing the utilization of mechanical devices. Passive systems are based 

on: 

the environmental suitability of construction materials 

appropriateness of design elements 

utilization of renewable energy from local climatic and microclimatic elements (solar 

radiation, winds, etc) 

In this chapter we investigate the application and appropriateness of the most known 

passive control systems for heat gain and loss. Some of these systems are not suitable for low - 

income housing because of their current high cost, however their adaptation to a limited 

budget may be possible once their principles are understood. 
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5.2 PASSIVE SOLAR SYSTEMS 

The task of passive solar systems can be briefly described as follows: 

a. Under cold discomfort: 

to minimize heat loss 

to optimize the utilization of solar heat gain and internal sources 

b. When hot discomfort prevails: 

to avoid heat gain 

to maximize heat dissipation 

c. In climates with great daily variations of cold and hot temperatures: 

to attenuate the temperature deviation 

The passive systems efficiency is limited by the availability of climatic elements. 

Backup mechanical systems are necessary for such situations as cloudy days of winter and 

windless days of summer. The efficiency of these methods is also restricted within a range of 

very high or low temperatures and humidities as shown in the psychrometric chart (Chapter 

IV). Although these heating systems are called passive, the use of fans can help the 

circulation of the air flow, improving the efficiency of some strategies. 

There are basically four approaches to passive solar systems: 

PREVENTIVE: this approach seeks to control the heat gain or loss throughout the 

building envelope before it happens. The preventive systems enhance the efficiency of the 

direct, indirect and isolated systems. 
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DIRECT: the indoor space is cooled or heated directly. The cooling process optimizes the 

utilization of wind or humidity and the heating process optimizes the utilization of solar 

radiation. 

INDIRECT: a design element such as a trombe wall is utilized to store the heat before it 

reaches the inside space (heating process) or to draw the heat from the inside space 

(cooling process) 

ISOLATED: the system to heat or cool the air is isolated from the living space, 

functioning independently. The warm or cold air is drawn from the system to the house 

when necessary. 

The following table shows the passive systems within these approaches and their 

respective applications for cooling, heating or both. For each climatic situation there is one or 

more systems that can be applied alone or in combination in order to restore human thermal 

comfort. 



APPROACH 

PREVENTIVE 

DIRECT 

INDIRECT 
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*** - , 

o ar don 

*** 

*** 

Thermal insulation 

Direct solar gain 

Ventilation 

vaporative cooling 

Indirect evaporative cooling *** 

ItTrrrIEW 
*** * Thermal storage wall 

*** *** Roof pond 

ISOLATED 

* *** High thermal storage 

*** 

*** 

*** 

*** 

*** 

ge with night ventilation 

Earth integration 

Thermocirculation with rockbed 

Underground coolth pipes 
TABLE 5.1 - Passive solar systems for cooling and heating 
*** = main application 

= possible adaptation for this application 
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5.2.1 SOLAR CONTROL 

Solar control is a group of measures to provide solar radiation blockage or access 

as necessary throughout the seasons. 

The simplest way to reduce solar heat gain is to intercept the solar radiation before it 

reaches the building. Shading walls, roofs and windows is an efficient technique for 

overheated periods and reduces the need for other cooling methods in moderate climates 

where the average temperature does not exceed 27 °C, as in the case of Sao Paulo. For instance 

the roof is a major heat collector in hot climates due to its large exposed area. Therefore any 

strategy to improve the thermal performance of the roof, such as shading or insulation, 

represents a great advance towards comfort. A great amount of heat gain also takes place 

through glasses, which can admit up to twenty times more heat than a well insulated wall. 

Shading window glasses during summer and using double glass are important measures 

toward the control of heat exchange through these surfaces. 

Decisions in the design process, design solutions, vegetation and shading devices are 

the tools to accomplish the tasks of solar control. 

5.2. l a DESIGN 

As explained in Chapter II, the shape and orientation can be used to control the 

solar heat gain through the building envelope. Several other design solutions can be used 

to protect the building from the severe sun, creating in some cases pleasant shaded 

outdoor spaces. These solutions have been used in traditional architecture in many hot 
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zones of the world. Some examples for these design solutions are: 

courtyards in hot -arid climates 

verandas and porches in hot -humid climates 

"L" shape buildings in warm regions 

elevated floors in hot -humid regions 

,..-.. 
CO+,dUCt;ttfl tifoutit reaultd 

FIGURE 5.1 - Courtyard system (Koenigsberger, 1974) 

5.2.1b VEGETATION 

Vegetation reduces the temperature by obstructing the access of solar radiation. The 

temperature under the shading of trees is likely to be 3degC to 4degC cooler than the 

surroundings in the afternoon because plants can absorb up to 90% of the sunlight. 

Furthermore the temperature over grassy surfaces in sunny days is 6degC to 8degC cooler 
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than over exposed areas because grasses block the passage of the sunlight to the ground by 

80 %. 

The utilization of deciduous vegetation, such as trees and vines provides 

seasonally controlled shading for walls, roofs and windows. 

FIGURE 5.2 - Seasonal shading by deciduous trees (Yannas, 1994) 

5.2.1c SHADING DEVICES 

The thermal performance of external shading devices depends on their capacity to 

create appropriate shade and on their shading coefficient. There are basically three types of 

shading devices: 

vertical devices 

horizontal devices 

egg -crate devices 

Vertical devices consist of louvered blades or vertical fins. Their use is 

appropriate to protect from eastern and western sun. Narrow blades with close spacing 

may give the same shadow angle as broader blades with wider spaces. 

Horizontal shading devices may be canopies, horizontal louvered blades, external 
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venetian blinds or roof overhangs. They are more effective for northern elevations. 

Egg -crate devices are a combination of horizontal and vertical elements. When 

properly designed, they are effective for any orientation. 

-90' to -.8 and °>-eS t 

FIGURE 5.3 - Vertical shading devices (Koenigsberger, 1974) 

FIGURE 5.4 - Horizontal shading device (Koenigsberger, 1974) 
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FIGURE 5.5 - Egg -crate shading device (Koenigsberger, 1974) 

The calculation of horizontal and vertical fins is shown in Chapter III. 

5.2.2 THERMAL INSULATION OF CONSTRUCTION MATERIALS 

The air -to -air conduction throughout a building envelope takes place according to 

environmental and building parameters. 

Qc = Sum (A x U) x AT 

Where: A and U are building parameters 

AT is the environmental parameter 

The heat flow through construction materials can be retarded with the use of 

insulation. These mechanisms can be divided in three forms: 

Reflective insulation 

Resistive insulation 

Capacitive insulation 

While reflective and resistive insulation have immediate effect, capacitive insulation is 
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a property of massive walls, hence it works as a function of time. 

Different types of thermal insulation can be combined according to the need of the 

climate and the availability of material and budget. A reflective material with small 

resistive insulation may reduce the same amount of solar heat gain as a dark material with 

better insulation. Naturally the better performance is achieved with a reflective material 

with good resistive insulation. 

5.2.2a REFLECTIVE INSULATION 

Reflective insulation is produced by a surface of high reflectance, low absorptance and 

low emmitance, such as aluminum foil. It is more effective when used in cavity walls where 

the heat transfer takes place by radiation. In this case, contact with the wall surfaces must be 

avoided to prevent conduction or the insulation effect will be lost. 

Under normal conditions one reflective surface in a cavity wall has the same 

insulating effect of approximately 10mm resistive insulation, such as glass wool quilt. 

5.2.2b RESISTIVE INSULATION 

Resistive insulation, also known as bulk insulation, is the thermal resistance (R) in 

a surface. Its reciprocal is the transmittance or U -value (U = 1 / R). Its effect is based on 

the fact that still air is the second best insulator, only behind a vacuum. The effect is produced 

by materials with porous structure and low density. 

To maintain the efficiency of resistive insulation, the materials must be kept dry as 
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water that is known for its high conductivity replaces air in the pores. This type of insulation 

must be placed on the input side (outside) of the building in order to reduce the heat flow into 

the construction. 

FIGURE 5.6 - Earth berm used to increase thermal resistance of walls and perimeter slab (adapted 
from CDHU, 1996) 

The U -value of construction materials can be found in ASHRAE and many other 

sources. The lower the U- value, the higher the thermal resistance of the material. 

5.2.2c CAPACITIVE INSULATION 

Capacitive insulation of a wall is the product of its mass per unit area (surface density 

in Kg/m2) and the specific heat capacity of its material (J/Kg degC). This type of insulation is 

appropriate in climates with great variations in temperature between day and night (hot -arid 

climates). 

In steady conditions, the thermal capacity of elements has no effect. However with the 
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daily temperature variation (periodic heat flow), materials with the same U- values behave 

differently. Massive walls have the ability to store some heat that is emitted several hours after 

the heat input has ceased. This is known as mass -effect. 

Massive walls have two more properties: 

TIME LAG is the delay of the heat flow peak throughout a given massive material in 

comparison with the heat flow throughout a material with no thermal mass. It is measured 

in hours. 

DECREMENT FACTOR, or amplitude decrement, is the ratio of the maximum outer 

and inner surface temperature amplitudes taken from the daily mean. 

lime. I 

. s< < : 1+teeet 

18.00 24,04 5.00 
r - 

The appropriate selection of time lag for a building is made taking in consideration the 

time of the maximum heat at a wall and the time that heat is desired. For example, in a west 

wall the maximum heat takes places at 4:30 PM and the heat is required between 10:30 PM 

and 6:00 AM. The desired time lag varies from 6 to 13 hours. 

According to Koenigsberger (1974, 86), massive masonry, earth and concrete 
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walls have a time lag of 10 hours for each 0.3m thickness. 

Table 5.2 shows the time lag of some common building material. 

TIME -LAG OF WALL COMMON WALL MATERIALS 

Thickness, mm 50 

Solid concrete 

Stabilized earth 

Timber 

Stone 

Common brick 

1.3 

2.5 

100 150 200 300 

TIME-LAG, hours 

400 600 

2.5 3.8 5.1 7.8 10.2 

2.4 4.0 5.2 8.1 

5.4 8.3 

5.5 8.0 10.5 15.5 

2.3 5.5 8.5 12.0 

1111111111111111111111 
TABLE 5.2 - Time -lag of common wall materials (adapted from Koenigsberger, 1974) 

5.2.3 DIRECT GAIN 

The method consists in utilizing glazing surfaces, to bring the sunlight into the house, 

heating up floors and walls during clear sky days of winter. There are basically two elements 

in this method: 

north facing glass or transparent plastic for solar collection 

thermal mass for heat storage (floors and walls) 

The solar energy can be directly captured through northern side facing windows, 
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clerestory windows and skylights. Glass captures solar energy through greenhouse effect, the 

same that occurs in a closed car in the sun. The glass is transparent to the short-wave infra -red 

radiation but it is almost opaque to the long -wave radiation emitted by the interior building 

objects. 

The efficiency of this method depends on properly sizing windows and preventing 

heat loss by infiltration and through the glass. The selection of the most airtight types of 

windows can minimize the infiltration and the utilization of double glass decreases 

considerably the amount of heat loss and gain 

through windows. The designer must also 

consider the necessity of keeping the sunlight 

from hitting directly the windows during the 

hot season to avoid overheating. 

In order to improve the efficacy of 

direct solar gain, two approaches can be taken: 

capture the maximum sunlight or 

increase the amount of solar radiation 

hitting a window 

To capture the maximum sunlight, 

one can make use of bay windows or incline 

the glass surface toward the sun. A normal 

surface to the sun rays captures the higher 

SKYUGHT 

FIGURE 5.7 - Direct solar gain through 
north facing glasses (Mazria, 1979) 
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amount of solar radiation. 

Placing reflective surfaces close to a window increases the amount of solar radiation 

falling on it, once the reflected radiation is also accounted, as shown in the equation: 

Itotal = Isun + Ireflected 

Where: I = Intensity of solar radiation 

The reflective values of some surfaces are shown on Appendix 4. 

The construction type influences the performance of direct solar gain by affecting the 

storage of collected heat. In low thermal mass buildings with poor insulation, the solar 

radiation heats up the materials immediately, sometimes raising the temperatures above the 

comfort zone. However, the building cools off quickly when the heat source is no longer 

available. 

On the other hand, in high thermal mass buildings the heat is stored in the materials 

and, depending on their time lag it is released up to 12 hours later. If this condition is 

appropriate to the climate, heat storage floors can be made with materials such as stone, brick 

and concrete. 

5.2.4 TROMBE WALL OR MASSWALL 

This method consists in a heavy wall (brick, stone, concrete, etc.) facing the equator 

painted with a dark absorbent color and covered with glass. The glass collects and entraps the 

heat that is then absorbed into the wall and released with a delay depending on the time lag of 

the material. The glass must be insulated during night to prevent heat loss and during the hot 
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season to prevent overheating. 

The trombe wall can be: 

non convective 

convective 

water wall 

The non -convective trombe wall is the system where the wall has no opening, so 

the heat passes through the wall by radiation. 

A convective trombe wall (Figure 5.8) combines convection and radiation to heat a 

space, what.makes it more effective than non -convective trombe wall It presents small 

openings close to the floor and to the ceiling, permitting a convective current of air to develop. 

As the air between the glass and the wall heats up it rises and goes to the house through the 

upper openings. The cooler air from the room floor is drawn into the trombe wall through the 

lower openings continuing the process. The room close to the wall receives a greater amount 

of heat during the sunshine hours and the heat loss through the glass is minimized. The 

amount of heat stored in the wall is smaller than in a closed trombe wall. 

;, ! 
_ 

DAY 

FIGURE 5.8 - Convective trombe wall (Mazria, 1979) 

NIGHT 
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A water trombe wall (Figure 5.9)has water as a storage element. Instead of a heavy 

wall made of materials such as stone, concrete or brick, there are black water containers to 

store the heat collected by the glass. The water is used for its capacity to store a great amount 

of heat. 

DAY 

FIGURE 5.9 - Non -convective water trombe wall (Mazria, 1979) 

5.2.5 ROOF POND 

This method follows the same principles of thermal storage wall system, but the 

thermal mass is located on the roof of the building. 

Roof ponds are used as cooling and heating strategy. During winter the ponds are 

exposed to sunlight and covered with insulating panels at night. In this way the heat is 

radiated to the space below and heat loss to the outside space is prevented (figure 5.10). 

As a cooling strategy the ponds are covered during the day. At night they are exposed to 

cool by natural convection and radiation to the cold night sky, being able to absorb the 

heat from the space below the next day. 



DAY 

HEATING CYCLE 

DAY 

COOLING CYCLE 
FIGURE 5.10 - Roof pond (Mazria, 1979) 

5.2.6 SUNSPACE OR GREENHOUSE 

1I aHT 

NIGHT 

93 

This system is a combination of direct gain and indirect gain, where there is a 
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functional space between the collector glass and the house wall. 

A sunspace can also be used as a cooling strategy where the temperature is not 

extremely hot during summer. As warm air close to glass rises, an air current develops, 

drawing the fresher north side air through the house, as shown on figure 5.11. As another 

option the glasses can be simply opened or removed during summer to change the 

sunspace into an enjoyable porch. 

:1111lß iii i'1!! ` 'iii !J'i u 

FIGURE 5.11 - Sunspace used for cooling (adapted from Lebens, 1981) 

There are two types of sunspace depending on the separation they have with the 

house: 

direct gain sunspace 

thermal storage sunspace 

The direct gain sunspace (Figure 5.12) has a glazing surface separation from the 

house. Hence the heat storage is small compared to a thermal storage sunspace, because it 

may occur only in the floor and lateral walls when available. 

The thermal storage sunspace system is separated from the house by a heavy wall 

that works similarly as the thermal storage wall system described above. The sunspace 

heavy wall stores heat that is later released to the house depending on its time lag. The 
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same convective and non -convective systems described for thermal storage wall can be 

used in this type of sunspace (Figure 5.13). 

DIRECT GAIN SUNSPACE 

FIGURE 5.12 - Direct Gain Sunspace (adapted from Mazria, 1979) 

FIGURE 5.13 - Sunspace systems with thermal storage wall (adapted from Mazria, 1979) 
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5.2.7 THERMOCIRCULATION WITH ROCKBED 

Thermocirculation, also named thermosiphon or convective loop, is a system based on 

the simple fact that hot air is lighter than cold air. 

In this method a glazing collector is placed in front of a dark absorbing surface and 

below the level of the space to be heated. The building site should present an elevation 

difference in order to accommodate the system. A natural circulation is created when the air 

(or a fluid) heated between the collector and the absorbing surface flows up to directly warm a 

space or to be stored, while colder air (or fluid) falls to be heated in the bottom of the collector, 

continuing the process. The system must be well planned or an undesired reverse circulation 

may happen during nights or cold months. 

When a heat storage is associated with the system, an under slab bed of rocks, a 

rockbed, is frequently utilized. 

The heat is stored in the rockbed when the hot air flows through the rocks. In order to 

permit the full circulation of hot air, the rocks must have a diameter of at least five 

centimeters. 

The thermocirculation system with heat storage rockbed works for cooling as well, 

absorbing the excessive heat from the house. In this case the heat collector is insulated and the 

rockbed is maintained colder than the house by the use of a cooling system such as an 

evaporative cooler. 
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FIGURE 5.14 - Rockbed system (A.I.A. Research Corporation 1978) 

5.2.8 HIGH THERMAL STORAGE 

This method consists in utilizing massive materials (capacitive insulation) to prevent 

great temperature variations within a building. It is more appropriate in places where the 

average temperatures of daytime fall in the comfort zone, and there is a considerable 

temperature difference between day and night, as generally happens in the winter of hot arid 

climates. 

The massive building envelope slowly stores the heat during the day and delays its 

release during night. When the outside temperature reaches its peak the next day, the envelope 

is still cool and starts absorbing heat from the sun and from indoor devices. 

In order to help the delay of heat storage, the outside surfaces can be painted in light 

reflective colors. The openings in these buildings are small and recessed, and the outdoor 

spaces are shaded to prevent direct heat gain. 

In hot humid climates this method is inappropriate, because of the small difference 
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between day and night temperatures. In addition an undesired moisture condensation would 

take place on the cold walls, creating problems with mildew. 

FIGURE 5.15 - High thermal storage wall (A.I.A. Research Corporation, 1978) 

5.2.9 HIGH THERMAL STORAGE WITH NIGHT VENTILATION 

Night ventilation can extend the comfort zone for high thermal wall buildings. Its 

utilization is appropriate when the night temperature falls in the comfort zone as usually 

happens in hot -arid regions in summer. In this case the fresh night air circulates through the 

open building cooling the massive envelope. The use of fans can help the flowing of cold air. 

The building is then closed to the daytime heat. Reflective outside surfaces and shaded 

outdoor spaces are used to prevent direct solar contact with the building. 

5.2.10 VENTILATION 

Ventilation, together with solar control is the main strategy for restoring comfort in 

hot -humid climates and on the warm -humid season of temperate climates in Brazil including 

the Sao Paulo. As explained in Chapter IV (section 4.3.4 -Ventilation) ventilation results from 



99 

infiltration, wind forces and thermal forces (or stack effect). Ventilating a building space 

results in indoor /outdoor air exchange and air movement. The air exchange removes heat from 

the building and the air movement removes heat from the body. 

5.2. l 0a INFILTRATION 

Infiltration is the undesired heat gain and loss by air flowing through fissure and gaps 

between different building materials, such as window and door frames, walls, floors, ceilings, 

electric sockets, etc (Figure 5.16). During the cold season 

the heat collected from the sun or from internal sources 

leaks to the outside as well as undesired breezes can come 

indoors ruining any design strategy to warm the house. 

This problem can be prevented by carefully 

detailing the design, observing the junctions for different 

materials and selecting the types of windows less likely to 

leak air. Many cases of infiltration can also be easily fixed 

with the use of weather strips and silicone sealant. 

FIGURE 5.16 - Infiltration through 
fissures and gaps between different 
materials (Yannas, 1994) 

5.2.10b BODY COOLING AND BUILDING COOLING 

Air movement cools the body by increasing the convective and evaporative heat loss 

of the skin. Even when the air is slightly warmer than the skin and some convective heat gain 
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may occur, the evaporative cooling effect is greater, therefore the final effect is cooling. 

The efficiency of ventilation as a method to remove heat from the building and from 

the body depends on properly orienting the prevailing summer winds towards building 

openings. Prevailing winter winds should be avoided to prevent unwanted cooling effects. 

These tasks can be achieved by accurately sizing, positioning and orienting openings in 

relation to desired breezes and by utilizing design elements such as wing walls. 

According to its velocity at 10m height, the effects of air movement are: 

less than 0.25 m/s: unnoticed 

from 0.3 to 5.4 m/s: pleasant 

from 5.5 to 7.9 m/s: awareness of air movement 

from 8.0 to 10.7 m/s: draughty 

higher than 10.8 m/s: annoyingly draughty 

Under cold weather the wind speed should be limited to 0.25 m/s for a comfortable 

condition. Under hot conditions, velocities from 1.00 m/s to 1.50 m/s at the body level are 

considered pleasant. 

For instance when the wind strikes a surface it creates an area of high -pressure (positive 

pressure), while the opposite surface becomes a low- pressure (negative pressure) area or a 

suction area (Figure 5.17). These pressure zones must be considered in site planing and 

building design. 

FIGURE 5.17 - Wind pressure 
zone around buildings (Yannas, 
1994) 
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5.2.1Oc WINDS AND SITE DESIGN 

In a large scale the wind direction should be observed in planning a housing development. In 

order to take advantage of the cooling effect of winds, main streets can be used to guide the prevailing 

summer winds to the largest number of houses. In addition, high -rise buildings, topography and vegetation 

should be positioned in a way to block winter winds and to direct summer winds to other buildings. 

FIGURE 5.18 Wind around buildings in different site layouts (Yannas, 1994) 

--.-- _- 

FIGURE 5.19 Wind around buildings (Koenigsberger, 1974) 

5.2.1Od DESIGN OF WINDOWS REGARDING VENTILATION 

Windows are expected to provide outdoor view, daylight, sunlight and ventilation to a 
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building. Ideally they should be weatherproof, safeguarded, thermally and acoustically 

insulated, and protected from infiltration. In order to optimize the natural ventilation through 

windows the designer has to take in consideration: 

size 

orientation 

position 

obstruction from insect screens 

shading devices 

material and type 

These matters regarding windows command the pattern of the airflow throughout a 

building. This is particularly important in climates where ventilation is the main strategy for 

cooling such as Sao Paulo. 

SIZE 

The size of windows induces the wind velocity through a space, making the 

ventilation more effective. 

In situations where the wind direction is constant, cross ventilation can be maximized 

by small inlets and large outlets. The small inlets direct narrow fast moving air streams 

through the space while the large outlets drain and widen the air stream. If the wind direction 

is not constant it is adequate to use large inlet and outlet windows instead. 

In the Manual of Tropical Housing and Building (Koenigsberger, 1974, 244) the 
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author makes some recommendations regarding the size of windows for ventilation and direct 

solar gain: 

From 10 to 20% of wall area - for regions where the cold season lasts less than three 

months and thermal storage is required for the whole year. 

From 15 to 25% of wall area - recommended when the thermal storage is needed for six to 

ten months. 

From 25 to 40% of wall area - recommended in three situations: 

a. thermal storage is required for less than one month and there is a cold season, 

b. thermal storage is needed for three to five months, 

c. thermal storage is needed for the whole year and the cold season lasts more than four 

months. 

From 40 to 80% of wall area - for regions without cold season, where thermal storage is 

needed for one month or less. 

ORIENTATION 

The placement of window inlets perpendicularly to summer winds, i.e., in the 

high- pressure zone and outlets in the suction zone optimizes the air -flow creating cross 

ventilation through the building interior. However, the solar orientation precedes the wind 

orientation, once the wind can be redirected to the building with vegetation and design 

elements such as wing walls (Figure 5.20). 



FIGURE 5.20 - Wing walls (Szokolay, 1987) 
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POSITION 

The position of windows determinates the wind path through a building. In order 

to be effective it is desirable that the air flows at the body level in living spaces. Inlet 

openings placed too high causes the air to flow above the level of occupants, regardless of 

the position of outlet windows. 

INSECT SCREENS 

Especially in hot humid climates, the use of insect screens is often necessary. 

However, these devices obstruct much of the ventilation through a window, forcing an 

adjustment on the calculation of size (see Table 5.3). 

SHADING DEVICES 

The decision among the several types of shading devices depends on the solar 

angle of incidence at the time the shade is desired. An important consideration, especially if 

ventilation constitutes the main strategy to restore comfort, is that the shading device does not 

block the flow of air. Depending on their angles, these devices can also affect the indoor air 

flow. 



Configuration Free Area % 

1/4-in. mesh hardware cloth 100 

1 /8 -in. mesh screen 80 

No. 16 mesh screen, with or without plain metal louvers 50 

Wood louvers & 1/8 in. mesh hardw e, 

Wood louvers & 1 /8- in.mesh screen 

Wood louvers & no. 16 screen 33 

105 

TABLE 5.3 - Free Area for various ventilation configurations (Abrams, 1986) 

TYPES AND MATERIALS 

Window types influence the direction and quantity of wind flow in a building. Some 

types are more likely to present infiltration than others. The building regulations in Brazil 

generally determinate that the minimum area for ventilation equals half of the area for 

illumination. In most of the climates in that country ventilation is the main strategy for cooling 

in. In these cases it is recommended that the area for ventilation corresponds to the area for 

illumination. 

Considering social housing, cost and local availability are decisive factors in the decision 

between wood and metal frame. In this case, the designer should concentrate his efforts on 

other matters, such as the size, position, type and opening/closing mechanisms. For areas 

where ventilation is the most recommended strategy for cooling, the most important factors 

for window selection is the size and the possibility to open the largest area. 
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FIGURE 5.21 - Influence of window types in the air flow through a building (Koenigsberger, 1974) 

5.2.11 EVAPORATIVE COOLING 

The energy needed to change the state of water from liquid to vapor comes from the 

reduction in temperature of the surrounding air. Some passive strategies that have been used in 

hot -arid zones are based on this principle. Today the same traditional strategies are used or 

translated into modern techniques. 

Generally, the methods for evaporative cooling consist in: 

blowing dry air through a wet cloth or fiber materials 

blowing dry air around a porous material such as a clay vase full of water 

wetting building elements such as roofs and shading devices 

blowing a fine mist into the air 

splashing water from a fountain (traditionally used in courtyards and public spaces) 
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The main constraint for this method is the limitation of water sources in hot -arid areas. 

5.2.12 INDIRECT EVAPORATIVE COOLING 

Although this is a mechanical device, it can be considered a semi passive method 

because of its low energy consumption, compared to conventional air conditioning. The 

Evaporative Cooler consists of one fan, an evaporator pad or spray and a heat exchanger. 

L 

I 
FIGURE 5.22 - Evaporative cooler (Szokolay, 1987) 

Perlaratad drip pipe 

Fibrous material pad, eg. woad 
Shavings ¡n cheese cloth 

Skimp with float valve !or 
make-up water 

The non -mechanical device whose efficiency is comparable to the Evaporative Cooler 

is the Cool Tower. It consists in a tower in which the top contains pads that are constantly 

saturated with water (a small pump is used to bring the water to the top and circulate it into the 

pads). The dry hot air passing through the wet pads becomes cooler and heavier falling 

through the tower into the house. 

The Cool tower was developed by researchers from the University of Arizona, based 

on the principles of wind towers from the Middle East traditional architecture. 
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FIGURE 5.23 - Cool tower (Chalfoun, 1997) 

5.2.13 EARTH INTEGRATION OR BERMED CONSTRUCTION 

The earth temperatures at lm to 1.5m below ground remain relatively constant at 

10 °C throughout the year. Partial underground construction can take advantage of these 

stable earth temperatures in regions with extremely hot summers or cold winters (Figure 

5.24). In hot regions the earth integration works also by reducing solar exposure of the 

building envelope which is an asset to reduce heat gain. In cold regions the earth 

integration reduces the wind exposure and consequently heat loss by convection. This 

technique is not recommended for climates with comfortable temperatures most of the 
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year because it prevents the building from benefiting from the pleasant outside 

temperatures. In humid climates caution must be given to prevent accumulation of 

humidity, moisture and mildew. 

FIGURE 5.24 - Earth integration (Cofaigh, 1996) 

5.2.14 UNDERGROUND COOLTH PIPES 

This is a variation on the bermed construction that is used for cooling. 

Underground ductworks bring air to the living space. This air will have lost much of its 

heat to the earth by conduction, having the temperature close to the underground earth 

temperature. This method requires long distances of underground pipes to be effective. 

FIGURE 5.25 - Underground coolth 
pipes 
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CHAPTER VI 

APPLICATION 1 / CLIMATIC ANALYSIS 

6.1 INTRODUCTION 

Sao Paulo is located on the Brazilian Highlands. Its climate is commonly 

classified as "altitude tropical ", which describes conditions much colder than expected in 

a tropical zone. 

In this chapter the climate of Sao Paulo City is evaluated. The data for temperature, 

solar gain, humidity and wind are examined and plotted on the Psychrometric chart. This 

method allows the interpretation and translation of the climatic information into general 

recommendations for designing and construction of houses in the city. 
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6.2 THE CLIMATE OF SAO PAULO - SP - BRAZIL 

Sao Paulo City, the capital of Sao Paulo State, is located at 72 Km (45 miles) from the 

southeast coast of Brazil, at 23 °30' south latitude and 46 °37' west longitude. This latitudinal 

situation results in a strong solar radiation exposure. The cloudiest skies occur in the warmer 

season (Table 6.1). During the colder months the difference between day and night 

temperature increases slightly because of the normally clearer night skies. 

The air temperature (DBT) reaches an average maximum temperature between 22 °C 

and 27 °C. The average minimum temperature varies between 12 °C and 19 °C. The warmest 

temperature registered in a period of 30 years (1961 -1990) was 37° C, and the coldest was 1°C 

(Table 6.2). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Insolation 165 161 166 168 175 168 183 180 147 152 167 150 
(hours) 
TABLE 6.1 - Hours of insolation in São Paulo (1961 -1990) Source: National Institute of Meteorology 
- Instituto Nacional de Meteorologia - INMET 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

warmest 35 35 32 31 30 29.5 30 33 37 35 35.5 33 

max. DBT 27 28 27 25 23 22 22 23 24 25 26 26 

min. DBT 19 19 18 16 14 12 12 13 14 15 17 18 

coldest 12 12.5 12 8 2 1 1 3 4 8 9 10 

TABLE 6.2 - Air Temperature in São Paulo (1961 -1990) Source: National Institute of Meteorology - 
Instituto Nacional de Meteorologia - INMET 
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The city lies on the Paulistano Plateau with an elevation of 792 m and is surrounded 

by mountains at north (Serra da Cantareira), northeast (Serra de Itaberaba) and southeast 

(Serra do Mar). Due to this location on the Brazilian highlands, the winters in the city can be 

uncomfortably cold despite the position in the tropical zone. Relief is therefore a major 

influence in the climate of this region. 

Humidity remains high the whole year, due in part because of the proximity to the 

Atlantic Ocean. The relative humidities (RH) vary from 61% to 80% (Table 6.3), which 

constitutes a liability for comfort both in the cooling and heating season 

max. RH% 80 79 80 80 79 78 77 74 77 79 

ITllII1 

TABLE 6.3 - Humidities in SI() Paulo (1961-1990) 
Source: National Institute of Meteorology - Instituto Nacional de Meteorologia - INMET 

r Dec' 

78 80 

63 64 

The rainfall increases in the warmer months. The precipitation varies from about 

33mm in August to about 255mm in February (National Institute of Meteorology - Instituto 

Nacional de Meteorologia - 1NMET). 

Precip. mm* 

We 

TABLE 6.4 -Precipitation in Sao Paulo (1961 -1990) 
*Source: National Institute of Meteorology - Instituto Nacional de Meteorologia - INMET 
* *Source: USATODAY website: www.usatoday.com 

240 255 160 75 75 55 45 35 75 129 

Dec; 

150 200 

Winds are considered light breezes with annual average velocity of 2.29 m/s (source: 

Research Center for Electric Energy -Centro de Pesquisa de Energia Eletrica- CEPEL). The 

predominant directions are northwest during summer and southeast during winter (Carvalho 
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1917, 496). These general informations for wind velocity and direction in Sao Paulo are used 

as reference in this work. The specific factual information on wind velocity and direction must 

be taken on site, considering the microclimatic factors correspondent to the location. 
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TABLE 6.5 - Percentage of wind direction in SAo Paulo. Source: Carvalho 1917, 496 
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FIGURE 6.1 - Wind directions in São Paulo 
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6.3 CLIMATIC EVALUATION 

The climate of a given site can be analyzed by plotting the data for average hourly 

maximum and minimum DBT and humidity for a typical day of each month on the 

psychrometric chart. When the information for temperature is not available it can be 

estimated with the Hourly Temperature Calculator (Koenigsberger 1973, 59 -62) as shown in 

figure 6.2. The dry bulb temperature is estimated using the average maximum and minimum 

air temperatures for each month. The wet bulb temperature is obtained in the psychrometric 

chart by crossing the maximum air temperature with the maximum humidity and the 

minimum air temperature with the minimum humidity. 

Maximum temperature °C 

10 12 14 18 18 20 22 24 26 28 30 32 34 36 38 40 42 44 
14.00 

12.00 

8.00 

6 00 
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RIM I 

1111111111 
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10 12 14 18 t8 20 22 24 26 28 30 32 34 36 38 40 42 44 

roi mum kamperature'C 

FIGURE 6.2 - Hourly Temperature Calculator (Koenigsberger, 1974) 
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The method of using this calculator is explained next: 

Locate the minimum DBT on the bottom scale 

Locate the maximum DBT on the top scale 

Connect this points with a line (temperature line) 

Read the correspondent temperature for each hour by projecting the intersections between 

the temperature line and the time lines (horizontal lines) 

Follow the same steps to estimate the WBT. 

The next table shows the average hourly temperatures for São Paulo. 

Jan Feb Mar Apr May Jun 
Hour DBT WBT DBT WBT DBT WBT DBT WBT DBT WBT DBT WBT 

2 19.6 17.6 19.6 17.7 18.6 16.6 16.8 14.5 15.0 12.8 13.0 10.1 

4 18.9 17.3 19.0 17.3 17.9 16.2 16.2 13.9 14.4 12.3 12.3 9.6 
6 19.1 17.3 19.1 17.3 17.9 16.2 16.3 14.1 13.9 12.4 12.4 9.6 
8 20.2 18.0 20.3 18.1 19.3 17.1 17.6 15.1 16.1 13.4 13.8 10.8 

10 22.6 19.4 22.8 19.7 21.9 18.8 20.0 17.3 21.7 15.4 16.6 13.1 

12 25.3 21.1 25.7 21.5 25.1 20.8 22.9 19.9 23.3 17.8 19.9 15.9 

14 26.9 22.1 27.5 22.6 26.9 22.1 24.7 21.4 24.4 19.2 21.9 17.6 

16 26.9 22.1 27.5 22.6 26.9 22.1 24.7 21.4 25.0 19.2 21.9 17.6 
18 25.5 21.2 25.9 21.6 25.2 20.9 23.1 20.1 23.3 17.9 20.1 16.1 

20 23.3 19.9 23.6 20.2 22.8 19.3 20.8 18.0 20.6 16.1 17.5 13.9 

22 21.6 18.8 21.7 19.0 20.8 18.1 18.9 16.4 16.7 14.6 15.4 12.1 

24 20.4 18.1 20.5 18.2 19.5 17.2 17.7 15.3 16.1 13.5 14.0 10.9 

Jul Aug Sep Oct Nov Dec 
Hour DBT WBT DBT WBT DBT WBT DBT WBT DBT WBT DBT WBT 

2 13.0 10.1 13.6 11.7 14.7 12.8 15.8 13.3 17.9 15.4 18.4 17.0 

4 12.3 9.5 12.9 11.2 14.0 12.3 15.1 12.8 17.3 15.1 17.8 16.7 

6 12.4 9.6 13.0 11.3 14.1 12.4 15.2 12.9 17.4 15.1 17.9 16.8 

8 13.8 10.7 14.4 12.3 15.5 13.4 16.6 13.9 18.7 15.9 19.1 17.4 
10 16.6 12.9 17.2 14.3 18.3 15.4 19.4 15.9 21.1 17.4 21.4 18.6 
12 19.9 15.4 20.5 16.7 21.6 17.8 22.7 18.3 24.1 19.3 24.2 20.1 
14 21.9 17.0 22.5 18.1 23.6 19.2 24.7 19.8 25.8 20.4 25.8 21.0 
16 21.9 17.0 22.5 18.1 23.6 19.2 24.7 19.8 25.8 20.4 25.8 21.0 
18 20.1 15.6 20.7 16.8 21.8 17.9 22.9 18.5 24.2 19.4 24.4 20.2 
20 17.5 13.6 18.1 14.9 19.2 16.1 20.3 16.6 21.9 17.9 22.2 19.0 

22 15.4 11.9 16.0 13.4 17.1 14.6 18.2 15.1 20.1 16.8 20.4 18.1 

24 14.0 10.8 14.6 12.4 15.7 13.5 16.8 14.1 18.8 16.0 19.3 17.4 
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TABLE 6.6: Hourly DBT and WBT for São Paulo - Source for average maximum and minimum 
temperatures: Instituto Nacional de Meteorologia (INEMET, period observed: 1961 -1990) - Source 
for hourly temperatures: software HOURLY, developed by Chalfoun. 

6.3.1 THE HOURLY TEMPERATURES ON THE PSYCHROMETRIC CHART 

In order to evaluate the climate of Sao Paulo, the hourly temperatures are plotted on 

the psychrometric chart according to the seasons. The summer chart contains the temperatures 

from December to February, the winter from June to August and the fall/spring chart from 

March to April and from September to November. Refer to Chapter IV for design strategies 

zones on the chart. 
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6.3.1 a SUMMER CHART 

The temperatures are pleasant, but the high humidities compromise the comfort. 

Caution must be taken not to augment the humidity with fountains and heavy planting inside 

the house. Ground cover should allow the rain water, copious in this season, to drain fast. 

Outside shading and ventilation can restore comfort in this season. Although some months fall 

in the high thermal mass zone, this strategy is not recommended because of the high 

humidities. 

SUMMER CHART 
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FIGURE 6.3 - Summer conditions in Sao Paulo plotted on the psychrometric chart. 
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6.3.1 b WINTER CHART 

Low temperatures compromise the comfort in this season. The humidities are slightly 

lower than in summer, but still may cause discomfort. The temperatures fall in the passive 

solar heating zone, therefore sun must be allowed to penetrate the house. Some heat storage is 

necessary for the lower night temperatures; materials with time -lag from 8 to 12 hours are 

recommended. Resistive insulation works for both cold and warm season. Infiltration must be 

controlled to keep the internal heat in and the low temperatures out. 

WINTER CHART 
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FIGURE 6.4 - Winter conditions in Säo Paulo plotted on the psychrometric chart. 
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6.3.1c FALL /SPRING CHART 

In these seasons the daily temperatures are pleasant. When comfort is compromised, it 

can be restored with ventilation. Night temperatures fall outside the comfort zone, showing a 

necessity for heat storage and thermal insulation. 

FALL /SPRING CHART 
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FIGURE 6.5 - Fall and spring conditions in São Paulo plotted on the psychrometric chart. 
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CHAPTER VII 

APPLICATION 2 / DESIGN 

7.1 INTRODUCTION 

The typologies applied on low- income housing in Sao Paulo can be classified in three 

groups according to the arrangement of the units: 

Attached houses 

Detached houses 

Apartment buildings 

The housing settlements are composed by one typology or a combination of two or 

three types. 

This chapter translates the climatic analyses from the previous chapter into 

recommendation for the housing typologies. One existing detached house is utilized to 

demonstrate the application of passive solar strategies in an attempt to address the major 

problems and improve the thermal quality of this typology. This project exemplifies a 

standard housing model that is currently built in Brazil. The selected strategies are solutions 

that would add a minimal or no cost to the construction, taking into account the low 

budget destined to this type of project. The performance of these strategies is examined 

with the computer energy simulation program CALPAS3 from Berkeley Solar Group of 

California -USA. 
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7.2 GENERAL RECOMMENDATIONS 

Sao Paulo is predominantly cold. Among the classification for climatic design, the 

city can be located in the TEMPERATE CLIMATE. 

The WARM SEASON in the city is more affected by high humidity than by high 

temperatures. Ventilation and solar control are the main strategies to restore comfort in the 

overheated season. In the COLD SEASON houses can be passively heated by the sun if 

north -oriented glasses are provided. In the INTERMEDIATE SEASON (fall and spring) the 

weather conditions are pleasant and the comfort can be easily restored if ventilation is 

provided during the day and the solar heat is stored for the cooler nigh hours. 

Materials with a time -lag of up to 12 hours are recommended in this climate. 

Resistive insulating materials are advantageous both for the cold and warm season. 

Infiltration should be controlled to avoid heat loss and penetration of cool breezes. General 

recommendations for design include: 

Allow summer breezes to ventilate, dry the humidity and exhaust the vapors created 

inside the house (kitchens and bathrooms). 

Avoid increasing the humidity in all seasons. 

Avoid locations close to water bodies. 

Protect the house from the summer sun with shading from deciduous trees and 

overhangs. 

Use insulation to protect the house from low temperatures in the cold season. 

Allow the solar heat to penetrate the house and be stored in floor and walls in the cold 
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season. 

Reduce infiltration to keep the heat from internal sources and solar gain inside and the 

cool breezes outside the house. 

On sloped terrain, locate building at N and NNE sides. 

In valleys place buildings on the upper locations of thermal belt. 

7.2.1 RECOMMENDATION FOR APARTMENT BUILDINGS AND ATTACHED 

HOUSES 

Apartment buildings and attached houses can be divided in two types, according 

to the arrangement of the housing units: 

UNILATERAL - both sides of the building belongs to one housing unit 

BILATERAL - each side of the building belongs to one housing unit 

These types can be grouped creating a multilateral arrangement type. 

The apartment buildings contain usually a maximum of five stories without 

elevator. The attached houses commonly have one or two stories with each story 

belonging to one unit or both stories belonging to the same unit. Attached houses with 

three stories have been constructed, however this procedure increases the house cost 

because of the need of additional structure. 

An important concern to keep in mind when positioning these typologies in a 

settlement is to prevent the buildings from blocking the air flow and from shading other 

buildings when solar radiation and winds are necessary to restore thermal comfort. 
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FIGURE 7.1 - Low- income housing development in Sao Paulo with apartment buildings and 
attached houses (COHAB, 1997) 

UNILATERAL TYPE 

In this type of arrangement there is the advantage that each unit can be provided 

with cross ventilation. In order to take full advantage of solar radiation the best 

orientation is the east -west axis with all the units facing north. Rotation up to 30° to east 

or west is acceptable. 

The rectangle with the greater side facing north and south is the best shape for the 

units because it allows a better distribution of ventilation and solar heat gain. 

In order to protect from the summer sun in this latitude (23.5 °S), the north façade 

should be protected with properly sized overhangs. The south façade should be protected 

from the afternoon summer sun with vertical shading devices or deciduous vegetation. 

BILATERAL TYPE 



124 

In this type of arrangement the difficult task of supplying both sides of the building with 

the best utilization of solar heat and ventilation can be approached with the use of design 

elements. 

When the orientation leaves one side of the building facing south, this side should be 

provided with north - facing clerestory windows for solar heat collection. If this is not 

possible, the most appropriate orientation is the north -south axis, with the housing units 

facing east and west. Vertical or egg -crate shading devices should be used to avoid the 

morning and afternoon summer sun. Wing walls can be used to capture the prevailing wind 

of summer. 

The rectangle is the best shape for the units because it allows a better distribution 

of ventilation and solar heat gain. 

FIGURE 7.2 -Unilateral and bilateral arrangement 
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7.3 ANALYSIS OF THE PERFORMANCE OF STRATEGIES WITH A 

COMPUTER PROGRAM 

The performance of the strategies applied to a detached house is tested with the 

computer energy simulation program CALPAS3. Among several available weather files 

from CALPAS3 the generic hot -humid weather file was selected for being the closest to Sao 

Paulo climate. 

The data for temperature and humidity from the generic hot -humid climate file are 

within a range of temperatures and humidities equivalent to extreme conditions in Sao Paulo. 

The next chart shows the comparison between the warmest and coldest WBT registered in 

São Paulo in a period of thirty years (period of 1961 -1990 /source: Instituto Nacional de 

Meteorologia - INMET) and the average maximum and minimum WBT of the hot -humid 

generic climate (max -HH and min -HH). 
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FIGURE 7.3 - Comparison between hot -humid and Sao Paulo climatic data 
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For this analysis the actual data from a detached house project is used in the computer 

simulations. It is assumed that air -conditioning equipment is been used in the house to keep 

the temperature around 24 °C (thermal neutrality) at all times. The result of energy 

consumption for cooling and heating from these simulations constitutes the bases for the 

energy analysis. 

Passive Solar strategies are added to the detached houses and new simulations are 

performed. The results from these new computer simulations are then compared to the results 

from the basic house project 

A reduction in the energy consumption (space conditioning loads) indicates that the 

house needs less mechanical equipment to maintain the ideal temperature, thus the passive 

strategy is effective to enhance the indoor comfort. 

The parameters for the simulation are described in Appendix 5. 

7.3.1 PROJECT DESCRIPTION 

The project selected for the simulations is a 39.56 m2 (6.29 m x 6.29 m) detached 

house designated to families with household income up to 300 dollars /month. This is the 

standard housing model most built by the state company CDHU (Companhia de 

Desenvolvimento Habitacional e Urbano do Estado de São Paulo), according to the book of 

building typology of the company (Tipologia das Edificaçóes, CDHU, 1996). 

The average lot size has a frontal edge of 9.40m and a lateral edge of 19m (178.6 m2). 

The minimum required distances from the lot lateral and frontal edges are 1.5m and 3.5m 

respectively. 
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The house consists of two bedrooms, bathroom, kitchen and living room, with a 

space in the lot for extension of two more rooms on the owner expenses. 

Floor Plan 

FIGURE 7.4 - Floor Plan - Original design 
Source: Tipologia das Edificaçôes (CDHU, 1996) 

2 ] i Si, 
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FIGURE 7.5 -Section - Original design - Source: Tipologia das Edificaçóes (CDHU, 1996) 

The construction materials utilized are the most available and inexpensive at the site. 

Commonly two methods are selected for the walls: 

concrete blocks (CMU) with an outside layer of cement stucco or 

two cells deep clay brick with outside and inside cement stucco 

Other construction materials are designated as follows: 

ROOF - clay tile roof over wood structure. This type of roof presents a high rate of 

infiltration through the tiles which can be an asset for hot -humid climates but not for a 

cold climate location such as Sao Paulo. In this case the infiltration should be controlled 

to prevent the heat from escaping through the clay tiles. The overhangs are about 0.40 m 

in depth which is enough to shade the windows of the north façade in the summer, 

because of the high solar altitude in this season 

WINDOWS - single glass is applied in all windows. The bedroom window type is 

generally vertical sliding with outside aluminum shutters. These shutters are ventilated, 

being used generally at night for security purposes. The other windows of the house are 

generally specified as louver type also for security purposes. This type of window 
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presents a high rate of infiltration 

EXTERIOR DOOR - this door is made of aluminum and single glass in order to 

accommodate the requirements for natural lighting 

FLOOR - floors are made of 0.10m concrete slab, finishing materials are generally 

placed later on the owner expenses 

The building code in Sao Paulo requires that the minimum areas for natural lighting 

and ventilation in the major rooms (kitchen, living and bedrooms) are equivalent to 30% and 

15% of the floor area respectively. In the transitory rooms (bathrooms) the requirement for 

natural lighting and ventilation is equivalent to 20% of the floor area. In low income housing 

these areas are generally calculated at the minimum requirement because of the high costs of 

fenestrations when compared to walls. 

In general the orientation for sun and winds of the lots in the settlements are not a 

concern as shown in the next figure. 

FIGURE 7.6 - Housing settlement in the countryside of São Paulo State (CDHU, 1996) 
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In summary the attempts to improve the thermal comfort of the detached house 

focuses on: 

in the warm season (from December to February): 

improve the ventilation across the house 

provide thermal insulation for the building envelope 

in the cold season (from June to August) 

increase the solar gain through windows 

increase heat storage 

provide thermal insulation for the building envelope 

control infiltration 

From now on the detached house will be called DET -1. 

7.3.2 IMPROVEMENT OF THERMAL COMFORT WITH LOW -COST STRATEGIES 

In the next sections, the major problems of DET -1 are addressed with solutions that 

would represent minimal or no additional cost to the house. The suggested materials are those 

available at the site or those that have been already used by the company (CDHU) in other 

design typology according to the book of typologies of the company (Tipologia das 

Construçóes, 1996). 

7.3.2a MATERIALS UTILIZED TO BUILD THE WALLS 

The first series of simulations examines the performance of three construction 
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materials utilized to build the walls: 

concrete block (CMU) +1 layer - this material has a low thermal resistance. One cement 

stucco layer (thickness 1") is placed on the outside face of the wall ameliorating its 

thermal quality (U =2.56 W /m2K). 

concrete block (CMU) + 2 layers - this simulation shows how an additional inside layer 

of cement stucco(thickness 1" on the inside plus 1" on the outside) improve the 

insulation of the concrete block(U =2.33 W /m2K). 

clay brick - the thermal resistance of this material is higher than the concrete block. The 

wall receives yet two layers of cement stucco (1" on the outside plus 1" on the inside) 

what improves its insulation (U =1.99 W /m2K). 

MATERIAL OF THE s F cool +heat 

CMU + 1 layer stucco 

CMU + 2 layers stucco 

clay brick + 2 layers 
stucco 

cooling heating 
% say. % say. % say. 

Kbtu Kbtu Kbtu 

30432 45099 75531 

29743 2.26 43507 3.53 73250 3.02 

28694 5.71 41120 8.82 69814 7.57 

The clay brick with two layers of stucco performs better than the concrete block, even 

when two layers of stucco are applied to it. Compared to the concrete block with one layer of 

stucco, this material can reduce the cooling loads by 5.71% and the heating loads by 8.82 %. 

Thereafter DET -1 for the next simulations is the original detached house design with walls 

made of clay brick with two layers of stucco. 
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7.3.2b SHAPE AND ORIENTATION 

The rectangular shape with east -west axis and the façade with larger glass area facing 

north are the most favorable characteristics for buildings in Sao Paulo. This shape and 

orientation allow the access of solar heat in the coldest months, while providing an easy solar 

control in the hottest months. In addition the building benefits from the prevailing summer 

winds from northwest. For the same reasons, in detached housing settlements the largest edge 

of the lot should face north. This design permits solar access, even in case of an extension of 

the house. 

Regarding the distribution of internal spaces and considering a future extension of 

the house, it is recommended that the bedrooms face north. Ideally kitchen and living 

room should be facing the morning and afternoon sun, respectively. The opposite 

orientation would leave a bedroom totally on the south façade, which is unfavorable and 

unhealthy in a cold and humid climate such as Sao Paulo because of mildew 

accumulation. The position of windows is changed to increase solar gain as explained in 

the next section. 

7.3.2c SOLAR GAIN 

In order to increase direct solar gain all bedroom windows are placed on the north 

façade. The kitchen window in the future extension is also recommended to be facing east or 

west according to the lot position. Changing the orientation of the bedroom window to the 

north façade results in three improvements: 

increase solar gain through north facing glass 
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decrease solar exposure of glass to the harsh afternoon sun 

increase ventilation through the house once the window is placed in the high pressure 

zone of the prevailing summer winds. 

When compared to DET -1, this modification on the position of one window shows an 

improvement for cooling and for heating. 

SPACE CONDITIONING LOADS TOTAL 
INCREASE OF cooling heating cool +heat 
SOLAR GAIN % say. % say. % say. 

Kbtu Kbtu Kbtu 

DET -1 28694 41120 69814 

bedrooms oriented north 28339 1.24 40897 0.54 69236 0.83 

The solar gain through the north façade windows can be controlled with appropriate 

sized overhangs. As shown in Chapter III-Solar Geometry, the overhangs can be calculated 

as: 

Ph = Sh x Cote 

Tane = TanAL / Cos(AZsun - AZwindow) 

Where: Ph = horizontal projection 

Sh = specified shadow height 

Solving for November 15, we have: 

AL = 72.77° 

AZsun and AZwindow = O 

Sh = 1.60 m 

FIGURE 7.7 - Shading from overhangs 
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Then 

TanS2 = Tan72.77 / Cos(0-0) 

TanQ = 5.34 

Ph = 1.60 x 0.187 

Ph = 0.30 m 

The overhang of DET -1 in the north façade is 0.40 m. The size of overhang is 

sufficient to shade the windows from beginning of November to the end of February. 

From now on this modified DET -1 will be called BASECASE. This basecase is 

the original detached house, with walls made of clay brick with two layers of stucco and 

bedroom windows oriented due north. The next strategies are applied to the basecase. 

Floor Plan. 
Basecase 

FIGURE 7.8 - Basecase floor plan 

N 



135 

Section AA Samoa 

FIGURE 7.9 - Orientation for basecase based on solar position and wind direction 

7.3.2d COLOR OF THE WALLS 

The color of a surface influences its capacity to absorb or reflect heat, simplistically 

dark colors are absorptive and light colors are reflective. There is a great variation in colors of 
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walls in the housing developments in this study. The basecase walls were first simulated 

with a medium color (absoptivity =0.5). As a reference for this simulation, the absorptivity of 

white color walls equals 0.25 and the absorptivity of black color equals 0.94. Two 

simulations were conducted alternating the color of the walls, first with a darker color 

(absorptivity =0.7) and second with a lighter color (absorptivity =0.3). The darker color 

increased the loads for cooling by 5% and decreased the loads for heating by 1 %. The lighter 

color is more advantageous representing a decrease of 5% for the cooling loads and an 

increase of 1% in the heating loads. The changing in color do not add cost to new 

constructions. 

LOW -COST SPACE CONDITIONING LOADS TOTAL 
STRATEGIES 
APPLIED ON THE cooling o/o say. BASECASE Kbtu 

Basecase (medium color) 28339 

heating 
Kbtu 

40897 

% say. 
cool +heat 

Kbtu 

69236 

% say. 

walls with light color 26889 5.12 41386 -1.20 68275 1.39 

These results show that light to medium colors perform better in this climate than 

dark colors because of the considerable requirements for cooling in the warm season. 

7.3.2e INFILTRATION 

The infiltration rate through the basecase is assumed to be ACH =3.0. In order to 

simulate a reduction in the infiltration through windows this value was lowered to ACH =2.0. 

This reduction can be accomplished by placing weather strips and gaskets around doors, 
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windows and electric outlets. Ideally windows types such as louvered glass should not be 

selected for this kind of climate, however the problem with safety has to be taken into 

account. The infiltration through the roof clay tiles is not reduced at his point. 

LOW -COST 
STRATEGIES 
APPLIED ON THE 
BASECASE 
basecase 

reduced infiltr 

SPACE CONDITIONING LOADS TOTAL 

cooling 
Kbtu 

28339 

% say. 
heating 

Kbtu 

40897 

% say. 
cool +heat 

Kbtu 

69236 

% say. 

alinallall 8.20 

Controlling the infiltration rate represents a great improvement for the cold season 

because the escape of internal heat from cooking, solar gain and domestic appliances is 

minimized. 

7.3.2f THERMAL INSULATION AND HEAT STORAGE 

In order to provide thermal insulation to the building envelope, we should consider its 

major components: roof, walls, perimeter slab and windows. The following chart shows the 

conduction through the basecase building envelope components. 



CONDUCTION ANALYSIS FOR BASECASE 

glass 
5% 

door 
0% 

perimeter slab 
18% 

roof 
30% 

walls (clay 
brick) 
47% 

FIGURE 7.10 - Conduction analysis for basecase 

BUILDING A 
ELEMENT area m2 

roof 42.26 

:walls (clay 
brick) 
door 

65.72 

0.56 

glass 6.66 

perimeter slab 25.16 

U -VALUE 
W /m2k q =A *U % 

2.95 124.81 29.08 

1.99 130.65 30.44 

5.68 3.18 0.74 

6.30 
._.. 

42.00 9.78: 

5.11 128.62 29.96 
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Although the utilization of double glass is significant in the reduction of heat gain and 

loss through windows, it is not considered at this point because of its high price. The 

strategies for thermal insulation and heat storage concentrate on the roof, walls and slab 

perimeter. In this section we examine the utilization of a common flat ceiling (pine tongue in 

groove) and earthberms. The utilization of traditional insulation materials is examined in 

section 7.2.3h. 

ROOF 
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The single roof is converted into a vented attic space roof. The suggested material for 

the new flat ceiling is pinewood detailed in tongue in groove. This material has been already 

used in other typologies in the same region. The ventilated space between the pine ceiling 

and the clay tiles provides an additional 15% to the total resistance of the roof. Furthermore 

the infiltration is reduced (assumed value: ACH =2.0). 

The vents provided for air circulation consist in screen blocks on the east and west 

walls, protected with screens to prevent birds and insects access into the attic space. These 

vents should be opened in summer and closed in winter. 

Furthermore this new flat ceiling reduces the house volume and the infiltration rate 

through the clay tiles. 

LOW -COST 
STRATEGIES 
APPLIED ON THE 
BASECASE 
basecase 

vented attic space 

SPACE CONDITIONING LOADS TOTAL 
cooling heating cool +heat 

Kbtu % say. Kbtu % say. Kbtu % say. 

28339 40897 69236 

24118 14.89 30600 25.18 54718 20.97 

The vented attic strategy greatly reduces the loads for cooling and for heating. In 

one story house any improvement on the roof is significant to enhance the thermal 

comfort. Additionally it is more cost -effective than improvements in other building 

envelope components. 

WALLS AND SLAB PERIMETER 

A great amount of heat is lost through the slab perimeter. Part of the basecase 
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walls and slab perimeter can be insulated with earthberms (0.60m x 0.60m) placed on the 

north, east and west façade. Besides adding insulation, the earthberms add thermal mass 

to the walls, working as heat storage. Earth is material largely available and virtually cost 

free. However the impermeability of the walls is an important consideration due to high 

humidity and precipitation in the city. The performance of this strategy is very 

satisfactory for cooling and for heating as shown in the next table. 

LOW -COST 
STRATEGIES 
APPLIED ON THE 
BASECASE 

basecase 

SPACE CONDITIMING LOADS TOTAL 

cooling heating cool +heat 

Kbtu % say. Kbtu % say. Kbtu % say. 

28339 40897 69236 

2 w __ e 1 5757 5.02 

FIGURE 7.11 - Earthberm and vented attic space (adapted from CDHU, 1996) 
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7.3.2g VENTILATION 

When openings are placed on the flat ceiling, the vents in the attic space can be used 

to create a stack effect to cool the house in the summer nights as shown in Figure 7.14. In 

addition, this strategy can increase the wind velocity inside the house and help to cool the 

inhabitants. 

LOW -COS 
STRATEGIES' 
APPLIED ONTI; 
BASECAS 

basecase 

vented attic s lace 

SPACE CONDITIONING LOADS TOTAL 

heating cool +heat 

Kbtu Kbtu 

40897 69236 

4718 20.97 

cooling 

Kbtu 

28339 

% say. % say. % say. 

vented attic space +'stack 
23936 effect 15.54 30614 25.14 54550 21.21 

The effectiveness of this strategy is shown in the next paragraphs. The equations here 

presented were explained in Chapter IV- Thermal Comfort. The calculations were made 

considering the summer month of December. For this calculation the indoor temperature 

for December (34 °C) was obtained from the computer simulation. The average outdoor 

temperature for this month is 26 °C. 

1. WIND VELOCITY AT THE WINDOWS HEIGHT 

The wind velocity at the windows height is 1.28m/s, as shown in Appendix 3. The wind 

direction is NW (values used for reference in this study only, the factual values should be 

taken at the site). The inlet and outlet openings are considered without obstructions. 



142 

2. VENTILATION HEAT FLOW 

The ventilation heat flow is found as: 

Qv = qv x OT 
J/s = J/sdegC x °C 

Where: qv = specific ventilation heat flow rate, W /degC 

AT = outside temperature - inside temperature (34 °C - 26 °C = 8 °C) 

The specific ventilation heat flow rate (qv) of the building is expressed as: 

qv = 1200 x F 

J/ s degC = J /m3degC x m3 /s 

Where:1200 = volumetric heat capacity of moist air, J /m3degC 

F = air flow rate, m3 /s 

The air flow rate (F) can be calculated as: 

F = 0.30 x R x A x w (oblique winds) 

mals = x X m2 x m/s 

Where: F = air flow rate through building openings, m3 /s 

R = factor for relative inlet/outlet areas, dimensionless (Table 4.1) 

A = free area of inlet openings, m2 

w = wind speed at the inlet height, rn/s 

0.30 = Opening effectiveness 

For DET -1: 

Area of inlets: 1.32 m2 (1 WINDOW AT NORTH SIDE) 

Area of outlets: 4.22 m2 
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F=0.30x 1.35 x 1.32m2x 1.28 m/s 

F = 0.68 m3/s 

qv = 1200 J / m3degC x 0.68 m3/s 

qv = 816 J / s degC 

Qv = 816 J / s degC x 8°C 

Qv = 6528 J / s 

For BASECASE: 

Area of inlets: 2.64 m2 (2 WINDOWS AT NORTH SIDE) 

Area of outlets: 2.90 m2 

F =0.30x 1.05 x2.64m2x 1.28 m/s 

F = 1.06 m3 /s 

qv = 1200 J /m3degC x 1.06 m3 /s 

qv = 1272 J /sdegC 

Qv = 1272 J / s degC x 8 °C 

Qv = 10176J /s 
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Floor Plan 
Basecase 

FIGURE 7.12 - Ventilation through basecase 

For BASECASE WITH OPENINGS AT FLAT CEILING: 

Area of inlets: 2.64 m2 

Area of outlets: 2.90 m2 

Gable opening: 0.18 m2 each side 

F =0.30x 1.05x2.64m2x 1.28m/s 

F = 1.06 m3 /s 

The air flow due to stack effect is calculated as: 

Fst = C x A x {h x (Ti - To) / Ti}" 
m3/s = - x m2 x {m x (°C) / °C}o.s 

Where: 

C = 0.116 constant of proportionality (65% effective) 

A = free area of inlets, m2 

h = vertical height difference between the center of the inlet an the center of the outlet, m 
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Ti = indoor temperature, °C 

To = outdoor temperature, °C 

Fst = 0.116 x 2.64 m2 x { 1.85m x (34 °C - 26 °C) / 34 °C 1" 5 

Fst = 0.20 m3 /s 

The air flow resulting from the wind through the windows and stack effect is 

calculated as: 

Ftotal = -\/ F2 + Fst 
2 

F = airflow rate through building openings, m3 /s 

Fst = airflow rate through stack effect, m3 /s 

Ftotai = (1.06 m3 /s)2 + (0.20 m3 /s)2 

Ftotai = 1.08 m3 /s 

1200 J /m3degC x 1.08 m3 /s 

1296 J / s degC 

1296 J / s degC x 8 °C 

10368 J / s 

qv = 

qv = 

Qv = 

Qv = 

VENTILATION 

DET -1 

Basecase 

Basecase + stack 
effect 

Air flow rat 
(m3 /s) 
0.68 

1.0 

1.08 10368 59 % 

The results show a considerable increase in the air flow rate through the house 
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when both bedroom windows are placed in the high pressure zone, oblique to the wind 

direction. Consequently the heat removal by convection and the distribution of this air 

flow inside the house is also ameliorated. With the stack effect the air flow is a little 

higher than before. These strategies for ventilation add a small cost to the construction 

due to the addition of two openings at the ceiling. 



Floor Plan 
Basecase 

FIGURE 7.13 - Ventilation through basecase with openings at ceiling 

Section 
3 

(summer days) Section 
? 3 

FIGURE 7.14 - Ventilation through basecase with stack effect 
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er nights) 
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7.3.2h COMBINATION OF LOW -COST STRATEGIES 

When all previously suggested low -cost strategies are combined and applied to the 

basecase, the results represent a notable thermal improvement both for the warm and for the 

cold season. The combined strategies on the basecase are: 

Walls painted with light colors (absorptivity- -0.3) 

Reduced infiltration through windows, door and roof, decreasing the heat loss in the cold 

season (ACH =1) 

Earthberm (0.60m by 0.60m) on north, east and west side, working as thermal insulation 

and heat storage for the walls and perimeter slab 

Vented attic space with opening at the flat ceiling which increases the thermal insulation 

of the roof in the winter and the ventilation through the house during summer 

The following table shows all the strategies applied alone and in combination. 

LOW -COST 
STRATEGIES 
APPLIED ON THE 
BASECASE 
basecase 

walls with darker colors 

walls with lighter colors 

earthberm W, N, E 

reduced infiltration 

vented attic space 

vented attic space + Stack 

effect 

Combinao tn coir 
.., ... 

SPACE CONDITIONING LOADS 

cooling 
Kbtu % say. 

heating 
Kbtu % say. 

TOTAL 

cool +heat 
Kbtu 

28339 40897 69236 

29821 -5.23 40443 1.11 70264 

26889 5.12 41386 -1.20 68275 

28011 1.16 37746 7.70 65757 

27541 2.82 36018 11.93 63559 

24118 14.89 30600 25.18 54718 

23936 15.54 30614 25.14 54550 

5735 

% say. 

-1.48 

1.39 

5.02 

8.20 

20.97 

21.21 

33 .94 
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The combination of low -cost strategies represents a significant improvement for the 

basecase. The cooling load was reduced by 23% and the heating loads by 41 %. Many other 

low cost strategies can be applied to this project making it more comfortable for the 

inhabitants. These strategies are conditioned to the available natural and financial conditions 

of the region. 

7.3.2i APPLICATION OF CONVENTIONAL INSULATION MATERIALS 

In order to determine optimum R- values (h ft2 °F/BTU or m2k/W) for the walls and 

roof of the detached house in this climate, a sequence of simulations was conducted. First the 

R- values of the basecase walls were substituted by common R- values of insulative materials. 

Then the same procedure was conducted with the roof. The chart with the results from these 

simulations can be used to compare the performance of roof and wall insulation. From the 

chart we can conclude that the application of insulation on the roof is more effective than on 

the walls. Regarding cost, the area of the roof is smaller than the area of the walls thus a 

lesser quantity of material is required for insulation. 
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FIGURE 7.15 - Analysis of optimum resistive insulation for basecase 
Conversion factor: W /m2K = 5.678 x BTU/ h ft2 °F 

The curve on the graphic indicating the reduction on the conduction loads indicates 

that insulation with resistance up to R -6 hft2 °F/BTU (R -1.06 m2K/W) are the most efficient 

for walls and roof. Insulation with R- values higher than R -7 hft2 °F/BTU (1.23 m2K/W) 

represents a small reduction in the loads for cooling and heating. 

For the next simulations an insulative material was added to the walls and then to the 

roof, in order to result in a resistance around R -1.06 m2K/W. The cellulose from recycled 

newspaper was selected for its low environmental impact and high resistance 

(R -0.26 m2K/W per cm). The results show that the addition of insulation inside the brick 

holes (2.5cm blown -in cellulose) and on the flat ceiling (2.5cm cellulose in container) is 

effective and the performance of the insulated roof is superior to the performance of the 

wall insulation. 
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INSULATION 
SPACE CONDITIONING LOADS TOTAL 

MATERIALS cooling 
% say. 

heating %sav, cool +heat %say. 
Kbtu Kbtu Kbtu 

basecase 28339 40897 alla 69236 

wall insulation 24844 12.33 32962 19.40 57806 16.51 

roof insulation 19759 30.28 25556 37.51 45315 34.55 

The next results show the addition of insulation to the basecase. This addition is 

explained as follows: 

Combined 1 - combination of low -cost strategies. 

Combined 2 - combination of low -cost strategies plus insulation applied to the roof 

Combined 3 - combination of low -cost strategies plus insulation applied to the walls and 

roof 

INSULATION 
MATERIALS 

basecase 

Combined 1 

Combined 2 

omine 

SPACE CONDITIONING LOADS TOTAL 

say. 
heating 

% say. 
cool +heat 

% say. 
Kbtu Kbtu 

cooling 
Kbtu 

28339 

21755 23.23 

17438 8.47. 

40897 69236 

23980 41.36 45735 33.94 

18969 53.62 36407 47.42 

12062, _70.51 26807á '` 61.28 

7.3.2j OUTDOOR AND INDOOR TEMPERATURES 

In order to compare the thermal comfort of the original house (DET -1) and the 

modified houses (combined 1, 2 and 3), computer simulations were conducted assuming a 

house without mechanical equipment for heating or cooling. The values for comparison are 
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the temperatures inside the house, once the outdoor temperatures remain constant in all the 

simulations. The indoor temperatures for Sao Paulo were obtained by adding the difference 

between outdoor and indoor temperature of the hot -humid generic climate from CALPAS3 

into the outdoor temperatures for Sao Paulo: 

Hot -humid outdoor temperature - hot -humid indoor temperature = AT 

Sao Paulo outdoor temperature + AT = Sao Paulo indoor temperature 

The results in the next charts show a significant improvement in the low indoor 

temperatures in the cold months with the application of passive solar design. The results for 

the high temperatures are not notable. However once the ventilation across the house is 

ameliorated during the warm season, the heat is taken directly from the inhabitants, thus the 

comfort is improved. 
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FIGURE 7.16 -Outdoor temperatures compared to indoor temperatures in the case -study at different 

computer simulations. 
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CHAPTER VIII 

CONCLUSION 

This work investigates the application of a Passive Solar Design methodology into 

social housing developments at the city of Sao Paulo, Brazil, aiming the enhancement of 

thermal comfort in the dwelling units. 

The climate of Sao Paulo was analyzed and a base for determination of appropriate 

passive design strategies was generated according to specific weather conditions. The 

methodology was then applied to an existing low -income housing project. Computer 

simulations were conducted to analyze the thermal performance of both the original design 

and the modified design. The efficiency of each modification was measured by the energy 

consumption required to maintain the inside temperature of the house at a comfortable level. 

This report describes a combination of strategies that show a 23% improvement in the 

thermal performance of the redesigned house in the cooling season and a 41% improvement in 

the heating season. The selection of strategies was based on factual parameters of economical 

constraints and an estimated low budget was maintained. These strategies include basic 

concerns in the design process such as building orientation, relocation of windows position for 

optimized solar collection and ventilation, reduction of air leakage, use of appropriate colors 

for outside walls and use of earth for slab perimeter and wall insulation. 

The optimization of the thermal resistance of walls and roof with the application of an 
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insulative material to the original design was also analyzed. The results for wall insulation 

were 12% improvement in the cooling season and 19% improvement in the heating season. 

The results for roof insulation were 30% improvement in the cooling season and 37% 

improvement in the heating season. 

Finally, the combination of low -cost strategies plus wall and roof insulation resulted in 

47% improvement in the thermal performance of the redesigned house in the cooling season 

and 70% improvement in the heating season. 

The results obtained in this work demonstrate that Passive Solar Design methodology 

is a significant tool to improve the quality of low- income housing at a minimal or no 

additional cost to the construction. The principles of this approach, such as building 

orientation and location, involves common sense concerns that require no cost but 

considerations with local characteristics of site and climate. The impact of these principles is 

fundamental in the building thermal performance, and without them the efficiency of further 

improvements is compromised. 

A more detailed estimation of construction material prices in large scale developments 

should be considered in order to amplify the possibilities of thermal comfort enhancement in 

low -income houses. Further investigations should be conducted to promote the enlargement of 

passive and active use of natural energy as a substitute for non -renewable energy. These 

investigations can be a support for the process of quality improvement of social housing in 

Brazil towards the creation of sustainable communities. 
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APPENDIX 1 - SUN PATH FOR 24° SOUTH LATITUDE 

LATITUDE 24"SOUTH 3660 

180° 

Source: Koenigsberger, 1974 

ß° 
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APPENDIX 2 - INTERNAL HEAT GAIN 

Usage Patterns of Common Household Appliances 

1. Large Appliances: 
Range small low 334 

element high 1.325 
large low 626 
element high 2.350 

Oven bake 3,100 
broil 3,400 
self-clean cycle 

Microwave Oven 1.450 
Clothes Dryer 5.800 
Clothes Washer 540 
Dishwasher 
Water Cooler 
Freezer Chest 

Upright 
No-Frost 

Refrigerator 
Standard 12 cu.M 
Frost -Free 12 -15-19 cu.ft 
Frost -Free 22 -24 wilt 
Side- by-Side22 -25 cu.ft 

Water Heater 
Family of 2 4,500 watts 170 
Family of 4 4.500 watts290 

2. Small Appliances: 
Blender 400-650 
Clock 2 

1,380 
140 
15 -20-25 wilt 
15 -20-25 curt 
15-20 

Coffee Maker :Brew 
Warm 

Crockery Cooker 
Curling Iron 
Electric Blanket 
Fans Ceiling 

Oscillating 
Food Processor 
Garbage Disposal 
Grill 
Hair Dryer 600,1200 
Hair Setter850 
Hand Mixer 
Humidifier 
Iron 
Mixer 
Rotisserie 1,650 

1,500 
100 
200 
40 
190 
60-100 
47 
450 
390 
1,500 

125 
115 
1,200 
175 

1 hr/day 
i hr/day 
1 hrlday 
1 hr/day 71 
4 hrAreek 53 
4 hrMreek 58 
2 hr/month 5 
15 min/day 11 
1 hr/day 105 
1 hr/day 14 
1 hr/day 35 
Conünuous42 

85-100-120 
95-110.140 

140-150 

55 
100. 115.135 

145-165 
190 -210 

Summer Winter 
225 
390 

5 min/day 1.5 
24 hr/day 1.5 
10 min/day 8 
4 hr/day 12 
18 hrAveek 13 
15 min/day 0.3 
4 hr/day 23 
4 hr/day 7-12 
4 hr/day 5.6 
2 hrMweek 4 

5 rttiNday 1 

30 min/day 22.5 
30 miNday 9-18 
20 min/day 8.5 
30 min/week 0.3 
4 hr/day 14 

20 min/day 12 
30 mirNweek 0.4 
2 hr/day 13 

... Small Appliances 
Skillet 
Toaster 2 -4 ace 
Toaster Oven 
Toothbrush 
Vacuum Cleaner 
Vaporizer 
Wattre ion 1,200 
1Naler Bed Heater 

(Continued): 
1,350 
900 -1,600 
1.100. 1,50030 
2 
1,140 
650 

2 hr/day 80 
5 mit/day 2.5-4 
mWday 16-22 
5 min/day 0.005 

30 minAveek 2.5 
10 hr/month 6.5 
30 min/week 24 

400-600 Seasonal 75-145 
3. Home Office Equipment : 

Answer Machine 30 
Calculator Handheld 2 

DeskType 14 
Printing 70 

Fax Machine Standby 84 
Receiving/send 156 

Home Computer 180 -460 
Printer Standby 24 

Printing 480 
Typewriter 120 1 hr/day 
4. Shop Equipment 
Bench Grinder % hp 271 
Drill W -W 218 -360 
Power Saw circular 8W 860 
Radial arm 10" 1,100 
Sander Belt lhp -pad %hp 900 -240 5 min/day 
Soldering Gun 140 
S. Entertainment and Recreation: 
Amplifier. small 20 
Aquarium Filter Pump 3-7 
Cable Converter 18 
Portable Radio 10 
Recorder/rape Player 120 
Satellite Dish 60 
VCR 40-100 
Pool or Spa: Pump Get from Site Form 5 

Heater Get from Site Form 5 
Television S.S. Tube S.S. 

Continuous22 
Cont. Charger 1.4 

30 miNdey 0.2 
30 min/day 1 

Continuous 38 
1 hr /day 3 
2 hNday 11 -28 
9 hr /day 5 
1 hr/day 10 
3.6 

5 min/day 0.7 
5 mintday 0.5-0.9 
5 min/day 2.2 
5 min/day 2.8 
2.2-2.8 
5 min/day 0.4 

1 hr/day 0.6 
24 hr/day 2.0-5.0 
24 hr/day 13 
1 hr/day 0.3 
1 hr/day 3.6 
Continuous 43 
3 hr/day 4-9 

Tube 
BMW 12" 37 120 4 hr /day 10 14 

19" 75 190 4 hr /day 9 23 
Color 12 -16" 90 230 4 hr /day 11 31 

18-25' 150 340 4 hr /day 18 42 

Adapted from Tucson Elctric Power Company Publications 

Source: Chalfoun, 1997 

HEAT OUTPUT OF HUMAN BODIES TOTAL (WATTS) 
Seated, at rest 115 
Sedentary work 140 
Seated, eating 150 
Slow walking 160 
Light bench type work 235 
Medium work 265 
Heavy work 440 
Heavy work, exercise (gymnasium) 585 

Source: Szokolay 1987 
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APPENDIX 3 - CALCULATION OF WIND SPEED AT A REFERENCE HEIGHT 

u /um= k(z/zm)a 

Where: 
u = wind velocity at given height z (fpm) 
um = wind velocity measured at 33 ft (fpm) 
k and a = terrain roughness parameters (from Cook, 1989, 48) 
z = given heigt 
zm = height at the measurement station (33ft) 

Calculation for São Paulo: 
values for rural or suburban: k =0.85 a =0.20 
z = 4 ft (windows height) 
Conversion from m/s to ft /min: multiply by 196.85 
average yearly wind velocity in São Paulo = 2.3m/s = 2.3 m/s x 196.85 = 453 ft/min 

u / 453 = 0.85 (4 / 33)0.20 = 252 ft / min 
252 ft/min / 196.85 =1.28 m/s 

SURFACE ROUGHNESS PARAMETERS 
Terrain k a 
Ocean or >5 km expanse of water 1.3 0.1 

Flat terrain with isolated, well separated 
buildings or trees 

1.00 0.15 

Rural or suburban 0.85 0.20 
Urban or industrial 0.67 0.25 
Center of large city 0.47 0.35 

(Source: Cook, 1989, 48) 
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APPENDIX 4 - REFLECTANCE FROM SURFACES 

Percentage of Solar Radiation Reflected by some substances 

PAVING MATERIALS VEGETATION 

Brick, common, light red 0.45 Grass, green, after rain 0.33 

Brick, common, red 0.32 Grass, high and dry 0.33 - 0.31 

Tile, clay, machine made, red 0.36 

Tile, clay, machine made, dark 

purple 
0.19 OTHERS 

Tile, clay, hand made, red 0.40 Desert ground surface 0.25 
Tile, clay, machine reddish brown 0.31 Sand, dry 0.18 
Tile, concrete, uncolored 0.35 Sand, wet 0.09 
Tile, concrete, brown 0.35 Sand, white, powdered 0.66 
Concrete block 0.40 Water 0.06 

Wood, pine 0.40 

Asphalt pavement 0.07 

IF MATERIAL IS NOT LISTED ABOVE 

White, smooth surfaces 0.75 - 0.60 
Gray to dark gray 0.60 - 0.50 
Green, red, brown 0.50 - 0.30 
Dark brown to blue 0.30 - 0.20 
Dark blue to black 0.20 - 0.10 

Source: Chalfoun, 1997 
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APPENDIX 5 - PARAMETERS FOR COMPUTER SIMULATIONS 

BUILDING 
ELEMENT 

AREA 
m2 

MATERIALS (U- values) W /m2.k 

CMU +llayer stucco 2.56 

NORTH CMU +2Iayers stucco 2.33 

wall (DET1) 15.03 clay brick +2layers stucco 1.99 
wall (basecase) 13.93 clay tiles 2.95 
window 1N 1.32 clay tiles +attic space 2.10 
window 2N 
(BASECASE ONLY) 

1.32 single glass 6.30 
Earthberms 
(60cm x 60 cm) 

3.15 
ROOF -N 21.13 

EAST metal (door and shutter) 5.68 

wall 17.49 perimeter slab 5.11 

window lE 1.10 outside air 22.72 

window 2E 
(DET1 ONLY) 

1.32 inside air 8.35 

SOUTH VOLUME (m3) 126.61 

wall 13.09 

window 1S 1.12 INFILTRATION ACH 

window 2S 1.10 DET1 AND BASECASE 3.00 

window 3S 0.48 reduced through windows or roof 2.00 

door (metal) 0.56 reduced through windows and roof 1.00 

ROOF -S 21.13 ABSORPTIVITY OF THE WALLS ABS 

WEST DET1 AND BASECASE 

wall 20.13 medium color 0.50 

perimeter 25.16 light color 0.30 

dark color 0.70 

INTERNAL HEAT GAIN Watts hours /day Wh 
family of 4 (140W /person) 560.00 12 6720.00 
5 lights incand. (60W /light) 300.00 6.00 1800.00 
refrigerator 55 KW /month 1833.00 1833.00 
appliances 120.00 10.00 1200.00 
cooking (2200 W) 2200.00 2.00 4400.00 
TOTAL 15953.00 
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APPENDIX 6 - OUTPUT REPORT FROM COMPER SIMULATIONS 

SIMULATION OF DET1 

Detached House (det 1) BY:Ina' 

Somewhere in hot -humid climate 

CALPAS3 V3.12 License: PCO201 

Weather: HOTHUMID.GMY (Hot humid generic) 

S U M M A R Y Run period: JAN -01 - DEC -31 Conditioned floor area: 426 sf 

SPACE CONDITIONING LOADS Run totals Peaks 

kBtu kBtu/sf kBtuh 

House 
Cooling 28694 67.368 36.018 
Heating 41120 96.542 53.241 

ENERGY CONSUMPTION 

Electricity 

House cooling 
House heating 

Total 

Building total 

Run totals Peaks 

Prop line Source 
kWh; kBtu kBtu /sf kBtu /sf kW; kBtuh 

-1 -1.000 -1.000 
5792 46.414 139.243 

-1 -1.000 -1.000 

-1.000 -1.000 

-1.000 
7.500 

Note: CALPAS3 is the property of and is licensed by Berkeley Solar Group, 3140 
Martin Luther King Jr. Way, Berkeley, CA 94703 (415 843 -7600). Correct applica- 
tion and operation of CALPAS3 is the responsibility of the user. Actual building 
performance may deviate from CALPAS3 predictions due to differences between 
actual and assumed weather, construction, or occupancy. CALPAS3 is certified 
for California energy code compliance when used in accordance with the BSG 
publication "Using CALPAS3 with the California Residential Building Standards." 

Run: a:case -one.txt 001 14- DEC -98 13:00:25 Page 1 of 5 

Detached House (Case -study 1) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

M O N T H L Y H O U S E E N E R G Y B A L A N C E (kBtu; + into house) 

GAINS & LOSSES TRANSFERS 

MON COND SHCND INFIL SLR INT STRG RB +SS VENT COOL HEAT 
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JAN -7840.1 -3479.9 866.48 1692.8 0.94 -498.79 0 9258.5 
FEB -6011.8 -2878.5 932.76 1529.0 -1.52 -883.34 0 7313.5 
MAR -3864.2 -2298.7 1144.0 1692.8 -3.72 -1723.5 0 5053.3 
APR 260.04 -966.92 1272.2 1638.2 -27.4 -3537.3 0 1361.5 
MAY 2053.3 -403.27 1146.8 1692.8 8.97 -1143.9 -3355.0 0 

JUN 3715.9 344.43 1026.3 1638.2 -15.6 -482.01 -6227.0 0 

JUL 4403.8 582.49 1007.6 1692.8 6.40 -325.43 -7367.8 0 

AUG 4567.7 671.11 951.02 1692.8 -3.42 -327.76 -7551.5 0 

SEP 2236.6 -51.897 921.17 1638.2 9.39 -560.54 -4193.0 0 

OCT -1366.1 -1311.1 1127.7 1692.8 26.5 -2625.1 0 2454.7 
NOV -4445.2 -2265.5 936.86 1638.2 -0.87 -1291.6 0 5428.0 
DEC -8568.9 -3739.4 886.97 1692.8 0.88 -522.87 0 10251 

TOT -14859 -15797 12220 19932 0.56 -13922 -28694 41120 

M O N T H L Y C O N D I T I O N S (Units as shown) 

TEMPERATURES (F) WTHR (F; Btu /sf) PEAKS (kEtuh) 

MON THL THH THM TSL TSH TSM DBL DBH DBM SGL HSCL/DY HSHT/DY SSCL/DY SSHT/DY 

JAN 71 73 71 41 63 52 780 0 35.9 28 

FEB 71 73 72 45 64 54 1032 0 32.3 18 

MAR 71 76 72 50 70 59 1314 0 31.4 8 

APR 71 83 75 60 81 70 1757 0 18.3 11 

MAY 68 79 75 63 82 73 1919 -26.1 30 0 

JUN 76 79 78 73 88 80 1765 -31.7 18 0 

JUL 75 79 78 72 93 81 1748 -32.9 22 0 

AUG 74 79 78 71 95 82 1697 -36.0 5 0 

SEP 73 79 77 70 85 76 1447 -27.7 2 0 

OCT 71 82 75 57 79 67 1217 0 21.3 15 
NOV 71 76 72 49 72 59 905 0 32.1 30 
DEC 71 74 71 39 64 51 752 0 53.2 13 

TOT 72 78 75 58 78 67 1363 -36.0 53.2 

Run: a:case -one.txt 001 14- DEC -98 13:00:25 Page 2 of 5 

Detached House (Case -study 1) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

1 TITLE Detached House (Case -study 1) BY:Ina' 
2 SITE LOCATION= Somewhere in hot -humid climate 
3 AZMSOUTH 0; House (bedrooms) oriented due south 
4 GREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

5 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

6 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

7 assumed reflectivity value for semi urban landscape 
8 HOUT 4.00; average outside film coeff. 7.5 mph 
9 HOUSE FLRAREA= 425.93 VOL =4471 

10 ROOF AREA= 227.44 AZM =0 TILT =20 UVAL =0.52 ABSRP =0.64 ;& 

11 Red clay tile roof R =1 + ou /ins. air films 
12 WALL NAME =ROOF2 AREA= 227.44 AZM =180 TILT =20 UVAL =0.52 & 

13 ABSRP =0.64 INSIDE =AIR ;& 

14 same as above 
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15 WALL NAME =SOUTH AREA = 161.78 AZM =O TILT =90 & 

16 UVAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 

17 clay brick R =1.52 + 2 layers of 1" stucco R =0.4 + & 

18 ou /ins. air films, color white 
19 WALL NAME =WEST AREA= 188.15 AZM =90 TILT =90 & 

20 UVAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 

21 SAME AS ABOVE 
22 WALL NAME =NORTH AREA =140.9 AZM =180 TILT =90 & 

23 UVAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 

24 SAME AS ABOVE 
25 WALL NAME =EAST AREA = 216.57 AZM =270 TILT =90 & 

26 UVAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 

27 SAME AS ABOVE 
28 WALL NAME = MAINDOOR AREA =6 03 AZM =O TILT =90 & 

29 UVAL =1.0 ABSRP =0.6 INSIDE =AIR ;& 

30 Main door dark steel and glass R =1 
31 WALL NAME = PERSLBLOSS AREA =82.76 AZM =O TILT =O & 

32 UVAL =0.90 ABSRP =0.0 INSIDE =AIR ;& 

33 slab on grade with no slab edge insulation 
34 SLAB AREA = 425.93 THKNS =4 MATERIAL= CONC140 & 

35 HTAHS =1.5 RSURF =2.2 ;slab with no carpeting 
36 GLASS NAME =WIS1 AREA =14.21 AZM =O TILT =90 & 

37 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

38 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =O SCFSMR =1 ;& 

39 Bedroom window 
40 SGDISTWNTR AIR =0.4 SLB =0.6 
41 SGDISTSMR AIR =0.7 SLB =0.3 
42 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

43 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

44 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

45 Ground Reflectivity specific to window not available 
46 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

47 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

48 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

49 NO outside obstruction from trees or nearby buildings 
50 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

51 OHWD =1.64 OHLX =13.69 OHRX =3 OHFLAP =O & 

52 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

53 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
54 GLASS NAME =WIW1 AREA =14.21 AZM =90 TILT =90 & 

55 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

Run: a:case -one.txt 001 14- DEC -98 13:00:25 Page 3 of 5 

Detached House (Case -study 1) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

56 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

57 Bedroom window 
58 SGDISTWNTR AIR =0.4 SLB =0.6 
59 SGDISTSMR AIR =0.7 SLB =0.3 
60 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

61 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

62 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

63 Ground Reflectivity specific to window not available 
64 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

65 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

66 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

67 NO outside obstruction from trees or nearby buildings 
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68 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

69 OHWD =3.60 OHLX =13.69 OHRX =3 OHFLAP=O & 

70 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

71 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
72 GLASS NAME =WIW2 AREA =14.21 AZM =90 TILT =90 & 

73 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

74 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =O SCFSMR =1 ;& 

75 Living room window 
76 SGDISTWNTR AIR =0.4 SLB =0.6 
77 SGDISTSMR AIR =0.7 SLB =0.3 
78 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

79 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

80 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

81 Ground Reflectivity specific to window not available 
82 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

83 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

84 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

85 No outside obstruction from trees or nearby buildings 
86 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

87 OHWD =3.60 OHLX =3 OHRX =13.69 OHFLAP =O & 

88 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

89 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
90 GLASS NAME =WIN1 AREA =5.17 AZM =O TILT =90 & 

91 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

92 RSHTR =0.0 TRSHTR =1.0 SCFWNTR =O SCFSMR =1 ;& 

93 Bathroom window, no outside shading 
94 SGDISTWNTR AIR =0.4 SLB =0.6 
95 SGDISTSMR AIR =0.7 SLB =0.3 
96 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

97 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

98 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

99 Ground Reflectivity specific to window not available 
100 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

101 MAYSGF =1.0 JUNSGF=1.0 JULSGF =1.0 AUGSGF =1.0 & 

102 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

103 NO outside obstruction from trees or nearby buildings 
104 SHADING WHEIGHT =2.62 WWIDTH =1.97 OHDEPTH =1.32 & 

105 OHWD =1.64 OHLX =17 OHRX =1 OHFLAP =O & 

106 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

107 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
108 GLASS NAME =WIN2 AREA =11.84 AZM =180 TILT =90 

C & 

109 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

Run: a:case -one.txt 001 14- DEC -98 13:00:25 Page 4 of 5 

Detached House (Case -study 1) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate 

Line 

Weather: HOTHUMID.GMY (Hot humid generic) 

110 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

111 Kitchen window, no outside shading 
112 SGDISTWNTR AIR =0.4 SLB =0.6 
113 SGDISTSMR AIR =0.7 SLB =0.3 
114 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

115 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

116 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

117 Ground Reflectivity specific to window not available 
118 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

119 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 



120 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

121 No outside obstruction from trees or nearby buildings 
122 SHADING WHEIGHT =3.28 WWIDTH =3.60 OHDEPTH =1.32 & 

123 OHWD =1.64 OHLX =11 OHRX =5 OHFLAP =O & 

124 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

125 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
126 GLASS NAME =WIN3 AREA =12.06 AZM =180 TILT =90 & 

127 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

128 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =O SCFSMR =1 ;& 

129 Kitchen door, assumed value for glass 
130 SGDISTWNTR AIR =0.4 SLB =0.6 
131 SGDISTSMR AIR =0.7 SLB =0.3 

132 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

133 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

134 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

135 Ground Reflectivity specific to window not available 
136 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

137 MAYSGF =1.0 JULSGF=1.0 JULSGF =1.0 AUGSGF =1.0 & 

138 SEPSGF=1.0 OCTSGF=1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

139 NO outside obstruction from trees or nearby buildings 
140 SHADING WHEIGHT =4.61 WWIDTH =2.63 OHDEPTH =1.32 & 

141 OHWD =1.64 OHLX =13.69 OHRX =4 OHFLAP =O & 

142 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

143 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
144 INFIL ACBASE= 3.00;high infiltration through windows and roof 
145 INTGAIN INTGAIN =16 SCHED =RES AIR =0.5 SLB =0.5 ;& 

146 internal gain put to air and slab nodes [KWhr /day] 

147 VENT TYPE = Natural AINLET =29.82 AOUTLET =29.82 HDIFF =2 
148 TSTATSWNTR THEAT =71 TDSRD =73 TCOOL =150 THEATNIGHT =71 
149 TSTATSSMR THEAT =O TDSRD =77 TCOOL =79 THEATNIGHT =O ;& 

150 estimated values for comparisson of loads. 
151 WINDFACTOR 0.5; adjusted for a semi open site 
152 CHNGSEASON TYPE =DATE SUMMERBEG= MAY -01 SUMMEREND= SEP -30 
153 DAYTIMES WDBEG =8 WDEND =18 SDBEG =8 SDEND =18 
154 OPCOST ELPRICE =0.00 ACCOP =O & 

155 HEATING= ELECTRIC HTCOP =2.08 
156 WARMUP WUDAYS =7 WUCYCLES =1 
157 SOLARCALC FREQ = MONTHLY 
158 *END 

* ** No input errors. 

* ** Beginning simulation 14- DEC -98 13:00:27 

* ** Run complete. 

Run: a:case -one.txt 001 14- DEC -98 13:00:25 Page 5 of 5 
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SIMULATION OF BASECASE 

Detached House (BASECASE) BY:Ina' 

Somewhere in hot -humid climate 

CALPAS3 V3.12 License: PCO201 

Weather: HOTHUMID.GMY (Hot humid generic) 

S U M M A R Y Run period: JAN -01 - DEC -31 Conditioned floor area: 426 sf 

SPACE CONDITIONING LOADS Run totals Peaks 
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kBtu kBtu/sf kBtuh 

House 
Cooling 28339 66.535 34.943 
Heating 40897 96.017 53.226 

ENERGY CONSUMPTION Run totals Peaks 

Prop line Source 
kWh; kBtu kBtu /sf kBtu /sf kW; kBtuh 

Electricity 

House cooling -1 -1.000 -1.000 -1.000 
House heating 5761 46.162 138.486 7.498 

Total -1 -1.000 -1.000 

Building total -1.000 -1.000 

Note: CALPAS3 is the property of and is licensed by Berkeley Solar Group, 3140 
Martin Luther King Jr. Way, Berkeley, CA 94703 (415 843 -7600). Correct applica- 
tion and operation of CALPAS3 is the responsibility of the user. Actual building 
performance may deviate from CALPAS3 predictions due to differences between 
actual and assumed weather, construction, or occupancy. CALPAS3 is certified 
for California energy code compliance when used in accordance with the BSG 
publication "Using CALPAS3 with the California Residential Building Standards." 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 1 of 6 

Detached House (BEST ORIENTATION) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

M O N T H L Y H O U S E E N E R G Y BALANCE (kBtu; + into house) 

GAINS & LOSSES TRANSFERS 

MON COND SHCND INFIL SLR INT STRG RB +SS VENT COOL HEAT 

JAN -7864.9 -3479.6 939.47 1692.8 0.61 -497.62 0 9209.1 
FEB -6033.4 -2878.9 977.48 1529.0 -0.64 -864.86 0 7271.2 
MAR -3875.9 -2296.9 1145.0 1692.8 -4.09 -1689.4 0 5028.4 
APR 264.38 -961.99 1206.1 1638.2 -26.3 -3474.9 0 1354.9 
MAY 2043.4 -407.69 1055.7 1692.8 8.40 -1212.3 -3180.6 0 

JUN 3716.8 343.74 982.79 1638.2 -15.7 -478.07 -6187.5 0 

JUL 4400.9 581.54 977.91 1692.8 6.35 -332.72 -7326.9 0 

AUG 4556.8 669.67 908.46 1692.8 -3.26 -337.02 -7487.5 0 

SEP 2216.9 -53.335 926.88 1638.2 9.24 -581.23 -4156.7 0 

OCT -1394.6 -1311.9 1192.9 1692.8 26.3 -2646.5 0 2440.6 
NOV -4473.5 -2265.2 1017.2 1638.2 -0.92 -1299.6 0 5383.7 
DEC -8596.5 -3739.2 946.36 1692.8 0.72 -512.93 0 10209 

TOT -15040 -15800 12276 19932 0.69 -13927 -28339 40897 

M O N T H L Y C O N D I T I O N S (Units as shown) 
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TEMPERATURES (F) WTHR (F; Btu /sf) 

MON THL THH THM TSL TSH TSM DBL DBH DBM SGL 

PEAKS (kBtuh) 

HSCL/DY HSHT/DY SSCL/DY SSHT/DY 

JAN 71 73 71 41 63 52 780 0 35.9 28 

FEB 71 73 72 45 64 54 1032 0 32.3 18 

MAR 71 76 72 50 70 59 1314 0 31.2 8 

APR 71 83 75 60 81 70 1757 0 18.4 11 

MAY 68 79 75 63 82 73 1919 -25.2 10 0 

JUN 76 79 78 73 88 80 1765 -31.7 18 0 

JUL 75 79 78 72 93 81 1748 -31.9 22 0 

AUG 74 79 78 71 95 82 1697 -34.9 6 0 

SEP 73 79 77 70 85 76 1447 -27.6 2 0 

OCT 71 82 75 57 79 67 1217 0 21.3 15 

NOV 71 76 72 49 72 59 905 0 32.1 30 

DEC 71 74 71 39 64 51 752 0 53.2 13 

TOT 72 78 75 58 78 67 1363 -34.9 53.2 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 2 of 6 

Detached House (BEST ORIENTATION) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

1 TITLE Detached House (BEST ORIENTATION) BY :Ina' 
2 SITE LOCATION = Somewhere in hot -humid climate 
3 AZMSOUTH 0; House (bedrooms) oriented due south 
4 GREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

5 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

6 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

7 assumed reflectivity value for semi urban landscape 
8 HOUT 4.00; average outside film coeff. 7.5 mph 
9 HOUSE FLRAREA= 425.93 VOL =4471 

10 ROOF AREA= 227.44 AZM =O TILT =20 UVAL =0.52 ABSRP =0.64 ;& 

11 Red clay tile roof R =1 + in /out air 

12 WALL NAME =ROOF2 AREA = 227.44 AZM =180 TILT =20 UVAL =0.52 & 

13 ABSRP =0.64 INSIDE =AIR ;& 

14 same as above 
15 WALL NAME =SOUTH AREA = 147.57 AZM =O TILT =90 & 

16 WAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 
17 clay brick R =1 .52 + 2 layers of 1" stucco R =0.2x2 & 

18 + out /in air, medium color 
19 WALL NAME =WEST AREA = 216.57 AZM =90 TILT =90 
20 WAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 

21 SAME AS ABOVE 
22 WALL NAME =NORTH AREA =140.9 AZM =180 TILT =90 
23 WAL =0.35 ABSRP =0.5 INSIDE =AIR 
24 SAME AS ABOVE 
25 WALL NAME =EAST AREA= 202.36 AZM =270 TILT =90 
26 WAL =0.35 ABSRP =0.5 INSIDE =AIR ;& 
27 SAME AS ABOVE 
28 WALL NAME = MAINDOOR AREA =6.03 AZM =180 TILT =90 
29 WAL =1.0 ABSRP =0.6 INSIDE =AIR ;& 

30 Main door dark steel and glass R =1 
31 WALL NAME = PERSLBLOSS AREA =82.76 AZM =O TILT =0 
32 UVAL =0.90 ABSRP =0.0 INSIDE =AIR ;& 

33 slab on grade with no slab edge insulation 
34 SLAB AREA = 425.93 THKNS =4 MATERIAL= CONC140 
35 HTAHS =1.5 RSURF =2.2 ;slab with no carpeting 
36 GLASS NAME =WIS1 AREA =14.21 AZM =O TILT =90 & 
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37 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

38 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =O SCFSMR =1 ;& 

39 Bedroom window 
40 SGDISTWNTR AIR =0.4 SLB =0.6 
41 SGDISTSMR AIR =0.7 SLB =0.3 
42 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

43 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

44 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

45 Ground Reflectivity specific to window not available 
46 SGFACTORS JANSGF=1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

47 MAYSGF=1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

48 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

49 NO outside obstruction from trees or nearby buildings 
50 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

51 OHWD =1.64 OHLX =13.69 OHRX =3 OHFLAP =O & 

52 FLDEPTH =O FLTX =O FLWD =O FLWBX =O & 

53 FRDEPTH =O FRTX =O FRWD =O FRWBX =O 
54 GLASS NAME =WIS2 AREA =14.21 AZM =O TILT =90 & 

55 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 3 of 6 

Detached House (BEST ORIENTATION) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

56 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

57 Bedroom window 
58 SGDISTWNTR AIR =0.4 SLB =0.6 
59 SGDISTSMR AIR =0.7 SLB =0.3 
60 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

61 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

62 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

63 Ground Reflectivity specific to window not available 
64 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

65 MAYSGF =1.0 JUNSGF=1.0 JULSGF =1.0 AUGSGF =1.0 & 

66 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

67 NO outside obstruction from trees or nearby buildings 
68 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

69 OHWD =1.64 OHLX =3 OHRX =13.69 OHFLAP =0 & 

70 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

71 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
72 GLASS NAME =WIE1 AREA =14.21 AZM =270 TILT =90 & 

73 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

74 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

75 Living room window 
76 SGDISTWNTR AIR =0.4 SLB =0.6 
77 SGDISTSMR AIR =0.7 SLB =0.3 
78 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

79 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

80 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

81 Ground Reflectivity specific to window not available 
82 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

83 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

84 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

85 No outside obstruction from trees or nearby buildings 
86 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

87 OHWD =3.60 OHLX =13.69 OHRX =3 OHFLAP=0 & 

88 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

89 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
90 GLASS NAME =WIN1 AREA =5.17 AZM =180 TILT =90 

C & 
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91 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

92 RSHTR =0.0 TRSHTR =1.0 SCFWNTR =O SCFSMR =1 ;& 

93 Bathroom window, no outside shading 
94 SGDISTWNTR AIR =0.4 SLB =0.6 
95 SGDISTSMR AIR =0.7 SLB =0.3 
96 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

97 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

98 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

99 Ground Reflectivity specific to window not available 
100 SGFACTORS JANSGF=1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

101 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

102 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

103 NO outside obstruction from trees or nearby buildings 
104 SHADING WHEIGHT =2.62 WWIDTH =1.97 OHDEPTH =1.32 & 

105 OHWD =1.64 OHLX =1 OHRX =17 OHFLAP =0 & 

106 FLDEPTH =O FLTX =0 FLWD =0 FLWBX =0 & 

107 FRDEPTH =O FRTX =0 FRWD =0 FRWBX =0 
108 GLASS NAME =WIN2 AREA =11.84 AZM =180 TILT =90 

C & 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 4 of 6 

Detached House (BEST ORIENTATION) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

109 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

110 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

111 Kitchen window, no outside shading 
112 SGDISTWNTR AIR =0.4 SLB =0.6 
113 SGDISTSMR AIR =0.7 SLB =0.3 
114 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

115 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

116 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

117 Ground Reflectivity specific to window not available 
118 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

119 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

120 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

121 No outside obstruction from trees or nearby buildings 
122 SHADING WHEIGHT =3.28 WWIDTH =3.60 OHDEPTH =1.32 & 

123 OHWD =1.64 OHLX =5 OHRX =11 OHFLAP =0 & 

124 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

125 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
126 GLASS NAME =WIN3 AREA =12.06 AZM =180 TILT =90 & 

127 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

128 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

129 Kitchen door, assumed value for glass 
130 SGDISTWNTR AIR =0.4 SLB =0.6 
131 SGDISTSMR AIR =0.7 SLB =0.3 
132 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

133 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

134 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

135 Ground Reflectivity specific to window not available 
136 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

137 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

138 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

139 NO outside obstruction from trees or nearby buildings 
140 SHADING WHEIGHT =4.61 WWIDTH =2.63 OHDEPTH =1.32 & 

141 OHWD =1.64 OHLX =4 OHRX =13.69 OHFLAP =O & 

142 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

143 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX=0 
144 INFIL ACBASE= 3.00;high infiltration through windows and roof 



145 INTGAIN INTGAIN =16 SCHED =RES AIR =0.5 SLB =0.5 
146 internal gain put to air and slab nodes [KWhr /day) 

147 VENT TYPE = Natural AINLET =29.82 AOUTLET =29.82 HDIFF =2 
148 TSTATSWNTR THEAT =71 TDSRD =73 TCOOL =150 THEATNIGHT =71 
149 TSTATSSMR THEAT =0 TDSRD =77 TCOOL =79 THEATNIGHT =0 ;& 

150 estimated values for loads comparisson 
151 WINDFACTOR 0.5; adjusted for a semi open site 
152 CHNGSEASON TYPE =DATE SUMMERBEG = MAY -01 SUMMEREED= SEP -30 
153 DAYTIMES WDBEG =8 WDEND =18 SDBEG =8 SDEND =18 
154 OPCOST ELPRICE =0.00 ACCOP =0 
155 HEATING = ELECTRIC HTCOP =2.08 
156 WARMUP WUDAYS =7 WUCYCLES =1 
157 SOLARCALC FREQ= MONTHLY 
158 *END 

* ** No input errors. 

* ** Beginning simulation 14- DEC -98 12:59:54 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 5 of 6 

Detached House (BEST ORIENTATION) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

* ** Run complete. 

Run: a:caselbo.txt 001 14- DEC -98 12:59:52 Page 6 of 6 

SIMULATION OF COMBINED LOW -COST STRATEGIES (COMBINEDI) 

Detached House (combinedl) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

S U M M A R Y Run period: JAN -01 - DEC -31 Conditioned floor area: 426 sf 

SPACE CONDITIONING LOADS Run totals Peaks 

kBtu kBtu/sf kBtuh 

House 
Cooling 21755 51.077 25.614 
Heating 23980 56.300 34.865 

ENERGY CONSUMPTION 

Electricity 

Run totals Peaks 

Prop line Source 
kWh; kBtu kBtu /sf kBtu /sf kW; kBtuh 

House cooling -1 -1.000 -1.000 
House heating 3378 27.067 81.202 

Total -1 -1.000 -1.000 

-1.000 
4.911 
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Building total -1.000 -1.000 

Note: CALPAS3 is the property of and is licensed by Berkeley Solar Group, 3140 
Martin Luther King Jr. Way, Berkeley, CA 94703 (415 843- 7600). Correct applica- 
tion and operation of CALPAS3 is the responsibility of the user. Actual building 
performance may deviate from CALPAS3 predictions due to differences between 
actual and assumed weather, construction, or occupancy. CALPAS3 is certified 
for California energy code compliance when used in accordance with the BSG 
publication "Using CALPAS3 with the California Residential Building Standards." 

Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 1 of 6 

Detached House (combined') BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

M O N T H L Y H O U S E E N E R G Y B A L A N C E (kBtu; + into house) 

GAINS & LOSSES TRANSFERS 

MON COND SHCND INFIL SLR INT STRG RB +SS VENT COOL HEAT 

JAN -6584.3 -947.22 939.47 1692.8 0.50 -575.92 0 5474.6 
FEB -5113.3 -784.26 977.48 1529.0 -0.44 -893.67 0 4285.1 
MAR -3403.4 -625.12 1145.0 1692.8 -3.81 -1686.8 0 2881.3 
APR -44.429 -258.18 1206.1 1638.2 -25.8 -3219.7 0 704.14 
MAY 1099.4 -143.06 1051.3 1692.8 5.39 -1277.8 -2428.2 0 

JUN 2709.4 87.975 982.71 1638.2 -13.0 -614.12 -4791.1 0 

JUL 3247.4 150.44 977.40 1692.8 5.94 -445.20 -5628.9 0 

AUG 3368.4 172.72 907.99 1692.8 -3.72 -473.17 -5665.1 0 

SEP 1418.7 -32.877 924.28 1638.2 7.47 -714.00 -3241.9 0 

OCT -1330.0 -352.78 1192.9 1692.8 28.2 -2597.6 0 1366.1 
NOV -3832.0 -617.01 1017.2 1638.2 -1.22 -1327.7 0 3122.4 
DEC -7167.5 -1016.5 946.36 1692.8 1.20 -602.50 0 6146.1 

TOT -15632 -4365.8 12268 19932 0.76 -14428 -21755 23980 

M O N T H L Y C O N D I T I O N S (Units as shown) 

TEMPERATURES (F) WTHR (F; Btu /sf) PEAKS (kBtuh) 

MON THL THH THM TSL TSH TSM DBL DBH DBM SGL HSCL/DY HSHT/DY SSCL/DY SSHT/DY 

JAN 71 73 72 41 63 52 780 0 23.3 14 

FEB 71 73 72 45 64 54 1032 0 21.0 18 

MAR 71 76 72 50 70 59 1314 0 20.1 8 

APR 71 82 75 60 81 70 1757 0 11.6 11 

MAY 70 79 76 63 82 73 1919 -19.6 10 0 

JUN 76 79 78 73 88 80 1765 -24.0 18 0 

JUL 76 79 78 72 93 81 1748 -24.1 22 0 

AUG 75 79 78 71 95 82 1697 -25.6 6 0 

SEP 74 79 77 70 85 76 1447 -21.3 2 0 

OCT 71 81 75 57 79 67 1217 0 13.5 15 

NOV 71 76 72 49 72 59 905 0 20.6 30 

DEC 71 73 72 39 64 51 752 0 34.9 13 

TOT 72 77 75 58 78 67 1363 -25.6 34.9 

171 
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Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 2 of 6 

Detached House (combinedl) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

1 TITLE Detached House (combinedl) BY:Ina' 
2 SITE LOCATION = Somewhere in hot -humid climate 
3 AZMSOUTH 
4 GREFLECT 
5 

6 

7 assumed reflectivity value for semi urban landscape 
8 HOUT 4.00; average outside film coeff. 7.5 mph 
9 HOUSE FLRAREA= 425.93 VOL =3637 

10 ROOF AREA= 227.44 AZM =0 TILT =20 UVAL =0.37 ABSRP =0.64 ;& 

11 Red clay tile roof R =1 + in /out air + pine tongue in & 

12 groove flat roof R =0.40 
13 WALL NAME =ROOF2 AREA = 227.44 AZM =180 TILT =20 UVAL =0.37 & 
14 ABSRP =0.64 INSIDE =AIR ;& 

15 same as above 
16 WALL NAME =SOUTH AREA= 106.81 AZM =O TILT =90 & 

17 UVAL =0.35 ABSRP =0.3 INSIDE =AIR ;& 
18 clay brick R =1.52 + 2 layers of 1" stucco R =0.2x2 & 

19 + out /in air, light color 
20 WALL NAME= SOUTHBERM AREA =40.76 AZM =0 TILT =45 & 

21 UVAL =0.21 ABSRP =0.67 INSIDE =AIR ;& 

22 EARTH BERM 1.97' high, 1.97' wide /grass cover 
23 WALL NAME =WEST AREA = 175.81 AZM =90 TILT =90 & 

24 UVAL =0.35 ABSRP =0.3 INSIDE =AIR ;& 

25 SAME AS ABOVE 
26 WALL NAME = BERMWEST AREA =40.76 AZM =90 TILT =45 & 

27 UVAL =0.21 ABSRP =0.67 INSIDE =AIR ;& 

28 EARTH BERM 1.97' high, 1.97' wide /grass cover 
29 WALL NAME =NORTH AREA =140.9 AZM =180 TILT =90 & 

30 UVAL =0.35 ABSRP =0.3 INSIDE =AIR ;& 

31 clay brick R =1.52 + 2 layers of 1" stucco R =0.2x2 & 

32 + out /in air, color white 
33 WALL NAME =EAST AREA =161.6 AZM =270 TILT =90 & 

34 UVAL =0.35 ABSRP =0.3 INSIDE =AIR ;& 

35 SAME AS ABOVE 
36 WALL NAME = BERMEAST AREA =40.76 AZM =270 TILT =45 & 

37 UVAL =0.21 ABSRP =0.67 INSIDE =AIR ;& 

38 EARTH BERM 1.97' high, 1.97' wide /grass cover 
39 WALL NAME = MAINDOOR AREA =6.03 AZM =180 TILT =90 & 

40 UVAL =1.0 ABSRP =0.6 INSIDE =AIR ;& 

41 Main door dark steel and glass R =1 
42 WALL NAME = PERSLBLOSS AREA =20.69 AZM =0 TILT =0 & 

43 UVAL =0.90 ABSRP =0.0 INSIDE =AIR ;& 

44 slab on grade with no slab edge insulation 
45 WALL NAME = PERBERMED AREA =62.07 AZM =0 TILT =0 & 

46 UVAL =0.34 ABSRP =0.0 INSIDE =AIR ;& 

47 EARTH BERM ON SOUTH AND WEST 
48 SLAB AREA = 425.93 THKNS =4 MATERIAL= CONC140 & 

49 HTAHS =1.5 RSURF =2.2 ;slab with no carpeting 
50 GLASS NAME =WIS1 AREA =14.21 AZM =0 TILT =90 & 

51 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

52 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

53 Bedroom window 
54 SGDISTWNTR AIR =0.4 SLB =0.6 
55 SGDISTSMR AIR =0.7 SLB =0.3 

0; House (bedrooms) oriented due south 
JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 
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Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 3 of 6 

Detached House (combined') BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

56 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

57 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

58 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

59 Ground Reflectivity specific to window not available 
60 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

61 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 
62 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

63 NO outside obstruction from trees or nearby buildings 
64 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

65 OHWD =1.64 OHLX =13.69 OHRX =3 OHFLAP =0 & 

66 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

67 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
68 GLASS NAME =WIS2 AREA =14.21 AZM =0 TILT =90 & 

69 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

70 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

71 Bedroom window 
72 SGDISTWNTR AIR =0.4 SLB =0.6 
73 SGDISTSMR AIR =0.7 SLB =0.3 
74 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

75 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

76 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 
77 Ground Reflectivity specific to window not available 
78 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

79 MAYSGF =1.0 JUNSGF=1.0 JULSGF =1.0 AUGSGF =1.0 & 

80 SEPSGF =1.0 OCTSGF =1.0 NOVSGF=1.0 DECSGF =1.0 ;& 

81 NO outside obstruction from trees or nearby buildings 
82 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

83 OHWD =1.64 OHLX =3 OHRX =13.69 OHFLAP =0 & 

84 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

85 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
86 GLASS NAME =WIE1 AREA =14.21 AZM =270 TILT =90 & 

87 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 
88 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

89 Living room window 
90 SGDISTWNTR AIR =0.4 SLB =0.6 
91 SGDISTSMR AIR =0.7 SLB =0.3 
92 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

93 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

94 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

95 Ground Reflectivity specific to window not available 
96 SGFACTORS JANSGF =1.0 FEBSGF=1.0 MARSGF =1.0 APRSGF =1.0 & 

97 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

98 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

99 No outside obstruction from trees or nearby buildings 
100 SHADING WHEIGHT =3.93 WWIDTH =3.60 OHDEPTH =1.32 & 

101 OHWD =3.60 OHLX =13.69 OHRX =3 OHFLAP=0 & 

102 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 
103 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
104 GLASS NAME =WIN1 AREA =5.17 AZM =180 TILT =90 

C & 

105 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

106 RSHTR =0.0 TRSHTR =1.0 SCFWNTR =0 SCFSMR =1 ;& 

107 Bathroom window, no outside shading 
108 SGDISTWNTR AIR =0.4 SLB =0.6 
109 SGDISTSMR AIR =0.7 SLB =0.3 
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Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 4 of 6 

Detached House (combinedl) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

110 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

111 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

112 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

113 Ground Reflectivity specific to window not available 
114 SGFACTORS JANSGF=1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

115 MAYSGF =1.0 JUNSGF =1.0 JULSGF =1.0 AUGSGF =1.0 & 

116 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

117 NO outside obstruction from trees or nearby buildings 
118 SHADING WHEIGHT =2.62 WWIDTH =1.97 OHDEPTH =1.32 & 

119 OHWD =1.64 OHLX =1 OHRX =17 OHFLAP =0 & 

120 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

121 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
122 GLASS NAME =WIN2 AREA =11.84 AZM =180 TILT =90 

C & 

123 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

124 RSHTR =0.0 TRSHTR =0.8 SCFWNTR =0 SCFSMR =1 ;& 

125 Kitchen window, no outside shading 
126 SGDISTWNTR AIR =0.4 SLB =0.6 
127 SGDISTSMR AIR =0.7 SLB =0.3 
128 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

129 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

130 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

131 Ground Reflectivity specific to window not available 
132 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

133 MAYSGF =1.0 JUNSGF=1.0 JULSGF =1.0 AUGSGF =1.0 & 

134 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF =1.0 ;& 

135 No outside obstruction from trees or nearby buildings 
136 SHADING WHEIGHT =3.28 WWIDTH =3.60 OHDEPTH =1.32 & 

137 OHWD =1.64 OHLX =5 OHRX =11 OHFLAP =0 & 

138 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX =0 & 

139 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX =0 
140 GLASS NAME =WIN3 AREA =12.06 AZM =180 TILT =90 & 

141 NGLZ =1 UVAL =1.11 GLSTYP =1 XRFLCT =0.14 & 

142 RSHTR =0.0 TRSHTR =0.8 SCFWNTR=0 SCFSMR =1 ;& 

143 Kitchen door, assumed value for glass 
144 SGDISTWNTR AIR =0.4 SLB =0.6 
145 SGDISTSMR AIR =0.7 SLB =0.3 
146 GLSGREFLECT JANGR =0.33 FEBGR =0.33 MARGR =0.33 APRGR =0.33 & 

147 MAYGR =0.33 JUNGR =0.33 JULGR =0.33 AUGGR =0.33 & 

148 SEPGR =0.33 OCTGR =0.33 NOVGR =0.33 DECGR =0.33 ;& 

149 Ground Reflectivity specific to window not available 
150 SGFACTORS JANSGF =1.0 FEBSGF =1.0 MARSGF =1.0 APRSGF =1.0 & 

151 MAYSGF =1.0 JUNSGF =1.0 JULSGF=1.0 AUGSGF =1.0 & 

152 SEPSGF =1.0 OCTSGF =1.0 NOVSGF =1.0 DECSGF=1.0 ;& 

153 NO outside obstruction from trees or nearby buildings 
154 SHADING WHEIGHT =4.61 WWIDTH =2.63 OHDEPTH =1.32 & 

155 OHWD =1.64 OHLX =4 OHRX =13.69 OHFLAP =0 & 
156 FLDEPTH =0 FLTX =0 FLWD =0 FLWBX=0 & 

157 FRDEPTH =0 FRTX =0 FRWD =0 FRWBX=0 
158 INFIL ACBASE =1.00; infiltration reduced 
159 INTGAIN INTGAIN =16 SCHED =RES AIR =0.S SLB =0.5 ;& 

160 internal gain put to air and slab nodes [KWhr /day] 
161 VENT TYPE = Natural AINLET =31.76 AOUTLET =31.76 HDIFF= 7.89;& 
162 opening on ceiling and on attic space 
163 TSTATSWNTR THEAT =71 TDSRD =73 TCOOL =150 THEATNIGHT =71 
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Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 5 of 6 

Detached House (combinedl) BY:Ina' CALPAS3 V3.12 License: PCO201 

Somewhere in hot -humid climate Weather: HOTHUMID.GMY (Hot humid generic) 

Line 

164 TSTATSSMR THEAT =0 TDSRD =77 TCOOL =79 THEATNIGHT =0 ;& 

165 estimated values for loads comparisson 
166 WINDFACTOR 0.5; adjusted for a semi open site 
167 CHNGSEASON TYPE =DATE SUMMERBEG= MAY -01 SUMMEREND= SEP -30 
168 DAYTIMES WDBEG =8 WDEND =18 SDBEG =8 SDEND =18 
169 OPCOST ELPRICE =0.00 ACCOP =0 
170 HEATING = ELECTRIC HTCOP =2.08 
171 WARMUP WUDAYS =7 WUCYCLES =1 
172 SOLARCALC FREQ= MONTHLY 
173 *END 

* ** No input errors. 

* ** Beginning simulation 29- DEC -98 06:59:34 

* ** Run complete. 
Run: a:combll.txt 001 29- DEC -98 06:59:31 Page 6 of 6 
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