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Abstract 
Houses in Egypt are often designed without sufficiently taking the climate into 
account. Factors; such as the urban environment, site characteristics, orientation, 
architectural design of the building, and choice of building materials, etc.; are 
not emphasized.  

Many researches have been involved in studying thermal comfort in Egyptian 
housing, especially in the New Assiut City and conducted small and wide scale 
measurements so far. The results showed that serious problems of discomfort 
generally exist in the new housing projects with poor indoor air quality. Based 
on the measurements conducted, the strategies that may be appropriate for the 
building in such climate are evaporative cooling and natural ventilation; 
according to the bioclimatic chart for building strategies and other indices. 
Therefore, there is a great expansion in using air conditioning to cool buildings. 
But high energy consumption is not affordable, especially for low income 
people, as low income people have limited,  insufficient financial resources to 
use AC. Therefore, these conditions encourage such a concept to enhance using 
the natural passive cooling strategy for the New Assiut City with zero energy 
consumption for cooling. 

To achieve this aim; the research adopts four methods: the descriptive method 
(chapter 1), the analytical method (chapter 2), the deductive method (chapter 3), 
and the applied method (chapters 4, 5). Finally, the research is concluded 
(chapter 6) with the results and guidelines for the system performance. 

Chapter One: Research context, background, problem and aims 
It is the introductory chapter that gives an overview of the whole research 
contents. In it, the overview of the whole research project, the research 
geographical & climatic context, the research background, the research problem, 
the research scope, the research structure, the research objectives and its main 
aim are all presented. Finally, the research general methodology is outlined. 

Chapter Two: Case study building measurements & evaluation for indoor 
environment (New Assiut City) 
The aim of this chapter is to investigate indoor environment for the new housing 
in New Assiut city, through monitoring indoor air temperature, humidity and 
CO2 concentration in the summer season, in order to understand the real 
situation in some houses in New Assiut city and search for new suitable passive 
strategies to solve the problem of occupants' thermal comfort and search for the 
new suitable passive strategy. New Assiut city is chosen as a case study. Also, a 
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detailed analysis of the chosen case study is conducted through highlighting 
indoor CO2 concentration, thermal comfort and its effect on indoor air quality 
(IAQ) with different ventilation scenarios.  

Chapter Three: Solutions and strategies for indoor environmental 
problems 
This chapter presents science related to natural ventilation (Stack effect & wind 
pressure) and evaporative cooling. Also, it presents a critical review of literature 
on different passive techniques (Wind tower, solar chimney, and integration of 
solar chimney with an evaporative cooler concept) in order to understand the 
limitations of the current system and search for a new system. In general, this 
chapter aims to understand the techniques for natural ventilation, evaporative 
cooling and search for new passive strategies based on the limitations of the 
conventional systems inside/outside Egypt to achieve compact and high 
advantage of integration.  

Chapter Four: Integration of the solar chimney with the new cooling tower 
as a passive ventilation technique 
In general, this chapter aims to investigate the possibility of using natural 
ventilation with an evaporative cooling strategy using numerical modeling 
(simulation), in order to achieve zero energy consumption for cooling and 
indoor thermal comfort according to ACS and ASHRAE under the steady state 
condition & the weather data of the New Assiut City. First, mathematical 
modeling of the integrated system is developed. Then, the proposed model is 
built into COMIS & TRNSYS simulation softwares. Finally, indoor temperature, 
humidity environment, and CO2 concentration are evaluated. 

Chapter Five: Optimization and parametric investigation for the new 
proposed system 
This chapter focused on optimization of the important parameters of the system 
on indoor environment to achieve compact design and high advantage of 
integration. Investigation is done under the steady state condition & weather 
data of the New Assiut City based on the optimization methodology. As a result, 
indoor temperature, humidity environment, and air flow rate for the proposed 
system  after optimization  were analyzed and compared with the system 
before optimization. Important conclusions for the performance of the 
integrated system were drawn; highlighting the system limitation.  
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Chapter 6: Conclusions and further work 
The research reached a conclusion for the case study in the New Assiut city 
through monitoring indoor environment, search for the ssuitable strategy for 
that climate, and the system performance based on the numerical modeling. 
Then, guidelines for the efficient optimization process were presented to apply 
the interated system on different living rooms with different circumstances. 
Finally, the further work is proposed. 

At the end of the thesis the appendices and the publications are presented. 
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1.1 Research geographical and climatic context 

Egypt is located in the northeastern corner of the African continent and the 

Sahara desert. It is located between the northern latitudes of 22º and 32º. It has a 

total area of million m2 [1]. It is located in a hot arid desert climatic zone 

according to KÖppen Geiger climate classification [2] as shown in figure (1-1). 

 

Figure (1-1): The location of Egypt and its classification [2]. 

In terms of climate, Egypt has a significant variation in climatic conditions; it is 

divided by the Egyptian organization for Energy Conservation and planning 

(EOECP) into seven different climatic design regions based on analyzing the 

climatic data observed at 45 meteorological stations across the country. Those 

seven climatic design regions are: the Mediterranean Sea coastal region, the 

Red Sea coastal region, the Semi-moderate region, the Semi-desert region, the 

Desert region, the Very dry desert region and the Mountain region. These 

regions vary significantly in the climatic conditions [3]. 

Another additional climate classification was developed by housing and 

building research center (HBRC) in Egypt [4]. The classification divided Egypt 
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into eight climatic zones: Northern Coast zone, Delta and Cairo zone, Northern 

Upper Egypt zone, Southern Upper Egypt zone, East Coast zone, Highlands 

zone, Desert zone and Southern Egypt zone [4]. This classification depends on 

operating temperature, humidity, rainfall, wind speed, altitude and solar 

radiation, as well as the physical topography of the country [5]. However, this 

research will use the HBRC classification because it has collected more details 

than EOECP. Figure (1-2) shows the classification of the climatic zone in Egypt 

according to HBRC classification. Table (1-1) illustrates the main aspects of 

different climatic design regions and their borders according to HBRC 

classification.  

 

 

Figure (1-2): The climate classification in Egypt [4]. 

 

Desert Zone 
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Also, according to the National Oceanic and Atmospheric Administration [6], 

temperature and humidity level of cities in Egypt were provided by the World 

Meteorological Organization [WMO]. The mean average relative humidity for 

Cairo, Alexandria, Aswan and Assiut are 55.75%, 67.92%, 26.17% and 38.33% 

respectively. Therefore, this great variation in climate between different regions 

creates a different requirement of climatic response in building design in 

existing and new cities. 

The New Assiut City is one of the Egyptian new cities built in the desert of the 

east of Assiut city. It's located in the north of the southern Upper Egypt zone. It 

was chosen to be the specific research geographical context for this research.  

1.2 Research background 

The climate problem in Egypt began to be more evident after the war in 1973, 

when the Egyptian government adopted different strategies to resolve housing 

problems for overpopulated cities of the Nile valley, particularly for low income 

people. The government developed a number of new communities in the desert 

surrounding existing cities without considering the importance of the climate 

conditions and comfort of occupants [7, 3]. The government established twenty-

two new cities in three phases from 1977 to 2000 and another forty cities are 

planned to be built in the future with different flat area of 63, 73, and 100m2 [8]. 

In October 2005, the Egyptian government adopted a massive project The 

National housing project  to produce 500,000 dwellings (8500 units/year) for 

low income people in both old and new cities within a time period of six years 

[9]. The public housing projects (Youth housing project, Future housing project, 

Family housing project and National housing project) were designed as a fixed 

prototype that is being built all over the country regardless of climatic 

conditions [3]. Factors such as the urban environment, site characteristics, 

orientation and architectural design of the building, choice of building materials, 

etc. are not emphasized. Consequently, buildings often have a poor indoor 

climate which affects comfort, health and building efficiency [10, 11, 3].  
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One reason why buildings are poorly adapted to the climate is the lack of 

knowledge among architects, planners and engineers [3]. Also, the knowledge 

of traditional construction in old housing, which was quite well adapted to the 

climate, is often lost or difficult to apply to modern building techniques and 

society. Instead, people try to use mechanical ventilation and air conditioning

which are energy consuming and environmentally damaging [12, 13]. Low-

income people cannot afford the costs of such methods. Table (1-2) shows the 

comparison between the traditional and the new buildings according to urban 

form, unit, courtyard & cooling strategy and influence on the indoor 

environment.

Table (1-2): Comparison between the traditional old building and the new 

buildings in the new cites [14, 15, 16, 17, 3]

Item Traditional building New building

Urban 

form

The urban form of tradition 

buildings controls the access of the 

sun and wind to the buildings. This 

is done by providing more shading  

in the footpaths and the building due 

to compact design of these buildings

The urban form of new building 

especially in new cities increases 

indoor and outdoor temperature. This 

is due to the reflection of solar 

radiation from street, building & 

desert, without providing any shade 

for the building. Also, the distance 

between the buildings is very wide.
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Unit 

(plan)

Most of the houses are built based 

on creating a passive ventilation 

technique taking into account 

building orientation in order to 

ameliorate the microclimate. i.e; the 

air flows from the north prevailing 

wind directions during most hours of 

the day; with wind speed 1.3m/s.

Most of the units are built as a fixed 

unit, without considering the creation

of any passive ventilation or the 

building orientation.

Courtyard

Most of the courtyards are inside the 

buildings with a fountain and a small 

landscape; creating a strong 

influence on the indoor environment.

Most of the open spaces are outside 

the buildings, as a place for public 

social activity without considering

inner courtyards.

Cooling 

strategies

Evaporative cooling strategy inside 

the wind tower and the pottery in 

front of the windows are used as a 

passive technique in these houses for 

providing good indoor comfort.

Active strategies like mechanical fan 

and air conditioning are used in some 

houses for providing indoor comfort

with high energy consumption due to 

poor indoor environment.

Al Suhaymai house National housing project Family house project

Pottery Wind tower
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1.3 Research problem 

Based on past researches, concerning indoor climate and new housing projects; 

 The new housing was designed as a fixed prototype regardless of climatic 

conditions. 

 Many researchers conducted indoor measurements; in which there were 

high heat gains inside houses that caused discomfort for occupants [10, 

11, 3]. 

 There is a lack of concern for indoor carbon dioxide concentration and 

indoor air quality in the Egyptian houses in past literature. 

 Opening the windows, (for achieving comfort), will increase the indoor 

temperature especially during daytime.  

 Lack of financial resources to use air conditioning (AC) for maintaining 

the comfort temperature in the new housing especially for low income 

( as low income people in Egypt represent nearly 50% [7]).  

Therefore, the harsh climatic conditions of hot arid desert climatic zone, 

particularly in Egypt, raise the necessity of designing climatic responsive 

housing and search for passive solutions, in order to achieve thermal comfort 

for occupants and make a significant improvement in energy conservation. 

1.4 Research aim and objectives 

The main aim of this research is to achieve indoor thermal comfort and zero 

energy consumption for cooling by new natural passive cooling strategy for the 

New Assiut City. 

In order to achieve the aim of the research, the objectives are: 

1. To investigate indoor environment inside three houses in the New Assiut 

city by monitoring air temperature, relative humidity and carbon dioxide 

concentration. 

2. To understand natural ventilation & the evaporative cooling technique in 

the traditional residential building. 
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3. To search for new suitable passive cooling strategies that use natural 

ventilation with cooling techniques, in order to achieve low energy 

consumption.

4. To investigate the possibility of using natural ventilation with evaporative 

cooling strategy in the New Assiut city using typical weather data.

1.5 Research questions

How can we find an alternative for achieving indoor thermal comfort & nearly 

zero energy consumption for cooling compared to the conventional passive 

cooling system in the housing of the New Assiut city, Egypt?

This will be done by answering the following questions:-

1. What is the performance of summer indoor environment in the New 

Assiut City, Egypt?

2. What is the performance of the conventional passive systems that use 

natural ventilation and cooling strategies? And what are theirs

limitations?

3. What is the new technique that can use natural ventilation & evaporating 

cooling techniques to achieve indoor thermal comfort?

4. How can we achieve indoor thermal comfort by new compact and high 

performance passive cooling systems?

Research

1.6 Research methodology

The research depends on four steps;

The Descriptive approach (chapter 1);

This chapter focused on studying the research 

background of indoor environment in the 

Egyptian new housing projects, compared to the 

traditional buildings.
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 The Analytical approach (chapter 2); 

This chapter focused on field measurements for 

indoor environments of three cases with different 

ventilation scenarios. Then, the results were 

analyzed in order to investigate the real situation 

of indoor environments and search for new 

suitable passive strategies. 

 The Deductive approach (chapter 3); 

Based on the results of indoor measurements, search for the suitable strategy for 

the building of that climate is conducted in order to provide indoor thermal 

comfort. The concept of the new system is discussed based on the limitation of 

the conventional passive technique.  

 The Applied approach (chapters 4 & 5); 

A new proposed system of inclined solar chimney with short wind tower is 

investigated by numerical modeling (COMIS-TRNSYS simulation software). 

Typical weather data of the New Assiut City are applied to the system. Then, the 

impact of the proposed system on Assiut climate is analyzed with the 

optimization investigation to achieve compact and high performance design. 

1.7 Research Scope; 

The research focuses on applying the new proposed system for the living room. 

The living room of the top floor is chosen as a pilot base case, where all the 

family members spend much time doing different activities and without any air 

exchange with other rooms. Simulation is done for the living room as a single 

zone located in a block of buildings with the same circumstances for the layout 

as Family housing sector in the New Assiut City.   
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1.8 Research structure; 

The research is divided into six chapters in order to achieve the aim; 

Chapter one; The introduction of the research: A brief background on issues 

related to indoor environments; discussion of the research 

objective, methodologies and structure is studied. 

Chapter two; Investigates indoor environments through monitoring indoor air 

temperature, relative humidity and carbon dioxide concentration 

with different ventilation scenario in three cases. Also, it aims at 

understanding the suitable strategy for that climate based on 

three important indices. 

Chapter three; Studies the limitations of the conventional passive systems that 

use natural ventilation and evaporative cooling for indoor 

thermal comfort. Also, a search is conducted for the new passive 

strategy that use zero energy consumption based on the 

conventional system limitation. 

Chapter four; In this chapter, a new proposed system is investigated in order to 

achieve indoor thermal comfort and zero energy consumption 

for cooling based on simulation modeling using COMIS-

TRNSYS software. Typical weather data for the New Assiut 

city is investigated in the model. 

Chapter Five; This chapter addresses the parametric investigation and 

optimization of the important parameters of the system (solar 

chimney and wind tower) on indoor temperature and the air flow 

rate in order to achieve a new compact design with high 

performance (nearly 80% acceptable comfort range) and high 

advantage of integration of the two techniques. 

Chapter six; Presents the critical discussion of the important findings in 

chapter 2, 3, 4 & 5 with the final achievement for indoor thermal 
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environment. Also, a guideline for the system is studied to be 

integrated on different cases with different area and different 

number of occupants. Finally, future research is considered 

based on the limitations of the system.

References This section includes scientific references on which the study is 

based.

Appendix This section includes the appendices which the study may need

Figure (1-3) shows the sequence of the thesis organization to achieve the aim.

Figure (1-3): The structure for thesis organization
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Introduction 

The environment, building and energy are issues facing the building profession 

on a global scale. Buildings consume large amounts of energy for their operation 

[18]. Heating, ventilation and air conditioning (HVAC) systems are responsible 

for about one half of the energy used in buildings [19]. In order to achieve 

thermal comfort inside a housing block in Egypt and to choose the best design 

ventilation strategies for a building, it is very important to know the actual 

situation of the indoor environment concerning temperature and relative 

humidity. Many researchers have studied thermal comfort in housing and 

conducted small and wide scale measurements so far: S.M. Robaa investigated 

thermal comfort in buildings of Egypt based on a meteorological station 

database [20]. Riyadh verified and examined climatic conditions in the 

residential areas of Egyptian cities New Assiut city. He made field 

measurements for indoor environment of Youth & Future housing project, 

pedestrian pathways between buildings and streets around these buildings in 

three months of the summer season and one month of the cold period with an 

interval of two hours in 12 days only with no internal load in order to take 

climatic conditions into account when designing new buildings [10]. Wael and 

Steve investigated thermal characteristics of the building in the hot season of 

new Cairo housing to enable appropriate solutions to be chosen at the early 

stages of design and to achieve low energy thermal comfort in dwellings. They 

investigated temperature & humidity during two and half months from June to 

the middle of August with 15 minute intervals in the living room & bedroom of 

one house without internal load [11]. Medhat investigated the possibility of 

enhancing the use of natural ventilation as a passive cooling strategy in public 

housing blocks in the arid deserts of Egypt. He investigated the temperature 

during four days of July at two hour intervals with all windows are open and all 

windows are closed [3]. However, there is little information available for the 

actual humidity and temperature for different ventilation scenarios in 15-minute 
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intervals of the summer season especially in New Assiut city. In addition, no 

studies were conducted to examine indoor CO2 concentration and its effect on 

indoor air quality (IAQ).  

Therefore, this research was conducted to investigate indoor environment for the 

new housing in New Assiut city, through monitoring indoor air temperature, 

humidity and CO2 concentration in the summer season, in order to understand 

the real situation in some houses of New Assiut city and search for new suitable 

passive strategies to solve occupant thermal comfort. The New Assiut city is 

chosen. 
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2.1 Location of New Assiut city

New Assiut city is located on the east side of the River Nile with a latitude of 

a longitude of . New Assiut city is located northeast of the 

Southern Upper Egypt zone. This zone is located along the River Nile from 

24°50 N to 27°42 N according to the HBRC classification [4]. It has a 

maximum operating temperature that range from 41°C to 46°C and minimum

temperature that range from 16°C to 21°C in the summer months. In the winter 

months the minimum temperature ranges from 2°C to 4°C. Figure (2-1 & 2) 

show the location of New Assiut city according to HBRC classification and its 

satellite image.

Figure (2-1): Classification of climatic zones in Egypt [4, 5] and position of 

Assiut city [21].

2.2 Case study location & description

Most of the houses in the New Assiut city were built as a fixed prototype

without taking into account building orientation, indoor comfort, air quality or 

passive ventilation strategies [3]. Therefore, they were built without considering 

response to climatic conditions. Three cases are investigated and monitored: 2 

cases in the family sector project and one case in the youth housing sector. 

Figure (2-2) shows the location of the two sectors within New Assiut city map.

New Assiut
      City

New Assiut city

Desert Zone
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The reason for selecting these cases, was that the selected houses were occupied 

by low income people and built in different periods from 1995 until 2004.

Different ventilation scenarios needed to be investigated for knowing their effect 

of different floor levels. The researcher investigated many houses in order to 

choose these cases.

Figure (2-2): The satellite image of New Assiut city with the location of family 

housing and youth housing sector [21, 22].

Family housing project is one of the urban community projects for government 

housing project. It is located in the north east of New Assiut city. This project 

offers areas ranging from 150m2 to 350m2, with a fixed plan [7]. The project 

was implemented in three phases: the first phase in 2003, and offers land areas

ranging from 230m2 to 350m2; and the second and third phase at the end of 2004 

offer land areas ranging from 150m2 to 250m2.

Figure (2-3) shows the location of the three cases in youth housing & family 

housing sectors.

The researcher had to make much effort in installing the measurement device 

because of the privacy of the Egyptian. 

Youth housing
sector

Family housing 
sector

Family housing 
sector
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Figure (2-3): The location of the case study in the family housing and youth 

housing sector [22].

Case 1: It is located in block number 7 (C) of the youth housing project. The 

apartment used for measurement is located on the third floor level with two 

floors above it. The outside façade for this apartment faces the north and west.

The kitchen and the bathroom open to on an outside space facing the north 

orientation. Natural ventilation with single side ventilation strategy is used in 

this unit with a mechanical fan. Also, one air conditioner (window cassette) is 

installed in the master bedroom. Figure (2-4) shows the plan of case 1 with its 

dimensions and the location of the measurement device in each room.

Case 2: It is located in the second family housing sector (block number 484). 

The apartment is located on the second floor level with one floor above it. The 

outer façade of the building faces a street with north orientation. While the inner 

façade of the building faces the back courtyard with south orientation. The 

living room and the bedroom face the north orientation. The master bedroom, 

the bathroom, and kitchen face back courtyards on the leeward side. Natural 

ventilation with cross ventilation strategy is monitored in this unit with a 

mechanical fan. Figure (2-5) shows the plan of case 2 with the location of 

measurement device on it.

Youth housing
sector

Family housing 
sector

Case 1

Case 2 Case 3

3

C
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Figure (2-4): The plan and the floor of the building and the detailed plan of

case1 [22, Author].

Figure (2-5): The plan for the second floor of the house, case 2 [22, Author].

Case 3: It is located in the second family housing project (block number 494), 

in the top floor level. Its orientation takes the same orientation of case 2. Natural 

ventilation with single side ventilation strategy is used with a mechanical fan. 

Figure (2-6) shows the plan of case 3 with the location of the measurement 

device on it.

East elevation

Youth housing
sector

Case 1

Total plan for the  
second floorPlan for the apartment 63m2

Family housing sector

Device place

Device place

Case 2

Single side ventilation

Cross ventilation
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Figure (2-6): The plan for the top floor level of the house, case 3 [22, Author]. 

2.3 Climatic analysis of outdoor condition for New Assiut city (one year 

data) 

Outdoor climate analysis for New Assiut city is done based on real weather data. 

It was derived from Egyptian Typical Meteorological Year (ETMY) of Egyptian 

Meteorological Authority for periods of 12 years from 1991 until 20031 [23]. 

The researcher used ETMY file (Asyut 623930 (ETMY)) in Energy Plus/ESP-r 

Weather (EPW) format using Building Energy Software Tools Climate 

consultant to analyze standard one year data. This helps to understand the 

climate of New Assiut city in order to be used for input in simulation software. 

2.3.1 Air temperature; 

Figure (2-7) shows the average temperature for one year data in relation to 

adaptive comfort standard (ACS)2. It shows that the average high temperature 

for the summer season (June, July & August) is 37 C, and the minimum average 

temperature is 22.5 C in July. The average comfort temperature is 25 C with 

( 3.5) acceptability 80% limit according to ACS. Also, the maximum average 

                                                 
1It is developed by U.S. National Climatic Data Center, California, USA 
2 Appendix A. 

C
)

Family housing sector 

Device place 

Case 3 

Single side ventilation 
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temperature during the winter (December, January & February) is 22 C, and the

minimum average temperature is 8 C in January; with a comfort temperature of 

22.5 C.

Figure (2-7): Temperature ranges for New Assiut city during one year weather 

data.

Figure (2-8) shows the temperature percentage distribution during the period of 

sunrise and sunset. It is important to understand the temperature range during 

daytime and nighttime; especially for the hot season in order to search for the 

best strategy for that climate. This model assumes occupants adapt their clothing 

to thermal conditions, and are sedentary (1.0 to 1.3 met) according to ACS of 

ASHRAE 2004. It is concluded that the average temperature ranges from 27 to 

38 C from 9 am after sunrise until 12 pm after sunset in the summer season

except in August it extends until 1am. This indicates high outdoor temperature 

during daytime and even at nighttime. This has a strong effect on indoor and 

outdoor thermal comfort.
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Figure (2-8): Outdoor temperature percentage distribution between sunrise and 

sunset for one year. 

2.3.2 Relative humidity; 

Figure (2-9) shows the average relative humidity percentage for every month in 

the real weather data. It is concluded that the average relative humidity 

percentage in the summer season ranges from 30% to 35%. It increases to 

52% 57% during the winter season.  

  

Figure (2-9): Outdoor average relative humidity data profile for one year data. 

Figure (2-10) shows the relative humidity percentage distribution during sunrise 

and sunset. It is clear that the relative humidity percentage ranges from 20%

40% from 9am to 4am in June (except between 2pm to 6pm), 10am to 2am in 
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July (except between 4pm to 5pm), and 10 am to 1 am in August. Then, the 

relative humidity increases from 40 60% from 4am until 9am in June, 2am until 

10am in July, and 1am until 10 am in August.

Figure (2-10): Outdoor relative humidity percentage distribution (between 

sunrise and sunset) data for one year.

2.3.3 Wind speed & direction

Figure (2-11) shows the average wind speed for all months of the year. It is 

concluded that the average maximum outdoor wind speed during the summer 

period is 7.8m/s in June, and the minimum average wind speed is 1.3m/s in 

August1.

Figure (2-11): Wind velocity range for new Assiut city during one year data.

                                                
1The measurement of the wind speed in the meteorological station.
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Figure (2-12) show the wind speed distribution during the sunrise and sunset. It 

is clear that the wind speed distribution increases during daytime; especially 

from 10 am to 11 pm, 11am to 8am, 11am to 7pm in June, July, and August 

respectively. Besides, the wind speed is less than 2m/s in August between 1 am 

to 5am. This low wind speed affects indoor air flow rate during nighttime (night 

ventilation).  

 

Figure (2-12): Outdoor wind speed percentage distribution between sunrise and 

sunset for one year. 

Figure (2-13) shows average wind direction in all months of the year.  

   

Figure (2-13): Outdoor average wind direction in all months of the year. 
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The graph shows that the average wind direction is from northwest with an 

angle range between 320º to 350º (measured from the north clockwise) in all 

months of the year except in May and November. But the wind changes its 

direction to northeast in May and November with an angle range between 10º to 

20º (measured from the north clockwise). Therefore, the prevailing wind comes 

from the northwest most of the year except in early of May & November. 

2.3.4 Solar radiation 

Solar radiation is considered an important factors that influences indoor 

temperature. It is concluded from figure (2-14) that the maximum direct normal 

radiation in the summer season (June, July & August) is 1025W/m2 in June with 

maximum global horizontal radiation 1125W/m2. Then, it decreases to 850W/m2 

for direct normal radiation in July and a global radiation of 1025W/m2.  

 

Figure (2-14): Radiation profile and the mean dry bulb temperature for one year 

weather data. 

2.4 Methodology 

In this measurement, 10 units of the thermo recorder TR-72Ui were used. Three 

units of the thermo recorder were placed in each house and one unit was placed 

outside the house under the porch, inside an aluminum duct to protect it from 

extreme solar radiation. In each house, one unit of thermo recorder was placed 

in the living room, bedroom, and master bedroom. When the measurement 
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started, one of the thermo recorders in the master bedroom of case 3 couldn t be 

setup and did not function correctly. Measurement of temperature and humidity 

was conducted in the end of May as a pilot study and to check the measurement 

devices and their locations. Then, measurement of carbon dioxide concentration 

was conducted. Two units of CO2 sensor (JMS-301) were used. Each device was 

placed in the living room of cases 1 & 2. Each TR recorder could log more than 

8000 data logs for full storage capacity and the CO2 sensor capacity was 87000 

data logs. One colleague was assigned to collect the data at the end of every 

month. Table (2-1) shows the description of the measurement devices.  

Table (2-1): The description of the measurement device. 

Equipment Description  

Ventilation rate 

data reader 

(JMS-301) 

 

  4000 ppm) 

 Measuring accuracy: ±5% ppm, ±50 ppm. 

Thermo 

Recorder model 

TR72Ui 

 

 

 Humidity measurement range: 10 to 95%RH, 

 Temperature measurement range: 0 to 50°C, 

 Sensor durability Range: -10 to 55°C. 

  Humidity measuring accuracy: ±1%RH (at 

25°C and 50%RH), ±0.1°C 

 Materials: temperature/humidity sensor 

polypropylene resin vinyl coated electrical 

wire. 

Standardization of the measurements was assigned as follows: 

 Each unit was placed in a strategic place away from any thermal heat device 

or children; 1.0 to 1.5 m above the ground. 

 The TR recorder was set to measure at 15 minute intervals and the CO2 

sensor was set to measure at 20 minutes interval to apply detail measurement 

Company:Japan Monitoring Systems Inc. 

Company: T&D CorporationTECPEL Co.  
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and investigate the little change in indoor environment .  

 The measurement of temperature and humidity was started in 28 

May~31July 2012 for daytime and nighttime. 

 The CO2 sensor was placed in the living room of the two houses (cases 

1&2), where all family members spend much time doing different activities. 

  The measurements of CO2 started in June for one month, three days in July, 

and three days of August. 

 All the data were analyzed and compared according to Adaptive Comfort 

Standard (ACS)1, ASHRAE thermal comfort standard [24] and ASHRAE 

acceptable CO2 concentration [25, 26] in order to evaluate the measurement 

data based on comfort standard. 

The researcher conducted measurements in three houses in order to understand 

the effects of different types of ventilation on occupant s thermal comfort; single 

side ventilation (with/without air conditioning in Master bedroom)2 to study its 

effect on achieving indoor thermal comfort and cross ventilation in one occupied 

house.  

2.5 Monitoring of indoor temperature & humidity in May. 

Measurement started in the end of May from 28 31 for four days in order to 

monitor the difference scenarios (natural ventilation and air conditioning) in the 

three cases and check the device accuracy. 

Figures (2-15, 16 & 17) show four days data during daytime and nighttime in 

the three cases. In case 1, the maximum temperature in the living, bedroom and 

master bedroom was 36 C, 36.5 C and 34.5ºC respectively and the minimum 

temperature was 32 C, 30.5 C and 31ºC respectively without air conditioning. 

It is clear that when the occupants used air conditioners during daytime; the 

                                                 
1 ACS is the standard which determines the acceptable indoor operative temperature. This 
standard is based on the findings of surveys of thermal comfort conducted in the field. 
2 The air condition is operating by users of this case during the hot hours of daytime and 
nighttime. 
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temperature decreased to 27ºC and became within the 80% acceptable comfort 

range. This indicates that occupants preferred to use air condition in the hot hour 

during daytime to achieve indoor comfort. But in case 2, the maximum indoor 

temperature in the living room, bedroom and master bedroom was 40.5ºC, 40°C, 

and 39°C respectively and the minimum temperature was 26.5ºC, 24.5ºC, and 

29°C respectively. The indoor temperature and humidity patterns follow the 

outdoor patterns. While during nighttime, the temperature decreases to be within 

the 80% acceptable comfort range in 30 & 31 May. In case 3, the maximum 

temperature in the living room and bedroom was 36.5ºC and 36ºC respectively, 

and the minimum temperature was 32ºC and 28ºC respectively. Also in case 3, 

the difference between the maximum and minimum temperature pattern was 

small due to high internal heat gain and thermal mass.  

Then the absolute humidity1 was calculated from the measured indoor relative 

humidity. This helps to understand the humidity level (sometimes) in each room 

with an occupant load. It is clear that the humidity level is more than the 

acceptable range (12g/kg ) according to ASHRAE [24], especially in the living 

room and master bedroom of case 1 and the living room in case 3. This is 

because occupants were doing different activities in these zones.  

                                                 
1Absolute humidity 

water vapor per dry air. It is related to exchange by evaporation between person 
and environment. 
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Figure (2-15): Temperature and humidity patterns for indoor environment of the 

last four days of May in case 1.

Figure (2-16):Temperature and humidity patterns for indoor environment of the 

last four days of May in case 2.

Case 1

Case 2
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Figure (2-17): Temperature and humidity patterns for indoor environment of the 

last four days of May in case 3.

2.6 Evaluation of  June measurement

2.6.1 Temperature, humidity & absolute humidity profiles for one month 

measurements-June 2012

Figures (2-18, 19 & 20) show the temperature and humidity levels for one 

month measurements for the three cases during June. By contacting the 

occupants in case 1, the occupants were out of the house for six days between 

June 21st 26th.

The results showed that, there is a great difference in the pattern of temperature 

and humidity in the three cases due to different ventilation strategies. In Case1, 

the orientation of living room & master bedroom towards the west affects indoor 

temperature. The fluctuation of temperature pattern in the bedroom is higher 

compared to other rooms. This is due to opening windows few times each day

with high internal heat gain.

Case 3
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Figure (2-18): Temperature, humidity and absolute humidity patterns for indoor 

environment of June in case 1.

Figure (2-19): Temperature, humidity and absolute humidity patterns for indoor 

environment of June in case 2.

Occupant out of the houseCase 1

Selected data

Selected data

Case 2
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S.

Figure (2-20): Temperature, humidity and absolute humidity patterns for 

indoor environment of June in case 3.

Also, the occupants sometimes used air conditioning in the master bedroom, in 

order to control indoor comfort temperature and reach 80% acceptable range. By 

focusing on the humidity pattern in the period of 21 26 June, there is no 

significant fluctuation in the absolute humidity. This is due to the absence of 

effect on indoor environment compared to other period.

In case 2, the pattern of indoor temperature follows the outdoor temperature. 

This causes an increase in indoor temperature due to opening the windows in

daytime and nighttime. However, a few hours during the night and early 

morning dropped within the comfort 80% acceptable range most of the month. 

While in case 3, the fluctuation in indoor pattern was similar to case 1 with 

small differences between high and low temperature. It is clear from the 

absolute humidity pattern that occupants stayed most of time in the living room. 

Selected data

Case 3
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This caused an increase in indoor absolute humidity more than 12g/Kg  

according to ASHRAE standards.   

2.6.2 Temperature, humidity & absolute humidity for 3 days data (June 1st

June 4th ) 

It is important to see the temperature pattern in details for indoor environments, 

three days were analyzed so that a clear pattern could be identified. It can be 

seen from figures (2-21, 22 & 23) that the differences in the indoor temperature 

profiles in the three cases depend on ventilation strategies and orientation. In 

case 1, when the outdoor temperature rose to more than 41ºC in the daytime 

period the occupants tried to use air-conditioning in the master bedroom 

between 12pm 4pm and sometimes after the sunset. This helps to control indoor 

temperature to be within the 80% acceptable comfort range. Also, there was no 

large fluctuation in the living room. This is due to high internal gain stored in 

the building façade and increased by closing the windows most of the daytime. 

Also, the humidity ratio in the master bedroom was higher than outdoor and 

other zones.  

In case 2, the indoor temperature profile in the living room, bedroom and master 

bedroom followed the outdoor profile. This is due to opening the windows and 

the internal door most of the daytime and nighttime. While in the living room 

the indoor temperature didn t completely follow the outdoor temperature pattern. 

This causes increase indoor temperature.  

In case 3, there was no fluctuation either in the living room or the bedroom. This 

is because high thermal mass in this house affects indoor temperature. Also, the 

humidity ratio in the living room was higher than outdoor and bedroom.  
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Figure (2-21): Temperature and humidity patterns for indoor environment from 

June 1st~June 4th in case 1.

Figure (2-22): Temperature and humidity patterns for indoor environment from 

Case 1

Case 2



Chapter 2: Case study building measurement & evaluation for indoor environment (New Assiut City)

33

June 1st~June 4th in case 2.

Figure (2-23): Temperature and humidity pattern for indoor environment from 

June 1st~June 4st in case 3.

2.6.3 Temperature & humidity distribution of 3 cases in June 2012.

Figures (2-24 & 25) show the temperature and humidity distribution during 

daytime and nighttime of June. It is concluded that;

Case 1: the maximum temperature ranges from 36°C to 39°C and the minimum

temperature ranges from 30.5ºC to 31.5ºC with an average median equal 34ºC 

during daytime and nighttime. However, the maximum relative humidity ranges

from 44% to 49.5% with a minimum range of 6% to 10% with an average 

median equal to 21.5% during daytime and nighttime.

Case 2: the maximum temperature ranges from 38ºC to 43ºC and the minimum

temperature ranges from 24.5ºC to 31.2ºC during daytime and nighttime with an 

average median equal 36ºC during daytime and 34ºC nighttime. However, the 

maximum relative humidity ranges from 47% to 64.5% with a minimum range 

Case 3
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of 3% to 5% during daytime and nighttime with an average median equal to 

10% during daytime and 16.5% during nighttime.

Figure (2-24): Temperature and humidity distribution during daytime for the 

three cases with outdoor condition for June 2012.

Figure (2-25): Temperature and humidity distribution during nighttime for the 
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three cases with outdoor condition for June 2012.

Case 3: the maximum temperature ranges from 37ºC to 38ºC and the minimum

temperature ranges from 28ºC to 32ºC during daytime and nighttime with an 

average median equal to 34.5ºC during daytime and nighttime. However, the 

maximum relative humidity ranges from 44% to 51% with a minimum range of

5% to 12.5% during daytime and nighttime with an average median equal to

18.5% during daytime and 22% during nighttime.

2.6.4 Evaluation of humidity environment according to ASHRAE 55, 2004

in June 2012

Figures (2-26, 27, 28 & 29) show the absolute humidity values for indoor

environment in the three cases. In case 1, only 10% of the measured values

exceeds the acceptable limit of the 12 g/kg according to ASHRAE [24]. But 

most of the values were far from the comfort zone except when using air 

condition; the point becomes very near and starts to enter the comfort summer 

zone.

     

Figure (2-26): Temperature and humidity conditions in case 1 during daytime & 

nighttime.
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Figure (2-27): Temperature and humidity conditions in case 1 during daytime & 

nighttime with and without air conditioning.

While in case 2, there is a wide distribution for the measurement data. During 

nighttime, 3% of the values only enters the comfort zone which indicates

discomfort with this type of ventilation. Also, only 8% of the measured values

exceeds the acceptable limit of the 12 g/kg according to ASHRAE [24]. 

However, in case 3; 20% of the humidity level in the living room exceeded the 

acceptable limit of 12g/kg especially during nighttime. Also, all the measured

values were far from the summer comfort zone.

    

Figure (2-28): Temperature and humidity conditions in case 2 during daytime & 

nighttime.

Case 2

Indoor temperature °C

Daytime Nighttime

Indoor temperature °C

Master bedroom

Living room

Bedroom

0.016
0.015
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0

0.016
0.015
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0

Master bedroom

Living room

Bedroom

Case 1

Indoor temperature °C

Daytime Nighttime

Indoor temperature °C

0.016

0.015

0.014

0.013

0.012

0.011

0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0

0.016

0.015

0.014

0.013

0.012

0.011

0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0

Master bedroom
Without AC

Master bedroom
Without AC

Master bedroom
With AC

Master bedroom
With AC



Chapter 2: Case study building measurement & evaluation for indoor environment (New Assiut City)

37

     

Figure (2-29): Temperature and humidity conditions in case 3 during daytime & 

nighttime.

2.6.5 The relationship between indoor and outdoor air temperatures ( June

1st June 4th, 2012)

Figure (2-30) shows the regression lines between daily outdoor temperature and 

indoor temperature in the three zones of different spaces during the period of 

June 1st~4th, 2012.

In case 1, the slopes of the regression line during the daytime and nighttime 

were very small with a correlation coefficient in the living room and master 

bedroom equal to 0.22 and 0.47 respectively in daytime, and 0.58 and 0.29 

respectively in the nighttime. On the other hand, the correlation coefficient in 

the bedroom was 0.715 and 0.92; during daytime and nighttime, respectively. 

Therefore, it can be said that the indoor temperature of the living room and 

master bedroom was not influenced by outdoor air temperature. 
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Figure (2-30): The regression lines between the daily outdoor temperature and 

(b) Case 2
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indoor temperature in the three different zones; living room, master bedroom, 

and bedroom June 2012; (a) the regression line in case 1, (b) the regression line 

in case 2, (c) the regression line in case 3.  

On the contrary, the slope of the regression line in case 2 was relatively sharp 

with a high inclination in the living room, master bedroom and bedroom. The 

correlation coefficients in the living room, master bedroom and bedroom were 

high with values equal to 0.81, 0.78 & 0.59 during daytime and 0.84, 0.68 & 

0.94 during nighttime, respectively. Therefore, outdoor air temperature greatly 

affects indoor air temperature of the living room, bedroom and master bedroom. 

In case 3, the slope of the regression line during the daytime and the nighttime 

was small especially in the living room with correlation coefficient 0.19 during 

daytime and 0.33 during nighttime.  

Moreover, these graphs indicate that indoor houses in New Assiut city have 

indoor discomfort 

2.7 Evaluation of July measurement 

2.7.1 Temperature, humidity & absolute humidity profiles for one month 

measurements 

Figures (2-31, 32 & 33) show the temperature and humidity patterns for indoor 

environment relative to the outdoor conditions in July. The maximum outdoor 

temperature was 43.7°C during the daytime with a low humidity level of 4%, 

and this is considered the hottest day (17July) in the measurement period. The 

minimum outdoor temperature was around 27.3°C with a humidity level of 40% 

on the 1st of July. While monitoring one month data for July, there was a great 

difference in the patterns of the three cases compared to the outdoors. The 

difference in ventilation strategies and building orientation influenced pattern 

strongly. When occupants used air conditioning, indoor temperature decreases to 

26°C. This temperature falls within the 80% acceptable comfort range of ACS. 

While in the living room & the bedroom of case 1 & case 3, the indoor 

temperature had small fluctuation patterns. And, most of the measured values in 



Chapter 2: Case study building measurement & evaluation for indoor environment (New Assiut City)

40

the living room & bedroom of cases 1 & 3 fall outside the Adaptive Comfort 

Standard of 80% acceptable range. On the contrary, the indoor temperature of 

case 2 nearly follows the pattern of outdoor temperature with a small difference

of 1.5°C 3°C from the maximum outdoor temperature. However, a few hours at 

late night and early morning fell within in the comfort temperature zone of ACS,

especially in the early and end of July. This happened as a direct effect of 

opening the windows during daytime and nighttime as shown in figure (2-32).

Concerning the absolute humidity pattern, it increased in cases 1 & 3 especially 

in the living room due to practicing more activity. While in case 2, the indoor

humidity pattern nearly follows the outdoor pattern, except during 16th, 17th July,

and the second half of the month, when the humidity level significantly exceed 

that of the outdoors.

Figure (2-31):Temperature, humidity and absolute humidity patterns for indoor 

environment of July 2012 in case 1. 

Selected data

Case 1
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Figure (2-32): Temperature, humidity and absolute environment patterns for 

indoor environment of July 2012 in case 2.

Figure (2-33): Temperature, humidity and absolute environment patterns for 

indoor environment of July 2012 in case 3.

Selected data

Selected data

      Case 2

Case 3
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2.7.2 Temperature, humidity & absolute humidity for 3 days data 

Temperature and humidity profiles pattern for the three cases are shown in 

details for indoor environment for the selected data (July 16th~18th), figures (2-

34, 35 & 36). It can be seen from the graphs that different ventilation strategies, 

single side and cross ventilation, have a significant effect on the occupants  

thermal comfort. Case 1: there is a high heat gain in the three rooms; making an 

indoor temperature range from 33°C to 37°C, except when using the air 

conditioner. This is due to the orientation of the apartment to the west with high 

heat stored in the building facade. During daytime, occupants tend to close the 

windows due to higher outdoor temperatures and open them during the night to 

achieve single side ventilation. In terms of temperature, only air conditioner 

units in the master bedroom reduced and controlled the temperature to be within 

the 80% acceptable comfort range according to ACS. Based on this 

measurement, it was understood that the air conditioner was used at nighttime 

most probably from 10 pm until early morning in order to sleep comfortably in 

this period, as shown in figure (2-34).  

Case 2: there is no air conditioner is installed in the house. Occupants use cross 

ventilation by opening the windows and doors of the rooms during the daytime 

and nighttime. This causes an increase in indoor temperatures during the 

daytime. The difference between the outdoor and indoor temperatures is 3°C 

during the daytime. But during the nighttime the temperatures are higher than 

the outdoor temperatures due to high thermal mass inside the house as shown in 

figure (2-35). Indoor environment in this house is far from the acceptable 

comfort range of ACS, except for some hours during nighttime. 
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Figure (2-34): Temperature and humidity patterns for indoor environment on the 

hottest days of July 2012 in case 1.

Figure (2-35): Temperature and humidity patterns for indoor environment in the 

hottest days of July 2012 in case 2.

Case 1

Case 2
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Case 3: single side ventilation was used in this house without any cooling device 

(air conditioner). It can be seen that the temperature did not fluctuate; due to 

thermal mass. The measurement devices were placed in the top floor. Again,

indoor temperature was quite far from the acceptable comfort range of ACS.

Figure (2-37) shows the temperature and humidity patterns in July 16th~18th.

Figure (2-36): Temperature and humidity patterns for indoor environment from 

July 16th ~18th , 2012 in case 3.

In cases 1 & 3, the occupants tended to close the windows during the daytime 

due to high outdoor temperatures, and use mechanical fans which cause heat that 

was stored in the wall and the ceiling to circulate down. Givoni states that by 

increasing indoor air speed of internal fans this extends the indoor comfort range

(comfort sensation), without elevating the indoor temperature [27].

As for the humidity level, there are huge fluctuations with higher humidity 

levels than outside. Concerning occupants feeling, occupants of these houses

Case 3
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feel uncomfortable and very hot in the three cases except when using air 

conditioning (according to them). 

2.7.3 Temperature & humidity distribution of the 3 cases  

Figures (2-37 & 38) show the temperature & humidity distribution during 

daytime and nighttime for July. It is concluded that; 

Case 1: the maximum indoor temperature ranges from 36.5°C to 39°C and the 

minimum temperature ranges from 29.5°C to 32.5°C with average median 

34.5°C during daytime (5:00 19:00) and nighttime (19:00 5:00). But the 

difference between the maximum and the minimum relative humidity is slightly 

higher. The maximum relative humidity ranges from 41% to 54% and the 

minimum relative humidity ranges from 6% to 17% during daytime and 

nighttime with an average median 25% during daytime and 27% during 

nighttime. 

Case 2: the maximum temperature ranges from 38.5°C to 43°C and the 

minimum temperature ranges from 28°C to 32°C during daytime and nighttime 

with an average median of 36°C during daytime & 34.5°C nighttime. The 

maximum relative humidity ranges from 35.5% to 49.5% during daytime and 

nighttime and the minimum relative humidity ranges from 3% to 6% with an 

average median of 14% during daytime and 20% during nighttime. 

Case 3, the maximum temperature ranges from 36°C to 37°C and the minimum 

temperature ranges from 30.5°C to 31.5°C with an average median of 34°C 

during daytime and nighttime. The maximum relative humidity ranges from 

40% to 44.5% and the minimum relative humidity ranges from 6% to 11% 

during daytime and nighttime with an average median of 24.5% during daytime 

and 25% during nighttime. 
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Figure (2-37): Temperature and humidity distribution during daytime for the 

three cases and outdoor condition for July 2012.

Figure (2-38): Temperature and humidity distribution during nighttime for the 

three cases and outdoor condition for July 2012.
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2.7.4 Evaluation of humidity environment according to ASHRAE 55, 2004

in July 2012.

Figure (2-39, 40, 41 & 42) show the absolute humidity values for the three cases 

according to ASHRAE Psychrometric chart. 

      

Figure (2-39): Temperature and humidity conditions in case 1 during daytime & 

nighttime of July, 2012.

Figure (2-40): Temperature and humidity conditions in case 1 during daytime & 

nighttime with and without air condition (AC) of July, 2012.
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It is clear that, the absolute humidity of the three cases of July located far from 

the summer comfort zone except for using air condition in the master bedroom 

of case 1. 

Figure (2-41): Temperature and humidity conditions in case 2 during daytime & 

nighttime of July, 2012.

In cases 1 & 3, the absolute humidity increased more than the acceptable 

humidity value of 12g/kg during daytime and nighttime with a 20% increase in 

case1 and 8%increase in case 3. It is clear that occupants used air condition 

during daytime before sunset more than nighttime due to high indoor 

temperature. However in case 2, there is a wide distribution of the measurement

data with 5% only above the acceptable range 12g/kg during daytime.

         

Figure (2-42): Temperature and humidity conditions in case 3 during daytime & 
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nighttime of July, 2012. 

2.7.5 Relationship between indoor and outdoor air temperature (16July to 

18 July, 2012) 

Figure (2-43) shows the regression lines between daily outdoor temperature and 

indoor temperature in the three zones during the period of July 16th ~18th, 2012. 

In case 1: the slope of the regression line during the daytime and nighttime for 

the living room and master bedroom are very small with small correlation 

coefficient (0.002 and 0.020) during daytime and (0.186 and 0.174) during 

nighttime respectively. This is because, in the living room and master bedroom 

the occupants closed the windows most of the day. While in the master bedroom 

the occupants tried to use air conditioning during some hours of the day. But, the 

correlation coefficient in the bedroom is high during daytime and nighttime with 

a high value of (0.83) during the nighttime. Therefore, it can be said that the 

indoor temperature of the living room and master bedroom is not influenced by 

outdoor air temperature.  

On the contrary, the slope of the regression line in case 2 is relatively sharp in 

the living room, master bedroom and bedroom. The correlation coefficient of 

each space is greater in the order of the living room, master bedroom and 

bedroom during daytime with values of 0.85, 0.82 and 0.70 respectively during 

daytime and 0.81, 0.80 and 0.39 respectively during nighttime. Therefore, 

outdoor air temperature affects strongly indoor air temperature. This causes an 

increase in indoor temperature up to 42 C in the living room and bedroom 

during daytime. 

In case 3: the slope of the regression line during the daytime and nighttime is 

small with a low correlation coefficient of 0.39 and 0.36 in the master bedroom 

and living room during daytime, and 0.002 and 0.04 during nighttime 

respectively. As a result of three cases, the outdoor air temperature affects 

strongly indoor air when using cross ventilation scenario (opening windows 

during daytime and nighttime), with high thermal mass. 
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Figure (2-43): The regression line between the daily outdoor temperature and 

(a) Case 
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indoor temperature in the three different zones; living room, master bedroom & 

bedroom from  July 16th to  July 18th, 2012; (a) the regression line in case 1, (b) 

the regression line in case 2, (c) the regression line in case 3. 

2.8 Monitoring of indoor carbon dioxide concentration 

Carbon dioxide is a normal constituent of exhaled breath. In recent years, more 

and more people have started to recognize the importance of the indoor air 

environment. CO2 itself is not a pollutant at low concentrations. The main 

sources of indoor CO2 are the exhalation of occupants, smoking and cooking. 

Therefore CO2 can be a good indicator of bio-influence generated by human 

bodies. When the CO2 concentration increases in room and become more than 

1000 ppm 1 , people will feel out of breath, headache and associated with 

increased prevalence of certain mucous membrane and lower respiratory sick 

building syndrome (SBS) symptoms with less indoor productivity. Carbon 

dioxide itself is not responsible for the complaints; however, a high level of 

carbon dioxide may indicate that other contaminants may also be present in the 

building at elevated levels and could be responsible for occupant complaints 

[28]. 

CO2 can act as an indicator for ventilation efficiency, showing whether the 

supply of outside air is sufficient to dilute indoor air contaminants. Properly 

ventilated buildings should have carbon dioxide levels between 600 ppm and 

1000 ppm [25, 26, 28] 

Measuring of CO2 concentration in the living room of the two cases of New 

Assiut city, helps to understand the effect of different type of ventilations 

scenario on carbon dioxide concentration in order to ensure indoor air quality 

(IAQ) and a safe living environment2. IAQ is a comprehensive index, including 

room temperature, humidity, fresh air and a diverse range of low concentrations 

of air contaminants [29, 30].  
                                                 
1The measurements of indoor airborne concentrations of substances. 
2 The same condition for case 1 and 2 is taken into account (for example; activity, cooking, 
average number of people, furniture, painting) in order to analyze ventilation efficiency only. 
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Figure (2-44) shows the CO2 concentration in the living room of the two houses

(cases 1 & 2) during June, 2012. It can be seen that in case 1, the concentration 

was very high all over the month except between June 21st to June 27th. This is 

because, occupants are outside the house in that period. There is no continuous

ventilation in the living room of case 1. Thus, high CO2 concentration reached 

1780 ppm. But in the period between June 21st to 27th, the concentration appears 

to be in the steady state. On the contrary, the CO2 concentrations didn t exceed 

1000 ppm in case 2. This is because occupants tried to use the cross ventilation 

strategy during the daytime and nighttime, which affects indoor environments

and dilutes CO2 concentration.

Figure (2-44): CO2 concentration in the living room of cases 1 & 2 during June,

2012.

Figure (2-45) shows analysis of of CO2 concentration for the selected data (June 

16th~19th 2012). The maximum indoor CO2 concentration was 1250 ppm to 1450 

ppm in case 1, and from 600 ppm to 900 ppm in case 2. It can be seen during the 

daytime particularly in the morning, there was no increase in CO2 concentration. 

This is because the few activities conducted in that period would not make the 

maximum concentration reach 800 ppm in case 1 and 450 ppm in case 2.
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Figure (2-45): Three days measurements of CO2 concentration in June, 2012.

Figure (2-46 & 47) show CO2 concentration profile for indoor environment 

during July (16th~19th) and August (16th~19th), 2012. It is very interesting to see 

the increase of CO2 concentration during the sun rise and sun set periods

especially in case 1. This is due to the effect of different activities such as

cooking.

Figure (2-46): CO2 concentration profiles for indoor environment during July

16th~19th, 2012.

Also, the occupants get together in month of the Muslim feast (Ramadan) and 

the maximum indoor concentration reaches 1600 ppm with outdoor 

concentration 380 ppm. This is due to closing the windows or sometimes 

opening the windows with single side ventilation only. On the contrary, in case 

2, it can be observed that indoor concentrations are not so high with maximum
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CO2 concentration of 800 ppm. This is because, the occupants opened the 

windows during daytime and nighttime. Therefore, there was a continuous 

airflow from outdoor to indoor that resulted in low concentration and pollutants

than case 1.

Figure (2-47): CO2 concentration profiles for indoor environment during August

16th~19th, 2012.

By comparing the result with AS

[25, 26].

vapor, particulates, biological aerosols, and other contaminants. Carbon dioxide 

concentration has been widely used as an indicator of indoor air quality. 

Comfort (odor) criteria are likely to be satisfied if the ventilation rate is set so 

that 1000 ppm CO2 . Therefore, case 1 is out of the comfort 

range. While in case 2, good indoor ventilation helps to achieve acceptable 

indoor air quality.

2.9 Research for the suitable strategy for climate of New Assiut city

Assiut.

Based on the measurement conducted in the summer season (4 days of May, 

June & July), three important indices are studied to search for the suitable 

strategy for the climate of New Assiut city. 

First index;

The bioclimatic chart is used to search for the suitable strategies that can be used 

for the buildings in that climate. This helps designers and architects to consider 
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climatic conditions when designing new buildings. A point of monthly average 

minimum outdoor temperature for one month with a monthly average maximum

outdoor relative humidity is connected by a point with monthly average 

maximum temperature by minimum average outdoor relative humidity. The 

zones crossed by the lines plotted indicate the strategies that may be appropriate 

for that climate which helps to reduce the cost and energy consumption in such

buildings [31]. Figure (2-48) shows the monthly average minimum and 

maximum points plotted for the three months of May, June & July, 2012 on the 

bioclimatic chart. This shows that the measurement data for the summer season 

of (May, June and July) fall within the boundaries of natural ventilation and 

evaporative cooling.

As a result, these strategies are suitable for indoor environments of buildings

located in New Assiut city.

Figure (2-48): The bioclimatic chart for building design strategies with the 

measurement data for (May, June & July), 2012.
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Second index;

Givoni suggested that direct evaporative cooling is advisable [32, 33] when the 

wet bulb temperature (WBT) in summer is not higher than 24°C and the dry 

bulb temperature (DBT) is not higher than 44°C in developing countries. 

Outdoor (WBT) is calculated based on outdoor (DBT) as shown in figure (2-49).

Figure (2-49): The outdoor DBT and WBT of the outdoor measurement data.

Third index;

Feasibility index (FI) is a method used to verify the viability of using 

evaporative cooling equipment for human thermal comfort and their application 

to several cities [34]. It is calculated based on this equation

FI = Twb

Where T = (DBT WBT) is the wet bulb depression. DBT and WBT are the 

dry bulb temperature and the wet bulb temperature of the outside air. According 

to evaporative air conditioning handbook [35, 36]. It is recommended that

evaporative cooling is needed when the feasibility index is less than or equal to 

10. Figure (2-50) shows the feasibility index pattern.

It is concluded from figure (2-50) that, 96.65% of the measured values fall

located under 10 for the feasibility index. This indicates that evaporative cooling 

is needed.



Chapter 2: Case study building measurement & evaluation for indoor environment (New Assiut City)

 

57 
 

 

Figure (2-50): The feasibility index pattern based on the outdoor measurement 

data. 

Conclusion  

The most important outcome of this chapter is establishing an understanding the 

current situation of indoor environment concerning temperature, relative 

humidity & carbon dioxide concentration, in three houses in New Assiut city. 

Three ventilation strategies were studied in order to study the suitable strategy 

for that climate. The following are the key findings: 

1. Using single side ventilation in cases one and three indicates; there was a 

small fluctuation in the temperature pattern, with high indoor temperature 

exceeding 38ºC and high CO2 concentration exceeding 1700ppm. As a result, 

discomfort occurs in these houses. The living room of the top floor indicates 

high internal heat gain with thermal mass 

2. Using cross ventilation in case two; there was a high fluctuation in the 

temperature pattern with low CO2 concentration (acceptable concentration of 

ASHRAE range 1000ppm [25, 26]. As a result, discomfort also occurs inside 

the house except during late hours at night. 

3. Using air conditioning in the master bedroom of case one, causes the indoor 

temperature to be within the comfort range of ACS1.  

                                                 
1 The air condition is operating by users of this case during the hot hours of daytime and 
nighttime. 
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Therefore, the current situation indicated serious problems of discomfort in 

cases 1, 2 & 3; when using natural ventilation only. While, using cooling 

strategy (air condition) achieves the comfort range with high energy 

consumption. High internal heat gain occurs in the living room, where all the 

family member spend much time doing different activites. 

Based on the three indices, the suitable strategy for that climate is natural 

ventilation with evaporative cooling strategies. 

Finally, a new passive solution is needed to be studied using direct evaporative 

cooling and natural ventilation especially in the living room. In order to reduce 

the cost of building energy consumption, and achieve indoor thermal comfort & 

a high air flow rate (low CO2) concentration; investigation of the suitable 

passive solutions that use natural ventilation with evaporative cooling strategy 

will be necessary. 



Chapter 3

Solutions and strategies for 
indoor environmental problems



Chapter 3: Solutions and strategies for indoor environmental problems

 

59 
 

Introduction 

Indoor temperature is one of the most critical factors governing human comfort. 

Also, air movement plays a critical role in cooling down the body temperature in 

hot dry conditions. Therefore, understanding the related science of natural 

ventilation and evaporative cooling is crucial in order to increase occupant  

satisfaction level in a space and make them thermally comfortable. Finally, the 

strategy and the technical levels of designing for natural ventilation and 

evaporative cooling are important to be studied with different passive techniques, 

in order to understand the limitations of the current system and search for a new 

system. In general, this chapter aims to understand the techniques for natural 

ventilation, evaporative cooling and search for new passive strategies based on 

the limitations of the conventional systems inside/outside Egypt.  
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3.1 The effect of traditional strategies for achieving indoor thermal 

comfort 

Based on the results of three indices that discuss the suitable strategy for hot dry 

climate in chapter two, the mechanism of natural ventilation and evaporating 

cooling technique is needed to be studied; 

3.1.1 Natural ventilation  

Natural ventilation is one of the many passive design strategies that are 

considered when designing buildings in hot dry climates. It is very effective in 

maintaining acceptable internal thermal comfort in such climatic contexts 

especially when the building is oriented according to the prevailing winds [33, 

37, 38, 39]. On the other hand, natural ventilation is expected to provide cooling 

and energy savings for indoor envirronment [40]. Therefore, it was emphasized 

that well designed natural ventilation systems can significantly reduce the 

energy consumption required for summer cooling [41]. 

Natural ventilation uses the natural forces of wind pressure and stack effect to 

aid and direct the movement of air through the building. So, when wind strikes a 

building it produce a positive pressure on the windward side and a relative 

negative pressure on the leeward side. This pressure difference, as well as the 

pressure difference inside the building, drives airflow [42]. As a result, the rate 

of natural ventilation varies according to the prevailing driving forces of wind 

and indoor/outdoor temperature difference [43]. 

a. Wind pressure; 

When wind strikes a rectangular shaped building, it induces a positive pressure 

on the windward face and negative pressure on the opposing faces. This causes 

air to enter openings and pass through the building from the high pressure 

windward areas to low pressure downwind areas [43] as shown in figure (3-1).   
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Figure (3-1): Schematic distribution of wind pressure around & inside a building 

exposed to perpendicular wind flow [43, 44].

Many factors can affect the pressure difference and consequently affect the 

magnitude of wind driven air movement through buildings. Among these factors

are; the building geometry, the wind velocity, the wind direction, the building 

location in relation to its surroundings, the terrain context, the geographical 

location of the building and pressure coefficient on each façade of the building 

[43].

b. Stack effect (thermal buoyancy);

Stack effect is the difference in air temperature, and hence air density, between 

the inside and outside of the building. This produces an imbalance in the 

pressure gradients of the internal and external air masses which results in a 

vertical pressure difference. When the inside air temperature is greater than the 

outside air temperature, air enters through openings in the lower part of the 

building and escapes through openings at a higher level [43] as shown in figure 

(3-2).

Figure (3-2): Natural driving mechanisms of stack pressure [43].
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Plan
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Also, the air flow due to thermal buoyancy occurs mainly in the vertical 

direction through air gaps within the building such as stairwells, elevators, 

atriums, and shafts [46]. Figure (3-3) shows the mechanism of the stack 

ventilation in a single room and inside an atrium. It is clear that air moves 

towards the upper part of the atrium and the room according to the temperature 

difference.

Figure (3-3): The mechanism of stack ventilation in a room & an atrium [43].

In most cases, the airflow through any building is the result of a combination of 

both wind pressure and stack effect [44].

Finally, an old traditional architecture in Egypt depended on natural ventilation

(wind pressure and thermal buoyancy) to achieve comfort for users especially in 

old houses, mosques, pedestrian passes and compact forms. For example, in 

Cbshiry house, natural ventilation of "Ewan" depended on the existence of 

opposite windows and ventilation to achieve comfort. In this house, a large 

window in the first zone faces the northwest corner of the courtyard wall and 

faces the preferable wind. Meanwhile, small windows in the second zone, in its 

opposite direction, allow air to exit from "Ewan".

3.1.2 Evaporative cooling

Evaporative cooling is a physical phenomenon in which evaporation of a liquid,

typically into the surrounding air as a result of latent heat1, results in reducing 

air temperature and cools an object in contact with it as a result of sensible heat2.

                                                
1 Latent heat is the amount of heat that is needed to evaporate the liquid without a change in 
temperature (Change of state from water to vapor).
2 Sensible heat is heat exchanged by a body or thermodynamic system that causes a change in
temperature (the effect is only to raise or lower temperature).
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When water evaporates into the air, its dry bulb temperature (DBT) is decreased 

and its water content is increased along a constant wet bulb temperature (WBT); 

the wet-bulb temperature compared to the air's dry-bulb temperature is a 

measure of the potential for evaporative cooling. The greater the difference 

between the two temperatures (DBT & WBT), the greater the evaporative 

cooling effect is [32, 47]. 

The appearance of evaporative cooling occurred at around 2500 B.C., during 

which the ancient Egyptians made use of water in a porous clay jar for the 

purpose of air cooling. This mechanism was applied in ancient Egyptian 

buildings and further spread across the Middle East regions where the climates 

are always in hot and arid state. Numerous strategies, similar to porous water 

pots, water ponds and pools, were integrated into the building construction in 

 [48]. 

There are many applications to lower indoor temperatures by passive 

evaporative cooling systems; two important methods [49] are direct and indirect 

evaporative cooling:- 

Direct evaporative cooling; the temperature is reduced by increasing the 

humidity of the air. 

Indirect evaporative cooling; the primary cooling is derived from evaporation 

but the building is cooled indirectly, without elevating the indoor humidity 

(lower air temperature without adding moisture into the air). 

The most effective way for hot dry climate, such as that of Egypt, is direct 

evaporative cooling [32, 33, 47]. Figure (3-4) shows the mechanism of direct 

evaporative cooling psychrometrically with constant wet bulb temperature, 

where the decreasing in cooling temperature depends on the type of the wet 

medium used.  
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Figure (3-4): Direct evaporative cooling process shown psychrometrically [47].

Also it was concluded that one of the most common, and effective, applications

of natural ventilation with evaporative cooling in old conventional Egyptian 

housing is a wind tower (Malqaf or wind catcher) [14, 16, 50].

3.1.3 Wind tower

Wind tower is a single duct to facilitate the supply and extraction of air. Their 

application in the hot arid regions of the middle east provides natural ventilation,

passive cooling and hence thermal comfort, exploiting, particularly the night-

time ventilation strategy [51, 52]. However, wind tower are also useful in 

reducing dust as the wind captured at a level carries less dust [38]. The primary 

attraction of wind towers is that they are passive strategy requiring no energy to 

operate. They work on the principles of natural ventilation, employing both 

wind driven and stack effect ventilation [42]. Numerous traditional houses in old 

Cairo, Egypt, used wind towers. The cooling capabilities depend on providing 

sufficient airflow and speed through proper design of the wind catcher. Also, it 

helps to provide good indoor conditions by passing the dry air through pottery 

jar filled with water, so indoor temperature decreased [53]. Several examples of 

using Malqaf in a traditional Egyptian building like Bayt al Suhaymi and 

Cbshiry houses provided a comfortable indoor environment [14].
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Architect Hassan Fathy suggested wetted baffles which can help reduce the air 

temperature by evaporation of water inside the old wind tower. He also 

mentioned that baffles can reduce air flow which can be overcome by increasing 

the size of the Malqaf and suspending the wetted medium in its interior [53]. 

Figure (3-5) shows the wind tower designed by Architect Hassan Fathy.  

            

Figure (3-5): Wind tower with wetted baffles, design by Hassan Fathy [53].  

3.2 Search for solutions & strategies for providing thermal comfort  

Many papers have been published on building and climate relationships, and 

studies to find passive cooling strategies for buildings in the hot dry climate 

country using natural ventilation. The first research solution is a wind tower 

concept. 

3.2.1 Wind tower concept for providing thermal comfort  

Many ideas and developing ways were applied for wind tower to increase its 

performance [16, 54, 55]. Important researches that studied this concept are 

shown in table (3-1). 

 

 

 

Detail 1 

Section (A-A) 

Plan 

Detail 1 
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Table (3-1): Important researches that studied the wind tower concept. 

No.                          Research description 

1 Wind towers acting as evaporative coolers are 

found in the Ancient Egyptian and Persian 

architectures. The old Egyptian tower had water 

pots in the lower parts of the tower [16]. 

Place: Egypt 

Result: The tower becomes more effective for 

indoor cooling. But, it has many problems like 

allowing dust, insects and small bird. Also, some 

of the air enters the tower normally lost through 

another opening that doesn t face the wind. This 

affects the pressure difference of the system. 

2 Wind tower is studied with evaporative cooling 

pads placed at the tower entrance. Evaporative 

cooling surfaces are wetted manually or 

automatically, where a medium made from clay 

was proposed inside the wind tower for thermal 

energy storage that can be wetted uniformly by 

spraying (or pouring) water over them at the top 

of the column [17, 56].  

 

Place: Iran 

 Result: Higher airflow rates with high 

evaporative cooling capability are achieved at 

nighttime in the summer. It helps to cool the 

building mass to a lower temperature. The 

decrease in temperature reaches 10°C lower than 

outdoor, when the outer temperature=35°C & 

wind speed=5m/s. 
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3 An atrium located in the middle of the office 

building was used as a passive downdraught 

evaporative cooling PDEC to cool the rooms 

beside the atrium [57].  

 

Place: Spain 

 Result: Water is injected in the head of the 

atrium through wet medium. These droplets 

evaporate and the cold dense air descends into 

the capture zone. The dense air falls to the 

occupied spaces (rooms) to cool them. The 

temperature of indoor inside the room decreases 

by 10ºC~12ºC less than the outdoor temperature. 

4 Measurement is conducted for high wind tower 

(11.7m) divided into three columns (one with 

wetted column consisting of wetted curtains 

hung in the tower column; the second one with 

wetted surfaces, consisting of wetted 

evaporative cooling pads mounted at its 

entrance, the last one is an empty column) [58]. 

 

 

Place: Iran 

 Result: It was found that the wind tower with 

wetted column performs better with high wind 

speeds whereas the tower with wetted surfaces 

performs better with low wind speeds. The 

temperature decrease to 19.2°C with RH=73% 

when the outside temperature=34.2°C & 

RH=10.7% with wetted column & temperature 

decrease to 21.5°C and RH=68% with wetted 

surface. 
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5 Thermal performance of wind tower with a wet 

medium made of brick with partition inside it 

and a pond down the tower is studied. [59]. 

 

Place: Algeria 

Result: Indoor temperature decreased to 18.6ºC 

with relative humidity 62.6%, when the outside 

temperature was 42.7°C and relative humidity 

was 14.1%. Indoor air temperature can be 

reduced by improving the two determinant 

factors of the wind tower: a higher height of a 

wetted column (h) and a smaller size of the 

conduits partition inside the tower by 

increasing the number of openings in the tower. 

Therefore; 

 Integration of wind catcher with different evaporating cooling strategies 

(wet medium, water spray, water droplet & wet column) could help 

decreasing indoor temperature. 

Finally, the wind tower is an effective strategy for decreasing indoor 

temperature. But still there are some limitations for the conventional wind 

tower. 

Limitations for the conventional wind tower. 

There are some limitations of the conventional design that make it difficult to 

apply for any existing or new buildings regarding the design, evaporative 

cooling and air speed. Table (3-2) shows these limitations. 
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Table (3-2): The limitations for the conventional wind tower. 

Items Description Figure 

Design  It needs special design 

particularly for the upper part. 

 It needs to be high enough to 

capture air from the upper layer of air. 

The height depends on the surrounding 

buildings.  
  

Evaporative 

cooling 

 It consumed a lot of water 

particularly when using water droplet, 

water spray or wet column. 

 It causes a significant reduction in 

indoor temperature (more cooling) with 

high humidity. 
   

Air speed  It is not effective with low wind 

speed. 

 It must be oriented to the 

preferable wind.  

**Therefore, more techniques should to be studied;  

 To move air continuously inside the tower without depending on wind 

speed or makeing it high with big structure. 

 To consume less water consumption. 

 Produce compact (small) designs easy to apply to the existing and new 

buildings. 

As a result, a passive technique is needed to move air without depending on the 

wind or any mechanical means. Therefore, the concept of the solar chimney is 

needed to be studied. 

 

Water 
droplet 

Water 
spray 

Wet 
column 
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3.2.2 The solar chimney concept for providing thermal comfort 

Solar chimney is a system that generates air movement by thermal buoyancy 

forces, in which hot air rises and exits from the chimney, drawing air through 

the building in a continuous cycle. This system relies upon heating part of the 

building fabric (material) by solar irradiation resulting in a greater temperature 

difference and, hence, larger air flow rates [60, 61, 62]. 

Egypt in general has rich sunny and clear skies [1]. Therefore, these conditions 

encourage to enhance solar chimney as a concept and save energy [63]. Many 

previous studies investigated the use of the solar chimney concept for improving 

room natural ventilation, which allows the amount of solar energy to be stored in 

its surface, then releases this energy to an adjacent column of air that raises as 

the temperature increases inside the chimney, and accordingly flows upward 

drawing air from the adjacent space [60, 62, 64, 65, 66]. Table (3-3) shows the 

important researches that studied the solar chimney concept for indoor thermal 

comfort. 

Table (3-3): Important researches that studied the solar chimney concept. 

No.                            Research description 

1 The effect of the solar chimney and/or water 

spraying over a roof on natural ventilation is 

experimentally studied [67].  

 

 

Place: Thailand 
Result: When the ambient temperature was 40°C, 

they achieved a maximum of 3.5°C reduction in 

temperature was achieved for solar chimney only, 

and a maximum of 6.2°C reduction in temperature 

for the combined effect of solar and water spraying. 

This happened during high solar radiation. 
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2 The thermal performance of a solar chimney under 

daylight and nighttime conditions is studied. A 4.5m 

high, 1.0m wide and 0.15m thick reinforced concrete 

wall was used as a solar absorber, whose southern 

surface was painted matt black with insulation on the 

side and back surfaces. The outer cover of the 

chimney is made of glass of 0.004m thickness [68]. 

 

Place: Spain 

Result: a high flow rate of 374m3/h occurred with 

solar intensity of 604W/m2. The air flow rate through 

a solar chimney system is greatly affected by the 

pressure difference between openings caused by heat 

stored in the black absorber and by wind velocity. 

3 

 

The use of solar chimney (SC) in the façade of high-

rise building is investigated. Two small scale models 

of a three storey building were built. Solar chimneys 

were integrated into the south-faced walls of one 

unit. Two design configurations were considered. 

The first is a tall SC with an inlet opening at each 

floor and one outlet opening on the third floor 

(model b). While the second, an inlet and outlet 

openings were installed on each floor (model a). 

[69]. 

 

 

Place: Thailand Result: First, room temperature of the model (a) was 

lower than the room temperature of the model b, 

depending on the floor level by up to 5°C. 

Second, the best configuration is shown for 

temperature difference between the room and 

ambient. It was concluded that multi-storey solar 
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chimney could be an alternative for mechanical 

ventilation in high rise building in order to save 

energy with comfortable environment.

4 A combination of roof solar collector and a vertical 

stack is studied. The purpose of the roof solar 

collector was to capture as much solar radiation as 

possible, thus maximizing the air temperature inside 

the channel of the collector [61].

Place: MalaysiaResults: This model creates a temperature difference 

of up to 9.9ºC in semi- clear sky with solar radiation

877W/m2 and 6.2ºC in overcast sky condition with a

solar radiation of 552W/m2.

Therefore;

It is concluded that solar chimney can be used as an aid to promote stack 

effect ventilation in times or places of low wind speed [70].

Solar chimney doubled the percentage of efficiency for improving the 

quality of life and reducing energy consumption [62]. 

But still there are some limitations to using solar chimney only for achieving

indoor thermal comfort.

Limitations of the solar chimney concept.

Heat gain is still inside the room by using a solar chimney only. This is because, 

it helps to enter outside air without cooling it.

In order to achieve the desired natural cooling effect, it is very important to 

combine the solar chimneys with other passive cooling strategy [71].

As a result, integration of the solar chimney with the cooling wind tower is 

needed to achieve indoor cooling with continuous high flow rates (without 

depending on wind speed).
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3.2.3 Integration of the solar chimney with an evaporative cooling concept 

for providing thermal comfort 

Several previous studies investigated the integration of the two systems for 

improving indoor environment [70, 72, 73]. Table (3-4) shows the important 

researches that studies this concept. 

Table (3-4): Important researches that studied the integration concept.  

No.                     Research description 

1 Big & high wind tower coupled with multi solar 

chimney is studied. The system consisted of a 

uniform cross sectioned wind tower (without 

evaporative cooling) which connects to the rooms to 

be ventilated with natural ventilation, where the tower 

area is 2m2 [74].  

 

Place: India 
Result: The system provides ventilation for variable 

wind speeds with a collector area of 3.0m2. The wind 

tower is able to cool outdoor air by a 5ºC reduction in 

temperature with 35 air change rates (ACH). 

Therefore, the system acts as a very good ventilation 

system. 

2 Short vertical chimney made from steel integrated 

with big & high cooling wind tower and attached to a 

room of 93m2 floor area made from wood. The 

chimney is located outside the room with a small 

opening located at the top of the room. The tower 

dimensions are (1.8m × 1.8m) and 7.6m tall. [33, 49, 

75]. 

 

 

 
Place: Arizona-USA 
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Result: The result was analyzed by Givoni, 1994. The 

system was very effective, when the outdoor 

temperature was 40.6ºC and the WBT was 21.6ºC. 

The tower exit air temperature was 23.9ºC. The 

corresponding speed of the exit air at that time was 

0.75m/s. 

 

3 An inclined solar chimney, together with a small 

evaporative cooling cavity, is studied. The numerical 

study is done using falling water film without existing 

of occupants in the room [50]. 

 

Place: Iran Result: When the ambient air temperature becomes 

34°C at a solar radiation of 1000W/m2 and relative 

humidity 40%, the resulting indoor temperature 

decreases to 26.26ºC with high relative humidity 

85.57%. The researchers suggested that a 

combination of the proposed system would help 

create a reasonable indoor environment for human 

thermal comfort, as well as being energy efficient and 

environmentally friendly.  

4 A model of solar chimney and wind induced earth-

cooling air tunnel (EAT) for both natural and hybrid 

ventilation systems, at the design stage, is developed. 

It focuses on the simulated performances and their 

impact on the comfort of occupants for the summer 

period [76]. 

 

Place:Australia 
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Result: The exit temperature from the EAT was 

below 26ºC for the whole period; which shows its 

potential for precooling the outside air and providing 

passive cooling, when the outside temperature ranges 

between 14ºC to 36ºC.

Therefore; 

Employing natural or passive cooling systems can be an alternative way to 

maintain a house cooling or reduce air-conditioning load. A passive 

cooling system employs non-mechanical procedures to maintain suitable 

indoor temperature.

But still, there are some limitations, for the conventional integration systems.

Limitations for the conventional integration systems

The advantage of the integration is not optimized yet. More work is 

needed for determining the optimum size.

The structure of the current wind tower is big. This makes it difficult to 

integrate easily in the existing or new buildings.

No inclined solar chimney (due to its high absorption of solar radiation) is 

integrated with evaporative cooling wind towers.

Figure (3-6) shows the problem of the conventional integration for the three 

important studies.

Figure (3-6): The problems of the conventional system integration.
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3.3 Comfort ventilation 

Comfort ventilation is the important factor that deals directly with the human 

body and depends on the strategy used. It is based on the theory that high air 

speed around the human body accelerates the skin s evaporation rate and, 

accordingly, improves accordingly the heat dissipation from the human body. 

This in turn shifts up the comfort upper level by providing by such direct 

physiological cooling effect and decreases human discomfort due to skin 

wetness and high humidity level [33, 77]. In comfort ventilation strategy, two 

different impacts of the air velocity of the human body were determined: first, 

the heat exchange of the body that happens with convection; second, the 

evaporative capacity of the air. According to ASHRAE standard 55 for naturally 

ventilated buildings, the acceptable thermal environment of indoor operative 

temperature1 ranges between 22°C and 28°C and the comfort indoor air velocity 

of 1.6m/s can be beneficial for improving comfort at higher temperatures [24]. 

So, new residence must have the acceptable thermal environment for all 

occupants. According to ASHRAE 62-2001 standard, ventilation rates depend 

upon the floor area whereas the minimum ACH was 0.35, but no less than 15 

CFM/person [25]. Also, passive natural ventilation standards require a minimum 

of 3 air changes for residential buildings [78]. Finally, The comfort ventilation 

can easily be enhanced by appropriate building design and the system used. 

Conclusion 

This chapter presented the mechanism of the natural ventilation and evaporating 

cooling. It is difficult to achieve thermal comfort with natural ventilation only. 

Also, the solar chimney is important to move indoor air flow continuously 

without depending on wind speed. Therefore, important findings are concluded 

according to:- 

 

                                                 
1Operative temperature; is the acceptable internal conditions for indoor environment. It is 
due to the effect of air temperature and the influence of air velocity. 
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Design 

Due to the limitations of the conventional integrated system (solar chimney (SC) 

& wind tower (WT)), new compact designs is needed to be studied for achieving 

indoor thermal comfort and applying easily to the existing and new buildings. 

Indoor environment 

New evaporative cooling wind towers with wet mediums need to be studied, in 

order to decrease water consumption - in the cooling process without increasing 

indoor relative humidity - and achieves acceptable indoor temperature. 

Ventilation 

As Egypt has a rich sunny and clear sky. Therefore, the solar chimney is 

important to be used and integrated with evaporative cooling to move air 

continuously without depending on wind speed force during daytime and 

nighttime. 

Finally, it is important to use the advantages of the conventional and the 

traditional cooling concepts with new techniques and strategies for 

achieving compact, high advantage of integration of wind tower and solar 

chimney and high performance new designs. 

 



Chapter 4

Integration of solar chimney with new cooling 
tower as a passive ventilation technique
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Introduction 

Buildings contribute more than 40% of the total global primary energy use 

corresponding to 24% of the world CO2 [19]. Effective integration of passive 

features into the building design can significantly minimize the air-conditioning 

demand in buildings while maintaining thermal comfort [79]. Passive 

evaporative cooling is one of the most efficient and long recognized ways of 

inducing thermal comfort in predominantly hot arid climates [36, 80]. This 

chapter studied the effect of integration of inclined solar chimney (SC) with 

evaporative cooling short wind tower (ECWT) on the indoor environment. 

Based on the review of solar chimney with an evaporative cooling in chapter 

three, no research studied the integration of inclined chimney with short 

evaporative cooling wind tower and wet pad (compact design, easy to integrate 

with the building with high performance). Also, no research studied the 

performance of the integrated system in the Egyptian house. In general, this 

chapter aims to investigate the possibility of using natural ventilation with an 

evaporative cooling strategy using numerical modeling (simulation), in order to 

achieve zero energy consumption for cooling and indoor thermal comfort 

according to ACS and ASHRAE under the weather data of the New Assiut City. 

COMIS & TRNSYS simulation software are used in the developing stage. 
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4.1 Developing and description of the system

The new proposed system of inclined solar chimney (SC) with short wind tower

(ECWT) was developed based on a reference system of solar chimney attached

to a room with an evaporative cooling cavity (ECC) [50]. The reference model

has some limitations in the system calculation; it assumes zero pressure 

boundaries at the inlet and outlet except the stack effect and therefore does not 

consider the various effects of building static pressure, from the atmospheric 

pressure, and the effect of wind pressure coefficient on buildings. Also, There 

are many reasons that make it very difficult to integrate in Egyptian houses. 

Some of these reasons are: ECC consumed a lot of water because of using water 

film, it occupies plenty of space in the room (it can t be attached to other room), 

it is difficult to maintain (because its width is 20 cm) and also the resulting

humidity is very high, 93%, causing many health problems and discomfort

(more than the maximum range of ASHRAE [24]. On the other hand, it is a very 

detailed calculation model for solar chimney and evaporative cooling to start 

developing from this reference model. Figure (4-1) shows the diagram of the

new proposed system and the reference system.

Figure (4-1): Schematic diagram of the new proposed system and the reference

system.

New proposed systemReferance system
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The system is integrated for the living room of the upper floor without air 

exchange from other room. The living room of the upper floor is selected as a 

pilot base case, where all the family members spend much time doing different 

activities. Assuming the living room of the upper floor is located in a block of 

the building, with the same condition as the New Assiut City, where the front of 

the building is a 12m wide street and facing another block of the building as a 

big obstacle in the opposite direction with azimuth 180°. While from the back, 

there are private gardens back to back with another private garden for another 

building then there is  a block of buildings as a big obstacle with the same height 

of the building in the opposite direction with azimuth 0° toward the north1.  

 The following dimensions and specifications are applied to the proposed model: 

The room located in the New Assiut City, Egypt having 27.30°N latitude 

position and 31.15°E longitude position. The solar chimney is oriented towards 

the south. The calculations were carried out for a single zone (room) to study the 

integration of the new system in it. Room dimensions are 4.0m×4.0m×3.125m 

(L×W×H). 

Nevertheless for the new system, the inclination length of the chimney was 2m 

on the inclined length in order not to extend the vertical height (1.5m) according 

to Egyptian Building Regulation Law [81], the height of the cooling tower was 

1m. The chimney air gap was 0.2m & the inclination angle of the chimney was 

50º based on the dimension of the reference system. Next, parametric studies for 

solar chimney and wind tower dimension are needed in the next chapter to 

choose the best dimension for the new proposed compact design. Figure (4-2) 

shows the location of the room and its dimensions with the integrated system 

according to north-south orientation. 

                                                 
1See appendix (B) 
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Figure (4-2): The location of the room with the new proposed system according 

to north-south orientation and its location in the building block as a pilot base 

case.

The function of the system is to provide desired comfort conditions and the 

suitable rate of ventilation depends on several parameters such as (temperature

difference between indoor and outdoor, solar intensity, relative humidity, wind 

speed & pressure coefficient). In addition, experimentation is time-consuming 

and very expensive. Therefore, the numerical model is made and developed for 

the new proposed system.

4.2 TRNSYS and COMIS simulation programs

The new proposed model is implemented in COMIS-TRNSYS programs;

a. COMIS program

Calculates air exchange and contaminant migration within the rooms of the 

building and between a building and the outdoors [82]. These models typically 

represent the rooms of the building as zones (multizone model) with 

homogeneous air properties. Airflows are driven by pressure difference or 

temperature difference and interconnect with each other and have the user define 

leakage characteristics. Multizone models in COMIS have been used to 

represent many types of buildings with acceptable accuracy and it was compared 

Back Private garden

Back Private garden
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with over fifty test cases with either an analytical or a numerical solution to 

ensure that the code didn t contain numerical errors. Also, the program was 

checked against 14 other simulation programs performed by 15 different 

laboratories and against 9 experimental studies conducted within Annex 23 and 

supported by the International Energy Agency (IEA) [83, 84]. Multizone airflow 

network models deal with the complexity of flows in a building by recognizing 

the effects of internal flow restrictions. They require extensive information 

about flow characteristics and pressure distributions [85]. 

b. TRNSYS program; 

Calculates the building thermal model under the effects of internal heat load, 

solar load, occupant & heat transfer through ventilation, walls, windows, roof 

and ground. It is currently maintained by an international collaboration with the 

United States (Thermal Energy System Specialists and the University of 

Wisconsin-Solar Energy Laboratory), France (Centre Scientifique et Technique 

du Bâtiment), and Germany (TRANSSOLAR Energietechnik). It is programmed 

in Fortran [86].  

TRNSYS is a simulation program (Transient Simulation Program) which is 

widely used around the world [87, 88, 89, 90]. The calculation model used in the 

program was verified, both practically and theoretically, in many experiments 

and research projects [91, 92]. 

c. Couple concept of TRNSYS & COMIS programs; 

The indoor air temperatures calculated by the building thermal model 

(TRNSYS) strongly depends on the exchange of air between the zones (COMIS) 

as well as the outside. To make links between the two models, the exchange of 

data between the thermal and the air flow model is required by inputs and 

outputs as in figure (4-3). TRNSYS Solver can be used for the iteration process 

between the two models with continuous feeding of air flow in the thermal 

model so that an optimum of stability and convergence is achieved [86, 93]. 
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Figure (4-3): The concept of the couple project between TRNSYS & COMIS 

programs [93]. 

4.3 Multi-zone thermal ventilation model 

The proposed models of solar chimney (SC) with short evaporative cooling 

wind tower (ECWT) are built in COMIS-TRNSYS programs. This direct 

evaporative cooling tower uses a component 506d- TESS  library which uses 

wet medium at the top, and this component is created and validated by Thermal 

Energy System Specialists-USA; it was modified in 2004. The present model 

includes airflow components which need simultaneous prediction of temperature 

and airflow rates in the components. In the multi-zone ventilation model, the 

model is created as a system of zones, openings & ducts linked together by the 

airflow path connection. Zones are represented by nodes. Chimney and 

evaporative cooling channel are represented by ducts for resistance & pressure 

drop calculations1. A hydrostatic condition is assumed in zones and the flow rate 

in each link is defined as a function of zone pressure, which results in a system 

of nonlinear equations, defined by the mass conservation2 for each zone [94]. 

                                                 
1See appendix B. 
2Mass conservation: principle of mass conservation, states that the mass of the system must 
remain constant over time, as the system mass cannot change its quantity. Hence, the quantity 
of mass is "conserved" over time [86]. 

Couple  
project 

TRNSYS COMIS 

BLD: Input file from multi zone 
building (Type 56). 

TRN: Input file from multi zone 
building (Type 56)  with heat 
transfer. 

DCK: TRNSYS input file. 

CIF: Comis input file for Type 
157. 

COF: (Comis output file). 

OUT: TRNSYS output. 
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Figure (4-4) shows the flow chart solving procedure of TRNSYS-COMIS and 

the connection between the two programs.

Figure (4-4): Flow chart solving procedure of TRNSYS-COMIS (Auther)1.

                                                
1Convergence Tolerances: is a control statement used to specify the error tolerances to be 
used during a TRNSYS simulation. Specifying a relative tolerance indicates that TRNSYS 
should not move on to the next time step until all connected outputs are changing by less than

to 0.01.
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The equations are solved numerically to predict zone pressures and zone 

pressures are back substituted in the flow equations to predict the airflow rate at 

each link [94]. The detailed equations used for large openings and ducts are 

presented in the fundamentals of the multizone airflow model-COMIS [95, 96]. 

A description of the mathematical models used in each component (Types 109, 

69, 33, 65d & 25a)1 can be found in the TRNSYS 16 manual handbook. The 

pressures calculated in the previous step was used as an initial guess for 

pressures in the next step. Initial zone densities are based on the pressures found 

in the last step. The solver update zone densities as it updates zone pressures 

[94]. The simultaneous set of mass balance equations is typically solved using 

the Newton-Raphson method2 [86] to correct the zone reference pressures until 

the simultaneous mass balance of all flows is achieved with stable convergence. 

4.4 System mechanism 

Solar radiation passes through the glazing and is absorbed into the absorber 

surface (black aluminium). The air in the chimney is then heated by convection 

from the absorber. The decrease in density experienced by the air causes it to 

rise, whereupon it is replaced by air from below, i.e. from the attached room. 

The rate at which air is drawn through the room depends upon the buoyancy-

force experienced, i.e. depending upon the temperature differential, the 

resistance to flow through the chimney and the resistance to the entry of fresh air 

from the room. While in the wind tower the opening of the tower faces the north 

wind. This compact design with dimensions 1m×0.7m3 & height 1m depends on 

solar intensity and solar chimney effect that absorb air from the room. Figure (4-

5) shows the mechanism cycle of the system. 

                                                 
1 See appendix (B). 
2Newton-Raphson method: is the most common tool used to solve the set of non-linear 
equations required to model complex air flows. The idea of the method is as follows: one 
starts with an initial guess which is reasonably close to the true root and the method can be 
iterated. 
3 Tower dimension (1m×0.7m): is considered as initial dimension and then parametric 
investigation will be studied in chapter five. 
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While evaporative cooling with a wet medium (EC), is a device that cools air by 

passing it across a wet medium. As hot air passes over the wet media, some of 

its energy goes to evaporate water from the media. The air comes out of the 

other side of the device having given up some of its energy and consequently, 

exits at a lower temperature, higher humidity, and constant enthalpy 1 . The 

minimum temperature that can be reached is the wet bulb temperature (WBT) of 

the incoming air [98]. Figure (4-6) shows the concept of evaporative cooling.

Figure (4-5): The mechanism of the system during daytime.

Figure (4-6): Evaporative cooling with constant water flow [34].

                                                
1Enthalpy: It is the preferred expression of system energy changes, is a measure of the total 
energy of a thermodynamic system (energy inlet equal energy outlet) [97].
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4.5 Mathematical modeling of the integrated system

The proposed model (the room with the integrated system) is built into COMIS-

TRNSYS programs according to detailed input in Appendix (B) and based on 

the mathematical model of every part of the integrated system which is 

described as follows:

4.5.1 Pressure calculation and mass flow rate through openings (COMIS 

model)

To estimate the amount of air flow through an opening, it is necessary to know 

the pressure difference across the opening and its effective flow area. The 

pressure at an opening can be due to wind, as well as buoyancy. Therefore, it is 

determined by the location of the opening, as well as the internal and external 

environmental parameters such as wind velocity, wind pressure coefficient (Cp)1

and inside and outside temperatures. Figure (4-7) shows the location of different 

pressure points solved from eq. 1 to eq.2.

Figure (4-7): The location of different pressure points taking into account base 

pressure on the ground (Author).2

                                                
1Wind pressure coefficient; The portion of the dynamic wind pressure, which acts on the 
specific façade or roof at a certain wind direction [95].
2 M; is the inclination angle of the chimney with the horizontal.
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The ventilation rate inside the system is calculated according to six variable (P2, 

P3, P4, P5, P6, P7) which is solved from the eq.1 to eq.6 taking into account base 

pressure on the ground (P=0) as shown in figure (4-7). Appendix (C) shows the 

nomenclatures (scientific symbols) of these equations. 
2

11

22
122 2

)5.0(
A

Q
CpghP north                                                              (1) 

Where P1= )5.0( 2
12 northCpgh  is the pressure at point 1 (N/m2), is the 

discharge coefficient of the opening in the wind tower & A1 is the area of the 

opening 1 (m2). 

rAAonDuctFrictiDuctOutletnletWetMediumI ghPP
23

23 2
)(                                         (2) 

Where the local pressure losses in the inlet nletWetMediumI  of evaporative cooling 

(wet medium), the friction of duct onDuctFricti  & local losses of the duct 

outlet DuctOutlet  can be calculated according to dynamic dimensionss of Lamda 

fitting, Re (Reynolds number), roughness, duct dimention and lamda ( ). It can 

be determined in details from [94]. Also,  the indoor velocity equals 
A

Q
A

 

(m/s). 

rgRPP 434                                                                                                       (3) 

rgRPP 445                                                                                                      (4) 

)cos(
2
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B

ctionChimneyFriletChimneyOutetChimneyInl  1                        (5) 

Where the local pressure losses etChimneyInl  in the inlet of a solar chimney, the 

friction of chimney ctionChimneyFri  & local losses of the chimney outlet letChimneyOut  can 

be calculated using an approach similar to that of evaporative cooling. 
2

66

6
67 2 A

Q
PP                                                                                             (6) 

                                                 
1 : is the inclination angle of the solar chimney from vertical (for considering the vertical 
height) 



Chapter 4: Integration of solar chimney with new cooling tower as a passive ventilation technique 

89

Where P7= 2
15.0)cos( southr CpLRg and 

15.273

25.35325.353

tT
[97] is the 

air density (kg/m3). Then the pressure differences across the opening due to 

buoyancy and wind is required and solved with each others in order to predict 

pressure of the room and ventilation rate Q (m3/s).

4.5.2 Temperature prediction in solar chimney

The average air density in the chimney channel 6 is predicted using the thermal 

resistance network model in TRNbuild-TRNSYS, based on the heat balances of 

each element of the solar chimney. The model used by Ramadan and Ong [63, 

99] and modified by Alemu et al. [76] for solar chimney is adopted with some 

assumptions to enable solving the mathematical model. The chimney inlet area 

and exit areas are equal. The thermal network for the physical model considered 

is shown in Figure (4-8) [94].

Figure (4-8): Thermal network for solar chimney with air flow.

Where the heat balance equations from the thermal network at each element of 

the solar chimney:

(black aluminum)

Cross sectional view of the chimney
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Tg(glass cover):  Sg+hrwg(Tw-Tg)+hg(Tf Tg)=Ug(Tg-Ta)                                            (7) 

Tf(Air)             :  hw(Tw-Tf)=hg(Tf  Tg) + q                                                          (8) 

Tw(absorber) :  Sw =hw(Tw Tf) + hrwg(Tw Tg)+Uw (Tw-Ta)                                          (9)  

The heat transfer to the air stream in the chimney q  with a length L and the 

width of the air channel is: 

q wl= m Cf(Tairout-Tairin)                                                                                      (10) 

where m is the mass flow rate of the air component 

The mean air temperature Tf is given by: 

Tf(air)= Tairout+(1- )Tairin                                                                             (11) 

Where assumed (mean temperature weighting factor)=0.75[64]. 

Considering that air inlet to the chimney has a temperature equal to the room 

average temperature, and substituting in the above equation of q WL 

q WL= airinairf
f

TT
Cm )(                                                                                        (12)  

The heat transfer coefficient from glass to atmospheric air 

Ug= hrs+hwind                                                                                                    (13) 

The radiation heat transfer coefficient between the glass and the sky is: 

 hrs= 
ag

skygskygskyggg

TT

TTTTTTg 22

                                                               (14) 

where = solar absorptance, emissivity , g = gravitational acceleration 9.81, 

Tsky=0.0552 5.1
aT  

The convective heat transfer outside the glass due to the wind is 

hwind=5.7+3.8V(wind speed at reference height)                                                                (15) 

The radiation heat transfer coefficient between absorber and glass hrwg is: 

hrwg= 
1/1/1

22

wg

wgwgw TTTT
                                                                                  (16) 

The heat transfer coefficient between the absorber and outside air 
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Uw= 
insulationinsulationw kthh //1

1                                                                                (17) 

Where thinsulation is the thickness, kinsulation is the thermal conductivity  

The convective heat transfer coefficient between air and absorber plate or glass 

(hair.absorber, hair.glass) 

hx =
gapchimney

airxair

d

kNu

.

.                                                                                                     (18) 

where x refers to absorber plate or glass, d is the chimney gap. 

The Nusselt number (Nu)1 correlation for a constant heat flux on one side of the 

channel [100] is:   

Nuair.x =0.9282
8972.0

2035.0
. L

d
Ra ChimneyGap

Xair                                                                  (19)  

Where Raair.x is Rayleigh number2 for constant heat flux .  

L: inclined length of the chimney 

Solar energy absorbed by the glass 

Sg= g Incident radiation                                                                                                                                                 (20) 

Solar energy absorbed by the absorber (black aluminum) 

Sw= gw Incident radiation                                                                                         (21) 

Substituting the above equations into Eq.(7,8,9) and solving three equations 

solved simultaneously to give the Tg(glass cover), Tf(Air), Tw(absorber). 

The mean air temperature T(Air) in the solar chimney channel is used to determine 

the average air density B  which is then substituted in eq.5 then the flow rate in 

the solar chimney is a function of the chimney temperature. 

4.5.3 Temperature predictions in evaporative cooling wind tower   

Evaporative cooling wind tower (ECWT) is used to cool hot dry air from outside 

after passing over a wet medium. When air passes through the evaporative 

cooler, the component calls the TRNSYS Psychrometrics to fully determine the 

                                                 
1Nusselt number: It is the ratio of convection to conductive heat transfer across the boundary. 
2Rayleigh number: is the bouyancy driven flow. 
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state of the inlet air. The psychrometrics component in TRNSYS returns the 

inlet air wet bulb temperature and enthalpy backs the inlet temperature, pressure, 

relative humidity and humidity ratio. Figure (4-9) shows the evaporative cooler 

of the schematic diagram. 

The energy balance equation expressing the heat removed from the air to 

evaporate the water is expressed as: 

m1ah1 enthalpy.AirIn =m2ah2 enthalpy.Airout +m2vapourh2vapour                                               (23) 

The rate of heat transfer from air to water in the wet panel surface, Q sensible 

(the heat exchange by temperature difference), is given by y 

Qs LM  =mcp(Tr-Ta)                                                                               (24) 

And the heat gain of latent heat of air (heat exchange by humidity ratio) can be 

expressed as: 

QL= mLhL( w)                                                                                                   (25) 

Where w is the humidity ratio                                                        

LM is the log mean temperature difference [98, 101] which is given by: 

LM = 
)/()ln( wbawbr

ar

TTTT

TT
                                                                              (26)  

The performance of the systems with different flow type can be assessed on the 

saturation efficiency as: 

Saturation = 
wba

ra

TT

TT
                                                                                            (27)  

The air temperature leaving the cooling device can be calculated from eq. (27) 

Tr= Ta - Saturation (Ta - Twb)                                                                                 (28) 

The wet bulb temperature of the air entering and exiting the device is assumed to 

be constant 

Where the minimum outlet temperature equals the inlet wet bulb temperature 
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Figure (4-9): Evaporative cooler schematic.

Since the performance in the evaporative cooler is an adiabatic process1.

QLatent=QSensible                                                                                                                              (29)

The humidity ratio of the air outlet of the device [102]:

RHout
pressurevapoursaturatedinlet

outsideinlet

pX

pX

..622.0
                                                                 (30) 

The saturate vapor pressure (atm) [59]:

Psaturated.vapour.pressure=
)273(log868.3

273

2795
443.17 10

10
T

T                                                       (31)

The corresponding energy removed from the air stream to evaporate water under

these conditions is given by:

Qair = coolerm ( h.AirIn h.AirOut)                                                                                (32)

where henthalpy =Cp T+ x(r+CP.vapourT) kJ/kg(dry) [97]

1.005 T+x(2501.1+1.846T)                                                    (33) 

Cp.air = the specific heat of air kj/kg.K.

x=humidity ratio kg/kg (dry).

r=The amount of heat to evaporate water kj/kg.

Cp.vapour= the specific heat of vapour kj/kg.K.

T= temperature °K.

                                                
1Adiabatic process: No heat added or removed from the system.

Qs
QL

m1air h.AirIn

m2air h Airout m2vapour

Tr=Troom

y1

Wet medium

Grill
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The wet pad in the evaporative cooling is always wet. The saturation efficiency 

of the system is based on the standard options for direct evaporative cooling in 

hot climate published by the California Energy Commission. This standard  

value ranges from 45 to-61% for the wet pad with no water droplet [103], where 

the wet pad (medium) is made from expanded paper.  

The pad is wetted by dripping water onto its upper surface using a concentric 

floating valve as in figure (4-9). It opens when the level of water decreases in 

the grill below the wet medium. As a result, less water is consumed and zero 

energy consumption for, cooling due to passive system used, is reached. 

4.6 Air flow network & building thermal model of the integrated system 

in COMIS-TRNSYS programs 

The ventilation model is integrated in the conventional building thermal model 

with a strong influence on the system performance as shown in figure (4-4). 

4.6.1 Building thermal model (TRNSYS model) 

The internal heat load, solar load and the heat transfer through walls, windows, 

roof, ground and opening are considered and shown in figure (4-10), where Q is 

the heat transfer. Also, the temperature of the ground at a depth of 0.5m is used 

in calculating for heat transfer from the ground and derived from Egyptian 

Typical Meteorological Year (ETMY) for periods of 12 years from 1991 until 

2003 [23]. Also, the internal load of occupants is used in the calculation. There 

are four occupants inside the single zone doing light work and seating with light 

load. Each occupant is assumed to have a sensible gain 75W and latent gain 

75W1 according to ISO 7730 [86]. The occupants are assumed to be staying in 

the room for the whole day to apply the maximum load inside. The room light 

heat is 13W/m2. It is an energy saving lamp with a convective part (visible) 

20%. And, one 140W device is used [86]. 

 
                                                 
1Occupants emit heat from their activities through breathing and perspiration. Total occupant 
heat gain consists of sensible gain and latent load gain. The sensible load affects dry bulb air 
temperature, while the latent load affects relative humidity. 
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Figure (4-10): The building thermal model with the heat flows in the ECWT, 

Room & the solar chimney with the combination of ventilation rate in the 

TRNSYS model (Author).

Table (4-1) shows the building construction material description based on the 

ideal thermophysical properties [104] used in TRNSYS (Type 56).

Table (4-1): Description of building material used in the calculation.

Building part Material Conductivity
kJ/h m K

U-Value1

(W/m2K)
Thickness 

(m)

Glass windows Single glass - 5.68 0.004
External walls Common plaster (coating) 1.26

2.60
0.02

Brick 3.60 0.10
Common plaster (coating) 1.26 0.02

Roof Insulation 0.2
0.443

0.05
Concrete slab 4.2 0.12
Cement plaster (coating) 4.50 0.01

Ground Floor -
0.797

0.10
Insulation 0.2 0.02
Concrete 4.2 0.10

                                                
1U-Value: The flow of heat through an insulating or building material. It measures how well 
parts of a building transfer heat. This means that the higher the U-value the worse the thermal 
performance of the building envelope. A low U-value usually indicates high levels of 
insulation. U= 1/(sum of R value) [105].

TRNSYS
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Where the overall heat transfer coefficient of the windows, is based on the 

convective and radiative heat transfer coefficients in the two sides boundaries 

(outdoor & indoor). 

Table (4-2) shows the properties of the materials used in the model.  

Table (4-2): Material properties in the model [86, 104]. 

Material name Capacity 
kJ/kg K  

Density 
kg/m3 

Brick 0.84 1800 
Concrete 1.0 1400 
Common plaster (coating) 0.84 1200 
Cement plaster 0.84 2000 
Insulation 1.88 120 
Aluminum 0.88 2700 

Table (4-3) shows the parameters used for solar chimney calculation based on 

the reference model parameters. 

Table (4-3): The parameters used in the solar chimney calculation 

(dimensionless). 

Parameters Value Parameters Value 

Transmissivity of glass 0.84 Absorptivity of absorber wall 0.95 

Absorptivity of glass 0.06 Emissivity1 of the absorber surface 0.95 

Emissivity of glass 0.90   

4.6.2 Air flow network (COMIS model) 

In the air flow network, the zones (ECWT, Room, SC) are linked to its 

ambiance (outside) via external nodes for outside and to north and south 

facades. Wind pressure data, wind speed, wind velocity profile for the building, 

Meteo & orientation are defined. Wind pressure coefficient values for a specific 

building are calculated according to terrain roughness, the orientation of the 

                                                 
1Emissivity: the ratio of the radiation emitted by a black body (the relative ability of its 
surface to emit energy by radiation). 
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room, the obstacles of the building, and Cp position1. Figure (4-11) shows the 

air flow network in COMIS.

Figure (4-11): The air flow network of the integrated model with a description

of the internal node, external node & airflow component (Author).

Also, the solar chimney is treated as rectangular duct connected to the room 

from one side and a node with volume equal zero from the other side to transfer 

the calculated temperature of the chimney from TRNSYS and then another 

rectangular duct connected from the zone with volume zero to outside. The 

pressure losses; in the inlet, outlet & the friction of the chimney and cooling 

ducts are taken into account2.

4.6.3 Mathematical calculation of the building thermal model

Heat transfer through external walls (and roof) for room zone & tower zone is 

predicted in figure (4-10):

                                                
1See appendix (B)
2See appendix B.

COMIS
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R

TTA
Q zstarz

ne

external

)(
                                                                                     (34) 

Where ne is the number of external walls attached to the zone, Tstar is star 

temperature which can be used to calculate a net radiative and convective heat 

from the wall surface, R is the overall thermal resistance value including 

convective heat transfer resistance on both sides of the surface, and z is the zone 

[86]. 

The total gain to chimney zone from all surfaces is the sum of the combined heat 

transfers 

surface
outsidezCombs

Chimney
Surface

SQAQ _                                                                                 (35) 

Where, As is the inside area of the surface 

Soutside surface is the solar radiation for outside surface (W/m2). 

Q is the total heat transfer of convective and radiative (W/m2ºC). 

The heat transfer across the windows is: 

)()( SHGFITTUAQ staraWz
Window

                                                                    (36) 

Where Uw is the overall heat transfer coefficient across the window (the rate of 

heat transfer through the window from outside to inside (W/m2C), SHGF1 is the 

window s Solar Heat Gain Factor; its calculations are presented in details in 

[107]. 

For external surfaces the long wave radiation is considered using a fictive sky 

temperature2 Tsky [86]. 

radiativeconvectiveComb QQQ                                                                                    (37a) 

)( faceoutsideSurAdjSurfaceeConvOutsidconvective TThQ                                                              (37b) 

                                                 
1SHGF: represents the fractional amount of the solar energy that strikes the window and 
cause warming the house [107]. 
2Fictive sky temperature: is used to considered the long-wave radiation exchange at the 
outside surface (Tsky) [86]. 
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)( 44
fskyfaceOutsideSuroutsideRadiative TTQ                                                                    (37c) 

skyskyAdjSurfaceskyfsky TfTfT )1(                                                                            (37d) 

Where fsky is the view factor1 to the sky, is the long wave emissivity of outside 

surface= 0.9 for walls 

The sky model is used to calculate diffuse radiation on inclined surface for the 

solar chimney by Perez model2, which is considered the best available model 

[86]. Heat transfer due to ventilation in a zone is: 

entzoneAdjacmp
ToZone

zonep
FromZone

outsidep
onInfiltratinVentilatio

TcmTcmTcmQ                             (38) 

Then the total heat load, required maintain the zone at a specific temperature, 

can be calculated as 

Light
People

Chimney
Surface

Chimney
wallSide

Room
Roof

Tower
Roof

Room
Window

Room
ground

Room
wallExternal

Tower
wallExternalnVentilatio

Outload QQQQQQQQQQQ
___

(39) 

Then, zone temperatures are iteratively predicted in the calculation based on the 

temperature prediction of the room, ECWT, SC from equation 7, 8, 9, 28, 34. 

4.7 The impact of the integrated system on indoor environment 

The model in COMIS-TRNSYS software was built according to the 

mathematical equation and inputs were checked. The performance of the 

integrated system has been numerically studied.  

4.7.1 Indoor temperature investigation 

The performance of the system was studied in two stages; the steady state 

condition and the actual weather data. 

 

 

                                                 
1View factor: is defined as the fraction of radiation leaving surface [86]. 
2Perez model: This model determined the sky radiation striking the surface using hourly 
values (from the NSRDB) of diffuse horizontal and direct beam solar radiation. Other inputs 
to the model included the sun's incident angle to the surface, the surface tilt angle from 
horizontal, and the sun's zenith angle. Also, this model was recommended by the International 
Energy Agency for calculating diffuse radiation for tilted surfaces [108]. 
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4.7.1.1 The steady state condition

This stage helps to understand the performance of the integrated system in the 

indoor environment. This was done under the effect of low/high radiation  

with/without wind. So, that, the effect of the system was studied during daytime 

and nighttime (low/high radiation). Also, the effect of the system was studied in 

the case of very low wind speed (with/without wind). This is due to low wind 

speed during nighttime.

The effect of wind pressure coefficient on ACH and system performance was 

studied with different solar radiation intensity. The wind pressure coefficients

were taken (0.081) for the northern façade and (-0.040) for the southern façade 

according to the calculation of Cp1 at wind direction 360º from the north and 

zero when there is no wind. The main results showed the increase of ACH with 

the increase of solar radiation & pressure coefficient as shown in figure (4-12 & 

13). Also, indoor ACH is zero in case of no wind and no solar radiation.

Figure (4-12): The variation of indoor ACH with different solar radiation.

                                                
1See appendix (B).
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Figure (4-13): The variation of the absorber & chimney temperature with 

different solar radiation and with/without wind.

It can be seen that the chimney cavity temperature is higher than ambient 

temperature with high temperature of the aluminum surface (black absorber) that 

reach 64°C at the radiation level of 1000W/m2. Then, the surface temperature of 

the aluminum decreased to 40°C at the radiation of 400W/m2. It can be also seen 

that the black absorber (Aluminum) has a high temperature value compared to 

air temperatures of the chimney. This was due to capturing more radiation and 

storeing high thermal energy. This absorbed energy in the chimney accelerates 

the air through the chimney cavity during daytime and nighttime. As a result, 

this exit air flow helped entraining more fresh air to the space from the opening 

of the wind tower.

Also, the effect of different combinations of three values of solar radiation and

temperature and two values of relative humidity on indoor environment was 

studied as a reference value in the steady state condition. The investigation was 

done at constant wind speed 4m/s (at Meteo), wind direction 360°& wind 

pressure coefficient (Cp) of (0.081) for the northern facade and (-0.040) for

southern façade The results are shown in table (4-4).

It was concluded that the system was capable to generate 130.5m3/h ventilation 

rates for a collector area of 2.4m2 under the effect of solar radiation only. The 



Chapter 4: Integration of solar chimney with new cooling tower as a passive ventilation technique 

102

values of these induced air flows depend on the geometry of the air collector and

the performance parameters of the solar collector.

Table (4-4): The results of the steady state condition with different combination

of solar radiation, temperature & relative humidity.

4.7.1.2 Actual weather data

In this stage a study was conducted to evaluate the performance of the integrated 

system during the summer season using real weather data of the New Assiut 

City. The real weather data were applied in TRNSYS model. It was taken from 

the typical meteorological year (TMY2)1 data sets which derived from the 1961-

1990 National Solar Radiation Data Base (NSRDB). Investigation of this system 

in the New Assiut City is needed, because of high solar radiation and high

                                                
1TMY2: are data sets of hourly values of solar radiation and meteorological elements for a 1-
year period. It was produced by the National Renewable Energy Laboratory's (NREL's).
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average solar brightness up to 12.125 hours per day [10]. Investigation is done 

in two stages.

First, the performance of single rooms under the effect of solar radiation and 

occupants was investigated without indoor air flow or applied cooling system.

Five day data during June is chosen between June 19th to June 24th, because 20 

June is the hottest day in the summer season of the weather data file. Figure (4-

14) shows the indoor air temperature of single room without any cooling system. 

It is clear that there is a difference in time lag between the maximum peak of 

outdoor and indoor temperature. This is due to high indoor thermal mass with no 

internal ventilation.

Figure (4-14): Indoor temperature of single room without any cooling system.

Second, the integration of the inclined solar chimney with a short wind tower in

the room was studied according to the input parameters and the previous 

mathematical calculation. The performance of the system on indoor environment 

was studied during the same five days of June as shown in figure (4-15).

Figure (4-15): The influence of the integrated system on indoor temperature.

Time lag
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It is clear that, indoor temperature decreases with high ventilation rates without 

any time lag between outdoor and indoor after installing the system. 

Theoretically speaking, this is because outdoor air that flows through the pads is 

cooled to a temperature close to the WBT and sinks down [49]. Then, indoor air 

of the building, cooled by an evaporative cooling system, is further heated by 

about 1ºC to 3ºC above the output air from the evaporative cooling system, 

depending on the air flow rate of evaporative cooling and indoor heat gained by 

the building [33]. Figure (4-16) shows the general concept of the cooling in the 

system.

Figure (4-16): The general concept of the system performance.

The performance of the system during the three months of summer (21-

May~21-August) was studied. The resulting data are analyzed in relation to 

ACS. Figure (4-17) shows indoor temperature after applying the integrated 

system.

Figure (4-17): The performance of the system during the three months of 

summer (21-May until 21-August).

Evaporative cooling Room

Inlet Outlet

Increased by 
1ºC ~ 3ºC
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It is clear that the system achieves indoor thermal comfort. Only 5% of the 

resulting data exceeds the upper limit of 80% acceptable range of ACS 

especially for the hottest days. On the other hand, the system can be controlled 

or closed during nighttime when the outdoors is less than or equal to 24ºC. 

Figure (4-18) shows indoor temperature of the hottest day in June.

Figure (4-18): The performance of the system for the hottest day of the summer 

season (20 June).

4.7.2 Evaluation of the humidity environment 

Temperature and humidity conditions of the hottest day (20 June) for indoor and 

outdoor temperature and absolute humidity are plotted in the psychrometric 

chart of ASHRAE as shown in figure (4-19).

                         

Figure (4-19): The temperature and humidity condition of the system on 20 June.

Arundel et al proposed that low or high humidity strongly affects the health. The 

optimum humidity level is between 40% and 60% [109]. It is clear from figure 

6am 12pm 6pm
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(4-19) that most of the simulation values fall between 40% and 60% of the 

humidity level except before the sun rise between 12am and 5am. This is due to 

high outdoor relative humidity that enters the system during that period. 

4.7.3 Evaluation of CO2 concentration in the room 

This stage helps to investigate the performance of the integrated system to 

achieve the acceptable CO2 with acceptable air flow rate according to the 

acceptable ASHRAE standard [110]. 

Carbon dioxide concentration can be calculated based on this equation [97]; 

oi PP

K
Q

                                                                                                       (40) 

Where, 

Q Flow rate (m3/h) = that is generated from the system in simulation. 

K CO2 generation rate per person=23.89 (l/h/person) according to Egyptian 

body surface area 1.84m2 [111]  with metabolic rate =1.2 met 

(69.84W/m2). 

Pi The indoor CO2 concentration                                       needs to be 

calculated 

Po Outdoor CO2 concentration=380ppm 

Based on the calculation of CO2 concentration from the resulting air change rate, 

indoor concentration  exceed 1000 ppm during daytime at a high solar 

radiation (high system performance) and maximum occupant load. While 

sometimes before the sunrise especially between 12am and 5am, indoor 

concentration exceeds 1000ppm especially when indoor air flow rate falls below 

than 2.3ACH (lower limit) as shown in figure (4-20). This is because, the 

Aluminum plate of the chimney releases less heat with less surface temperatures. 

This occurs during the five hours before the sunrise when the wind speeds less 

than 1.7m/s at Meteo.  
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Figure (4-20): Indoor carbon dioxide concentration relative indoor air change 

rate in the room between May 21th to August 21th.

Conclusion

The present study aims to investigate the effect of inclined solar chimney 

integrated with short wind tower parameters on indoor ventilation rate and 

summer thermal comfort of the living room under the climate of the New Assiut 

City. The temperature of the black absorber affects strongly indoor air change 

rate with strong relation to outdoor solar radiation. Its temperature reached 64ºC 

with high solar radiation (1000W/m2).

Important conclusions are drawn from the numerical operations for the a new

proposal integrated system according to;

Indoor environment

The system achieves comfort during the hottest days with 95% of indoor 

temperature below the upper range of 80% acceptable comfort according 

to ACS with dimensions 1m(width) × 0.2(gap) for solar chimney and 

1m(width) × 0.7(depth) for the wind tower.

Indoor temperature decreased by 10ºC~11.5ºC compared to the outdoor 

temperature.
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 Most of the humidity levels fall between 40% and 60% of the humidity 

level except before the sun rise between 12am~5am due to increase of 

inlet outdoor relative humidity.  

Ventilation 

 The system is capable of generating 130.5m3/h ventilation rates for a 

collector area of 2.4m2 under the effect of solar radiation only.  

 The system achieves the acceptable air change rate with lower CO2 

concentration during daytime (lower than the acceptable concentration 

1000ppm). 

 While sometimes indoor air flow falls below the lower limit (2.3ACH). 

This causes an increase of indoor concentration especially during five 

hours before the sun rise, when the outdoor wind speed is  1.7m/s. This 

happens when the temperature of Aluminum plate decrease. 

The priority of the system is to apply for the hottest period. So, the system can 

be applied during daytime and nighttime for the summer season. It can be 

controlled and limited its use during nighttime when indoor temperature 

becomes very low, especially when the inlet outdoor is  30.5ºC. These results 

are for the integrated system in the living room with occupant as a single zone. 

Based on these results, parametric investigation and optimization of the 

important operating parameter needs to be studied in the next chapter. This helps 

to improve the system performance according to match the climate of the New 

Assiut city and achieves compact small designs which are easy to integrate into 

the buildings. 
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Introduction 

The proposed system was proposed and its effect on the indoor environment 

were investigated. System optimization and parametric investigation are so 

important for the improvement of the system performance, especially for the hot 

period. A number of factors influence the design of the chimney and its 

efficiency. These factors are: inclination angle, air gap, length of the chimney, 

and the height of the chimney. Also, the performance of the wind tower area has 

a strong effect on ventilation rate and indoor temperature. Several researchers 

are being conducted in studying optimization and parametric investigation for 

the solar chimney with passive cooling; Ramadan B. et al. studied some 

geometrical parameters such as chimney inlet size and width to predict the flow 

pattern in the room as well as in the chimney. It can be concluded that 

increasing the inlet size three times only improved the ACH by almost 11%. 

However, increasing the chimney width by a factor of three improved the ACH 

by almost 25%. This is happening while keeping the inlet size fixed [62]. 

Sudaporn and Bundit experimentally investigated the effect of using a vertical 

chimney with and without a wetted roof to enhance indoor ventilation. They 

reported that the solar chimney can reduce the indoor temperature by 1 3.5°C 

depending on the ambient temperature and solar intensity. In addition, spraying 

water on a roof along with solar chimney can further reduce indoor temperature 

by 2 6.2°C [67]. The effect of roof solar chimney under different inclination 

angle on natural ventilation was studied by Mathur et al. The authors found that, 

the optimum inclination angle of the chimney varies from 40° to 60° with 

latitude ranges from 20° to 30°. Further, they reported that the air flow rate was 

10% higher at an angle of 45° compared to 30° and 60°. In their results, they 

found that the highest flow rate (190 kg/h) was obtained for inclination angles 

equal 45º at noon time and an air gap of 0.3 m. Moreover, the optimum 

inclination angle at any place varies between 40° to 60°, depending upon its 

latitude [112]. 



Chapter 5: Optimization and parametric investigation of the new proposed system 

110 
 

Tawit and Pornsawan studied, a transparent roof used, with an attic room 

underneath, to create the driving force that induces natural ventilation in the 

building. They studied different chimney inclination angles and heights for a 

two floor building. They analyzed the flow streamlines inside the space as well 

as in the attic room and the vertical chimney. The results showed that, 

increasing the inclination angle of the roof from 15° to 60° improved the air 

change per hour (ACH) [113]. Harris and Helwig computationally analyzed the 

effect of inclination angle on the induced ventilation rate. They reported that the 

optimum angle for a maximum flow rate was 67.58º from the horizontal. This 

gives an increase in the ventilation rate by almost 11% compared to the vertical 

chimney [114]. 

As a result, there are limitations for the past literatures that studied the effect of 

different solar chimney parameters on wind tower parameters. Also, the 

advantage of integrating the two systems are not optimized yet, especially the 

system dimension. Therefore, parametric investigation and optimization of the 

integrated system is needed, in order to achieve new compact design and indoor 

thermal comfort close to 80% acceptable comfort range.  
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5.1 Optimization methodology

The aim for the system performance is to provide the desired comfortable 

conditions and a suitable rate of ventilation, depending on several parameters 

such as (Temperature, solar radiation, relative humidity, wind speed & wind 

pressure coefficient). Figure (5-1) shows the schematic diagram for the 

proposed system.

Figure (5-1): Schematic diagram of the solar chimney with evaporative cooler 

wind tower.

Figure (5-2) shows the flow chart of the optimization procedure.

Parametric investigation is started (in the 1st& 2nd stages) by understanding the 

effect of each parameter of solar chimney and wind tower on the sensitivity of 

the system performance under the steady state conditions. 

The optimization used the critical outdoor condition 1 for summer season to 

study the parametric investigation under the steady state conditions. The 

outdoor input temperature is 38°C, relative humidity is 17% & solar radiation is

600W/m2. Then, important parameters from the steady state of the 1st & 2nd

stage are chosen to be studied in the third stage using real weather data of the 

New Assiut city in TRNSYS-COMIS model [86, 94]. So, the third stage aims to 

study the combination of different parameters that achieves compact and high 
                                                
1This condition is choosen to examin the moderate condition on the system performance.
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performance system. Real weather data were taken from the typical 

meteorological year (TMY) data sets [86]. 

Then, the results of the final stage of optimization were analyzed and compared 

with the proposed system before optimization according to the comfort range of 

ACS and ASHRAE psychrometric chart. 

 

Figure (5-2): Flow chart of the optimization procedure. 

Optimization was done for the important dimension parameters of solar 

chimney and wind tower. While other performance parameters like 

(absorptance-transmittance of the absorber, discharged coefficient, length 

between inlet and outlet, ) were kept 

constant. Also, the inclination length of the chimney was 2m in order not to 

extend the vertical height (1.5m) according to The Egyptian Building 
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Regulation Law [81] and the height of the cooling tower was 1m. It was 

assumed that 1m is the maximum width of the chimney and the tower to be 

easily integrated into the building. Therefore, the optimization was done under 

these assumptions and range. 

Table (5-1) shows the optimization cases which need to be simulated in the first 

and second stages of the solar chimney and the wind tower. 

Table (5-1): The optimization cases of the first and the second stage. 

 Solar chimney Wind tower  

7 Cases Inclination angle Tower width × 

tower depth 

9 Cases 

8 Cases Air gap 

12Cases Width × air gap   

Calculation results are based on choosing the optimum parameter. Then, the 

optimium case can be used in the next step.  

The optimization process is based on the system operating in the first stage of 

development (mathematical calculation).  

5.2 Parametric studies and optimization 

5.2.1 Investigation of solar chimney parameters only under steady state: 

a. Effect of solar chimney inclination angle on indoor ventilation rate. 

This parameter helps to study the room air flow rate at different chimney 

inclination angles under the effect of solar radiation. The variation of the air 

flow in the room depends on the absorber inclination angle. This parameter is 

studied in two stages according to the optimization structure in figure (5-3); 

First stage: The inner flow pattern was predicted as a result of variation of 

different inclinations with a wide range of angles: 10º, 20º, 30º, 40º, 50º, 60º 

and 70º.  

Second stage: Inclination of the solar chimney is calculated from the equation 

of the daily optimum angle [115] for the summer season; May, June, July & 
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August; according to the New Assiut city latitude as shown in table (5-2) and 

the estimation of the optimum angle is based on this equation;

                                      (41)
Where n= the day of the year starting from 1 January

Table (5-2): The optimum angle estimation during different months according
to Morcos equation.

Month n Optimum angleº
1 May 121 59.55893º
1 June 152 55.70149º
1 July 182 44.48528º

1 August 213 44.00483º
1 September 244 45.23041º

Based on the simulation results of the first stage, simulation of detail angle is 

needed to be studied to check the optimum angle.

Figure (5-3): Optimization structure of the inclination angle.

Figure (5-4) shows the result of ACH according to different inclination angle. 

As a result, there is a significant effect of the chimney inclination angle on the 

Calculated angle
Second stage

Wide range angle
First stage
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space air flow pattern. These variations of air flow rates depend on the intensity 

of solar radiation, surface azimuth angle of the chimney & surface tilt with the 

horizontal. Figure (5-5) shows the effect of different inclination angle on indoor 

ACH.

It is clear that a small inclination angle of 10º has a high flow resistance and 

weak flow with low absorption of solar energy. This reduction in stack height 

the air flow rate to increase. Once the chimney inclination angle 

increases to 40º, the flow speed increases in the room and the chimney. The 

optimum flow pattern can be seen for inclination angle 40º. On the other hand, 

as the chimney inclination angle increases upto 70º, the indoor air flow 

decreases again. This is due to less absorption of solar energy as shown in 

figure (5-5).

Figure (5-4): The result of ACH according to different inclination angle: (a) 

wide range of inclination angle in the first stage; (b) angle estimation in the 

second stage [115].

Inclination angle (degree)

Inclination angle (degree)

(a)

(b)
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Figure (5-5): The effect of different inclination angles on indoor ACH and 

chimney solar absorption.

b. Effect of chimney air gap dimension on ventilation rate

The air gap between the absorber (black aluminum plate) and the glass cover 

plays an important role in chimney ventilation rate. Figure (5-6) shows the 

optimization structure of the air gap. A wide range of air gap dimensions from 

0.1m to 0.8m is investigated.

Figure (5-6): The optimization structure of the air gap of the solar chimney.

The variation of chimney air gap on indoor temperature and air change rate is 

shown in figure (5-7). The results show increasing indoor air change rate with 

increasing air gap thickness from 0.1m to 0.4m; while the indoor temperature 

has continued to decrease to 0.4m with a big difference between 0.1m and 0.2m.

On the contrary, increasing the air gap thickness over 0.4m has no effect on 

indoor cooling temperature and air change rate. This is because when the air 

Inclination angle 10° Inclination angle 40° Inclination angle 70°
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gap increases, the convective heat transfer coefficient decreases. According to 

the calculation of temperature prediction in the solar chimney, the convective 

heat transfer coefficient1 is inversely proportional to the air gap thickness as 

shown in figure (5-8). With the air gap equal to 0.1m, the chimney has high 

resistance that decreases the flow. Therefore, increasing the chimney air gap 

would increase the ventilation rate to a certain value.

      
Figure (5-7): The effects of different air gap on indoor air change rate and 

chimney air temperature.

Figure (5-8): The relation between the convective heat transfer coefficient and 

the chimney air gap

c. Effect of chimney area on ventilation rate 

Investigation of big chimney dimension (2, 3, and 4m) as a reference is shown 

in figure (5-10). Less chimney widths relative to air gap width are required to be 

investigated in order to study the effect of a combination of different parameters 

on indoor ACH & indoor temperature. The optimization structure of the 
                                                
1According to equation no. 18, 19 in chapter 4.

Air gap (m)

Air gap (m) Air gap (m)
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chimney width with the important parameters of air gap (0.1, 0.2, 0.3, and

0.4m) and chimney width (1, 0.75, and 0.5m) are shown in figure (5-9).

Figure (5-9): The optimization structure of the chimney width and airgap.

Figures (5-10&11) show the effect of the chimney width with different air gap 

dimensions on indoor air change rates and chimney temperatures.

Figure (5-10): The change in ACH under the effect of Chimney width and air 

gap.

It is clear that indoor air temperature increases when chimney decreases with 

different air gaps. This happens most for chimney width equal to 0.5m. In 

addition, an air gap with dimension equal to 0.1m causes high resistance in the 

chimney which affects air flow through the chimney and indoor air temperature.

1m 0.75m 0.5m
Chimney width (m)

4m 3m 2m
Chimney width (m)

1m
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Therefore, a chimney width with dimension equal to 0.5m is not advisable in 

the system. Also, there is no need for extending the chimney width and

magnifying the amount of natural ventilation in the room; leading to increasing 

the cost of the chimney. This is because increasing chimney width causes an 

increase in indoor temperature with small differences between 1m & 4m.

Figure (5-11): The change of indoor temperature under the effect of Chimney 

width and air gap.

5.2.2 Investigation of tower parameters only under steady state.

It is important to understand the effect of tower depth and width on indoor 

temperature and the air flow rate, taking into account tower width facing the 

north preferable wind. The optimization structure of the tower dimension is 

shown in figure (5-12). Figure (5-13) shows the effect of tower depth and width 

on indoor air flow rate and indoor temperature.

Figure (5-12): The optimization structure of the tower dimension.

1m 0.75m 0.5m
Chimney width (m)

4m 3m 2m
Chimney width (m)

1m
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Figure (5-13): The change of ACH & chimney air temperature under the effect 

of wind tower width and depth. 

When the dimension of the tower decreases, low outside air enters the tower 

with a few layers of air having contact with the wetted pad surface and this 

decreases the evaporation rate. Therefore, indoor air temperature increases 

especially for tower depth and width =0.5m. On the other hand, the performance 

of the system is improved with dimension equal to 1 m for tower width and 

depth. This causes a decrease in indoor air temperature with more cooling 

achieved. Moreover, a small increase is achieved for indoor air change rate 

when the width equals 1m and the depth equals 0.75m & 1m. 

Finally, based on the investigation of each parameter of solar chimney and wind 

tower on indoor temperature and air change rate in 1st and 2nd stages, important 

parameters will be chosen in the next stage to optimize the system using real 

weather data. This helps to achieve compact and high performance design. 

5.2.3 Selection of important optimization parameters  

It is important to understand the criteria for choosing the important parameters 

of width of the chimney, air gap, and tower width and depth; 

a. Width of the chimney 

Based on the chimney width investigation, more than 1m increases indoor air 

temperature (without supporting thermal comfort), and increases the cost of the 

system. Also for a chimney width equal to 0.5m, indoor air temperature 
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increases with less air flow rate. Therefore, two important parameters need to be 

optimized. These parameters are 1m & 0.75m as shown in figure (5-14).

Figure (5-14): The criteria for choosing chimney width parameters.

b. Air gap thickness

Based on the air gap investigation, 0.1m causes a decrease in the air change rate 

and increases indoor temperature. Also increasing the air gap more than 0.4 has 

no effect on indoor air temperatures and ACH. Therefore, different air gaps

with dimensions (0.2, 0.3, and 0.4m) need to be optimized as shown in figure 

(5-15).

Figure (5-15): The criteria for choosing air gap parameters.
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c. Wind tower dimension

Based on the tower dimension investigation, it is concluded that dimension less 

than 1m for tower width increase indoor air temperature. 

Figure (5-16): The criteria for choosing wind tower parameters.

Thus, this decreases the possibility of achieving indoor thermal comfort. 

Investigation of 1m for tower width and (1m & 0.7) for tower depth need to be 

optimized as shown in figure (5-16).

Finally based on the selection of the important parameters, eleven cases need to 

be investigated using real weather data (typical) for the hottest days in the 

summer season from 19 June until end of 23 June.

5.3 Optimization of solar chimney and wind tower using real weather data 

Two groups in the optimization structure will be investigated using weather 

data: group A for chimney width equal to 1m with different air gaps 0.2, 0.3, 

and 0.4m and tower widths equal to 1m and tower depths equal to 1 & 0.7m, 

and group B for chimney width equal to 0.75m with different air gaps equal to 

0.2, 0.3, and 0.4m and tower widths equal to 1m and tower depths equal 1 & 

0.7m as shown in figure (5-17).
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Figure (5-17): The optimization structure for group A & B.

5.3.1 Indoor temperature and air flow rate investigation.

Eleven cases are simulated using real weather data between June 19th and June 

23rd. Temperature and air flow rates is monitored. Figure (5-18) shows the 

proposed system before optimization and the optimium case relative to other 10 

cases after the optimization process. The result shows, only one optimum case 
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with dimension (0.75m × 0.4m) for solar chimney and (1m × 1m) for wind 

tower achieves a minimum close to the upper range of 80% acceptable comfort 

range. By selecting the hottest day (June 20th) and comparing the simulation 

result before and after optimization, the difference between before and after 

optimization is nearly 1.5ºC. Figure (5-19) shows the pattern for the hottest day 

(20June).

Figure (5-18): Indoor air temperature for the system before optimization and the 

optimum case after optimization with relation to other 10 cases.

The optimum case with relative to other 10 cases

The proposed system before optimization
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Figure (5-19): Indoor air temperature for the system before and after

optimization on 20 June.

Then the results focus on the hottest hour on 20 June, the performance is studied 

and investigated. Figure (5-20) shows the performance of the system in the hot 

hour of 20 June for the eleven cases.

Based on the result in the figure (5-20), only one case nearly achieved the upper 

80% acceptable range of ACS.

In order to understand the reason for choosing the optimum case and 

mechanism, effective ventilation rates need to be studied relative to indoor air

temperatures. Figure (5-21) shows the relation between indoor air temperature 

and indoor ventilation rate (m3/h). It is clear that increasing the ventilation rate 

(>414m3/h) inside the room causes indoor air temperature to increase. Also, low 

ventilation rates (<414m3/h) cause indoor air temperatures to increase. 

Therefore, the optimum ventilation rate is 414m3/h; which achieved the 

optimum indoor air temperature.

After optimization

12pm
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Figure (5-20): The performance of the system in the hot hour during daytime.

The proposed system before optimization

The optimum case with relative to the other 10 cases.

The system before and after optimization

Size

Size

Size
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Figure (5-21): The effective ventilation rate in the system after optimization.

Then, indoor air temperature pattern for the system with the optimal dimension 

from May 21th ~ August 21th was studied. It is clear from figure (5-22) that

pattern is located below the upper 80% acceptable comfort range; particularly

for the hottest days .

Figure (5-22): Indoor air temperature pattern for the proposed system after 

optimization between May 21th ~ August 21th.

5.3.2 Evaluation of the humidity environment after optimization.

Based on the summer comfort range of ASHRAE 55 [24] for the acceptable 

humidity value (12g/kg') and the optimum humidity level for minimizing 

adverse health effects [109], the absolute humidity of the system after 

optimization is lower than the system before the systemoptimization as shown 
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in figure (5-23). This is because the indoor air temperature decreases with 

increasing the relative humidity. So, the absolute humidity decreased. All the 

simulated data fall between the optimum humidity level (40%-60%) except 

before the sunrise between (1am-5am).

Figure (5-23): The temperature and humidity conditions for the system before 

and after optimization.

Figure (5-24) shows the pattern of the humidity environment between May 21th

~ August 21th.

Figure (5-24): Temperature and humidity levels for the system after 

optimization between May 21st~August 21st.

Temperature ºC
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5.3.3 Evaluation of CO2 concentration in the room.

Carbon dioxide concentration is calculated in the room from the resulting air 

change rate. The calculation is based on the equation in the Japanese text book 

[97]. It is clear that CO2 concentration doesn t exceed 1000 ppm according to

ASHRAE comfort criteria [110], especially during daytime. On the other hand,

CO2 is increased during nighttime, when the indoor air flow rate falls below 

2.45ACH (lower limit) as shown in figure (5-25).

Selected data are analyzed and compared with the proposed system before 

optimization. Also, ACH & the CO2 percentage difference were calculated

between June 19th ~ June 23rd in figure (5-26).

It is clear that the maximum difference (%) in CO2 concentration before and 

after optimization is 7.8% to average 3.1% for the selected data. This helps 

understand the performance of the integrated system on one single zone 

assuming maximum occupant load (before and after optimization).

Figure (5-25): The CO2 concentration pattern and indoor ACH between 21st

May~ August 21st.

Selected data
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Figure (5-26): The CO2 concentration and ACH for the proposed system before 

and after optimization between June 19th ~ June23rd with the percentage 

difference.

5.4 The performance of the integrated system.

The performance of the proposed system can be realized from the four cases;

       Case 1                     Case 2                     Case 3                     Case 4

After optimization, the system achieves high performance during daytime with 

and without wind as in cases 1 & 2. Also, no effect for indoor environment is 

achieved in case 3. On the other hand, the performance of the system is weak in 

case 4 especially during the late hours of the nighttime (before sunrise). This is 

due to decreasing for Aluminum surface temperature which affects chimney air 

temperature. This causes weak air movement in the chimney and in the room. 

Figure (5-27) shows the performance of the system when the wind speed is very 

low. Thus, the system depends only on the effect of the solar radiation.

Cause
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Figure (5-27): The performance of the system under the effect of solar radiation

only.

The graph shows, outdoor wind speed affects indoor ventilation rate when it 

exceeds 1.7m/s during daytime at Meteo, while the indoor ventilation rate 

increases with increase solar radiation.

Conclusion 

This chapter aims to optimize the integrated system, in order to achieve 

compact and high performance design. Important conclusions are drawn from 

the numerical operations of the system optimization according to: 

Design

The system achieves compact design (small) with dimension 0.75m

(width) × 0.4m (gap) for the solar chimney and 1m (width) × 1m (depth)

for the wind tower.

Indoor environment

The system achieves the upper range of 80% acceptable range during the 

hottest days with the effective ventilation rate equal to 414m3/h for a 

room of volume 50m3.
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 The absolute humidity decreases after optimization than before 

optimization. Most of the results are located between 40% -60% optimum 

humidity level except before the sun rise between 1am and 5am. 

Ventilation 

 The system could achieve the acceptable CO2 concentration during 

daytime due to high air change rate. On the other hand, CO2 exceeds the 

acceptable range when the air change rate is less than 2.45ACH, 

particularly between 1am and 5am. 

 System limitation appears for low wind speed (less than 1.7m/s) with no 

solar radiation during nighttime. This lasts for four hours before sunrise.  



Chapter 6

Conclusion and future work
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6.1 Conclusion 

This research studied environmental application to improve indoor air 

temperature and indoor ventilation rate and CO2
 concentration for houses of low 

income people, using natural ventilation with a passive cooling system. The 

research is concluded with a  numbers of results: 

6.1.1 Understand indoor environment: 

The current situation of indoor environment concerning temperature, relative 

humidity and carbon dioxide concentration in the three houses in the New 

Assiut City was monitored during the summer season. Three ventilation 

strategies were investigated. The following conclusions could be drawn: 

1. Using natural ventilation with single side ventilation strategy (from case 1 

investigation) caused high indoor temperature reached 38ºC with small 

fluctuation in the temperature pattern and high CO2 concentration reached 

1780ppm. This caused thermal discomfort according to ACS and ASHRAE 

standard. 

2. Using natural ventilation with cross ventilation (from case 2 

investigation) caused high indoor temperature more than 40ºC with high 

fluctuation in the temperature pattern during daytime and nighttime and low 

CO2 concentration less than the acceptable ASHRAE range (1000ppm). This 

caused high thermal discomfort especially in the living room. 

3. The current situation of the three investigated houses (case 1, 2, & 3) in 

the New Assiut City indicated that a serious problem of discomfort exists 

when using natural ventilation only. While, using cooling strategy (air-

condition) achieved indoor comfort of 80% acceptable range according to 

ACS but with high energy consumption. 

6.1.2  Concerning search for the suitable strategy for that climate 

Based on the measurement of outdoor air temperature in the New Assiut City in 

chapter 2, outdoor dry temperature was analyzed for the suitable strategy for 
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that climate according to the bioclimatic chart for building design strategies and 

the feasibility index. 

1. It was concluded that the suitable passive strategies for that climate are 

natural ventilation and direct evaporative cooling. 

2. It was suggested that direct evaporative cooling was advisable, when the 

wet bulb temperature fell below 24°C and the dry bulb temperature fell 

below 44°C according to outdoor measurement data of New Assiut City 

(May, June, and July). 

3. Due to the limitations of the conventional systems of the past researchers 

that used natural ventilation and evaporative cooling techniques inside 

and outside Egypt in chapter three, integration of inclined solar chimney 

with evaporative cooling wind tower with wet pad (medium) is studied in 

order to achieve a high advantage of integration, high performance, easy 

to integrate and compact design especially in the living room of the final 

floor of New Assiut City. 

6.1.3 Investigating for the possibility of achieving indoor comfort using 

natural ventilation and evaporative cooling. 

Numerical modeling of the proposed system in the living room of the top floor 

was studied using COMIS-TRNSYS software. The inclined solar chimney was 

integrated into the proposed system to drive air to move continuously without 

depending on wind speed force only, and depending on strong solar radiation 

effect. This is due to the rich sunny and clear sky of Egypt. Simulation was 

done using the real weather date of New Assiut City. 

1. The system was capable of generating 130.5m3/h ventilation rate for a 

collector area of 2.4m2 under the effect of solar radiation only.  

2. The proposed system decreased indoor temperature by 10ºC~11.5ºC 

compared to the outdoor temperature during the period of May 21th and 

August21th (summer season). 
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3. The system achieved comfort during the hottest days with 95% of the 

indoor air temperature pattern below the upper range of 80% acceptable 

comfort according to ACS with dimension 1m (width) × 0.2 (gap) for 

solar chimney and 1m (width) × 0.7 (depth) for the wind tower. 

4. Optimization of the proposed system was studied to achieve compact and 

high performance design. The system achieved the upper range of 80% 

acceptable comfort range during the hottest days of the real weather data. 

The effective ventilation rate was 414m3/h for a room volume of 50m3 

and system dimensions 0.75m (width) × 0.4m (gap) for the solar chimney 

and 1m (width) × 1m (depth) for wind tower. 

5. Most of the humidity level (after optimization) during the period of  May 

21th and August 21th (summer season) located between 40% to 60% of the 

optimum humidity level except before the sunrise between 1am~5am. 

This was due to increase of inlet outdoor relative humidity.  

6. The proposed optimized system achieved the acceptable air change rate 

with lower CO2 concentration during daytime (lower than the acceptable 

concentration 1000ppm according to ASHRAE standard). 

7. In some conditions, indoor CO2 concentration increased during nighttime 

especially four hours before the sunrise. This happened, when the indoor 

air flow fell below the lower limit (2.45ACH) and the outdoor wind 

speed was  1.7m/s. This was due to decreasing for the Aluminum 

surface temperature which affects chimney air temperature and air 

movement in the chimney, especially four hours before the sunrise. 

Finally, these results are for the integrated system in the living room of the top 

ed to another stage without further simulation. 

Based on the outdoor temperature of the real weather data, the total number of 

hours that need cooling (to reach the 80% acceptable comfort range) are 967h 

during the three months (Summer season). If air condition is installed in the 

room with the same condition, energy consumption will be 1701.92 
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kWh/summer season. While using the new proposed system in the same room 

without using air condition consumed zero energy for cooling.    

6.2 Guidelines for  the efficient optimization process 

Based on the study of the integrated system on one case of the living room 

(according to some circumstance), important procedures will be taken into 

account in the simulation process to apply the integrated system on different 

living room with different area and different numbers of occupants according 

to; 

1. Defining the objectives: 

a. Achieving the minimum amount of natural ventilation and acceptable 

CO2 concentration (1000 ppm of ASHRAE) needed for the zone 

according to number of occupants. The minimum ventilation rate is based 

on the equation: 

oi PP

K
Q

                                                                                        (42) 

Where Pi =1000 ppm (maximum acceptable CO2 concentration) 

            Po=380 ppm. 

        K=CO2 generation × number of occupants. 

b. Achieving the acceptable indoor thermal comfort according to 80% 

acceptable comfort range of ACS. 

c. Achieving the acceptable humidity value of 12g/kg  according to 

ASHRAE.  

2. Defining the variables: 

a. Estimating the pressure coefficient according to different zone 

dimensions and location based on different wind direction (300°-360°). 

Then, the result is fed back to COMIS model. 

b. Optimization of  the system parameters according to: 
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Air gap variables ( 0.2m)1, Width of the chimney ( 0.75 m)1, Width of 

the tower ( 0.5m)2 and depth of the tower ( 0.5m) using real weather 

data. These parameters will be changed in Type 56  (TRNSYS model) 

and COMIS model. 

c. Calculating the CO2 generation (k) of the body surface area multiplied by 

the number of occupants according to occupant activity (met).  

3. Performing the simulation for the created solution according to: 

a.  The same sequence of the input parameters for COMIS and TRNSYS in 

appendix (B). Input parameters are based on the flow chart of the 

solving procedure. These COMIS input parameters are duct properties, 

opening parameters, zone parameters, environment building parameters, 

and wind pressure coefficient. While TRNSYS input parameters are 

weather data, sky temperature, psychrometric, evaporative cooling, 

TRNbuild, and online parameters.  

b. Changing the important parameters for each case of optimization 

process: 

For the solar chimney; chimney volume, area of collector, east & west 

area, and massless (inlet & outlet opening area of the chimney). 

For the wind tower; width and depth of the tower, height of the tower, 

volume of the tower, area of the opening of the tower, and the net area 

of the tower opening to the room.  

c. Selection for some range of cases based on combination of the 

important parameters that affect strongly ACH and air temperature in 

order to save time and cost. Solar chimney width and tower width3 will 

                                                 
1Less than 0.2m for air gap and 0.75m for chimney width have high resistance that decreases 
the flow. 
2Due to the cooling mechanism of the tower; Tower dimension less than 0.5m decreases the 
evaporation rate of air due to few layers of air having contact with the wetted pad surface. 
Therefore, the tower can t provide much cooling. 
3Chimney width is important for the solar chimney, in order to capture more solar radiation 
that influence Ach and ventilation. While the tower width faces north wind. 
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be chosen in the initial stage. Then, selection for the big, medium, and 

small range for air gap and tower depth.  

4. Making design decisions: 

Choosing the optimum system dimension based on the important output 

parameters (air change rate, indoor air temperature, indoor relative 

humidity). One optimum parameter will be achieved for the integrated 

system based on the above objective.  

So, a rough estimation for the optimum value will be done to help designers to 

optimize different living room. Therefore, this research produced optimization 

process for not only one special case but also guideline for efficient 

optimization for other cases (living rooms). 

 

6.3 Further work 

 Further research is required to integrate heat storage materials (PCM)1 

with black aluminum in the solar chimney. This helps to increase heat 

stored during daytime with low heat released during nighttime. Thus, 

high ventilation rate is achieved during nighttime in order to overcome 

the limitations of the system, particularly for CO2 concentration in the 

late four hours the sunrise. 

 Economical studies for the integrated system are needed. 

 Further investigation is required to examine the effectiveness of the 

proposed system to be integrated on the top floor of an apartment using 

experimental studies in a test building. 

 Also, investigation using simulation is required to multi floor building 

(high rise building) occupied by low income people to achieve indoor 

                                                 
1 It is a substance with a high heat of fusion which, melting and solidifying at a certain 
temperature, It is capable of storing and releasing large amounts of energy. It has many 
applications for building integration that improve indoor environment, reduce energy 
consumption, reduce pollutant emissions, etc. 
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thermal comfort with acceptable ventilation rates. Hence, experimental 

studies will be conducted in a test building. 

This research could provide an economical and potential passive alternative to 

the conventional air conditioning systems in hot & dry climates with no energy 

consumed for cooling. It can be an alternative solution for indoor thermal 

comfort for the living room of the top floor apartment. 
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A.1 Thermal comfort standards 
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A.2 Adaptive comfort standard (ACS) 
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Absolute humidity (kg/kg )
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B.1 COMIS simulation inputs

Inputs for COMIS simulation software of chapter 4 are discussed according to:

Duct (D) properties, Opening (WI), Zones parameters & Environment building 

parameters (ENV). Figure (B-1) shows the solving procedure flow chart for the 

model. Figure (B-2) shows the schematic of the system with the description of 

COMIS parameter.

Figure (B-1): Flow chart of solving procedure.

Figure (B-2): The schematic of the system with the description of COMIS 

parameters.
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B.1.1 Duct properties 

a. Straight duct (DS) for cooling 

The evaporative cooling is treated as a straight duct with pressure loss in the 

inlet, outlet, and the flow pass resistance are calculated in the model. 

 
Cooling DS  
      0.7        1.0         0.03        0.5          1.5          2        50        0       0.5 
      0.0 
Where  
 Duct fittings given here will result in an extra dynamic pressure. 

 Zeta1 is the Dynamic loss coefficient of duct, Zeta2 is the dynamic loss 

coefficient of reverse flow; = 0.5 according to COMIS reference . 

Typically, the entrance loss is equal 0.5 and the exit loss is 1 (zeta). So the input 

Zeta is 1.5. 

Fittings are not available as separate components. Type 2 is used with a screen 

on the top to simulate the pressure drop in the wet medium as in figure (B-3). 

 
 
 

 
Available fittings of the duct The parameter describe for every type 

Figure (B-3): The parameters used for the cooling duct. 
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b. Straight duct (DS) for chimney 

The solar chimney is treated as two straight ducts with pressure loss in the inlet, 

outlet, and flow pass resistance calculated in COMIS and a zone with volume 

equal zero between the two ducts, in order to send the temperature of the 

thermal model from TRNSYS to COMIS. 

 
First duct attached to the room 
      0.2       1.0           0.01        1           1              2         100       0       0.51 
      0.0 
Second duct attached to the zone with volume equal zero to outside. 
      0.2       1.0           0.01        1           1              4           0        0         0.51 

      0.0 
Where  

 Zeta1 is the Dynamic loss coefficient of duct, Zeta2 is the dynamic loss 

coefficient of reverse flow. Open inlet is treated as type 2 with 100% screen. 

Also, type 4 is treated for the outlet as in figure (B-4). 

 

 
  
 

  
Figure (B-4): The parameters used for the two chimney ducts. 

                                                 
1 COMIS manual, 2005 
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B.1.2 Opening (WI) properties 

It is the opening in the north façade through which outside air enters the tower. 

Height differences between openings (links) in a ventilation network together 

with temperature differences, may be an important driving factor for ventilation. 

The reference height of the opening in the zone (the 'from' and 'to' height of a 

link) as in figure (B-2) is taken into account. 

WI (opening) 

 
 

The opening from external node to opening of the wind tower;  
             0.0001           0.5          1                   1           0.4               0  
              1           0.6         1            1               0 
             0 
Height From & To = 3.825m 

Height factor =1 (vertical opening) is the cosine of the angle between opening 

plane and vertical plane. 

Where  

 Cs; is used only for closed window,  

 Expn; (Flow exponent) is turbulent flow1,  

 LVO is Type of Large Vertical Opening 

1 = Rectangular LVO 
                                                 
1 Turbulent flow; It is the normal airflow in nature and inside architectural spaces. The air 
moves randomly in chaotic flow and its molecules cross over other molecules path forming 
eddies and difference in speed  



Appendix (B): COMIS and TRNSYS input.

 

160 
 

2 & 3 = Horizontal Pivoting Axis LVO 

4 & 5 = Triangular LVO  

 Lwmax= width of the window 

 Lhmax= height of the window 

Type specific length= Extra crack length for LVOs with multiple openable parts 

=0 for Type 1 

 Cd = 0.6 is the discharge coefficient which depends on the sharpness of 

the opening [125].  

   
The default image of windows Width factor= 1 

Height factor= 1  
Figure (B-5): The description for the opening in the north façade of the tower. 
 
B.1.3 Zones parameters 

NET-ZON es (Zones Definition) 

 
Tower           --       --    0.5/0.7/1          --         -- 
Room            --       --    2.875/3.75/3.75        --       -- 
Chimney       --       --    volume=zero       --       -- 

Where, 

 Temp; is connected in TRNbuild (Type 56). 

 Humid; in zone=0 as H2O is not used as a pollutant in the model is not 

taken into account. 
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 Ref. Height; is kept for all zones at the reference equal 0m. Then all 

heights for the links have to be the absolute height (referred to the surrounding 

ground level). 

For calculation of air change rate, zones with a volume of V>01 are considered 

in order to consider the temperature of the chimney in COMIS transferred from 

TRNSYS [126]. 

B.1.4 Environment building parameters (ENV) 

a. ENV-BUI lding (Building Related Parameters) 

The information of the building location and its angle is taken into account 

 

69              0                       27.30            31.15 
 

b. ENV-WINd (Wind and Meteo Related Parameters) 

The information of the Meteorological station and its surrounding according to 

the weather data file in TRNSYS 

 
10                   69                     0.149 
360                0.218 

Where 

 1 for open-- 

low crops, low hedges, few trees, very few height. 

                                                 
1For zone which shall not be considered in calculation (e.g. Just for moving the air in a virtual 
zone under the effect of temperature difference, the volume must be set to V=0). 
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 1 for 

rough high and low crops, large obstacles at distances. 

The wind speed is measured at a 10m height above the ground level at the 

meteorological station with roughness length (z0=0.03) and denoted as reference 

wind speed in the form of a power law as follows [125]: 

Khm Ch  

Where  

= the air speed at building height (m/s) 

m = the wind speed at the weather station (reference wind speed) 

h = the building height 

K, = factors depend on surface roughness and terrain. 

C = Km   
COMIS software uses wind speed at the Meteo site in reference height to 

calculate the speed above the boundary layer using the wind velocity profile2 of 

the Meteo station, where the boundary layer is 60 m high for smooth terrain as 

shown in figure (B-6) [86, 94]. 

 

 

                                                                                                                                                         
1Related to the weather data file (.*Tm2) of new city of Assiut city. 
2Wind velocity profile; A series of wind direction and wind speed measurements taken at 
various levels in the atmosphere that show the wind structure of the atmosphere over a 
specific location. 
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Figure (B-6): Wind velocity profile: relations at Meteo and on building site [94, 

125]. 

Where: (M) Meteo station, (0) building site, (b) boundary. (h0) Building 

reference height, (hM) Reference height at Meteo station. 

c. NET-EXTernal (External Node Data) 

The building is linked to its ambiance (outside) via external nodes. Two 

important inputs must be used: 

Cp value input; which is calculated from CPgenerator. 

Wind direction; which is connected with weather data in TRNSYS. 

d. SCH-METeo Data (Meteo Data Schedule) 

It is used for input parameters of temperature, humidity at the steady state 

condition or the weather data condition.  
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The Meteo data can be stored under the keyword &-SCH1-MET in the CIF2-file 

as input data in COMIS or in a separate weather file in TRNSYS.  

e. CP-VALues 

Wind pressure coefficients (Cp values) belonging to a certain facade element 

can be given in several wind directions. The angle of the wind direction is 

measured clockwise from the north. Two angles of Cp- values are given in the 

north and the south façades in the steady state condition. 

 
North Façade   Cp = 0.081       for angle 360° 
South Façade   Cp=-0.040       for angle 360° 

B.1.5 Calculation of wind pressure coefficient on buildings 

Cp is defined as the portion of the dynamic wind pressure, which acts on the 

specific façade or roof at a certain wind direction. As wind is a major actuator 

for natural ventilation, Cp-values are calculated from natural ventilation 

simulation programs (www. cpgen.bouw.tno.nl) [127]. The pressure coefficient 

at a specific point on the building façade could be obtained from: -
3 which was developed at TNO applied research organization.  

The input for Cp Generator is based on existence of the building and obstacle 

coordinates, terrain roughness and orientations. Also, coordinates of Cp 

positions on the building have to be defined.   

 

                                                 
1 SCH; schedule 
2 CIF; Comis Input File 
3The pressure coefficient at a specific point on the building façade could be obtained from 
computer simulation program CP-Generator examples) of calculated Cp 
values based on systematic performed wind tunnel tests and on published results of on-site 
tests of different research organizations [127]. 
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Input data for Cp-Generator 

The estimation is done using a data set of FORTRAN in CP-Generator program 

[127] according to; 

a. North arrow: 

The direction of the room is towards the north with an angle equal to 0°, where 

façade 1 with a solar chimney is facing the south and façade 3 with wind tower 

is facing the north as in figure (B-7). 

b. Wind Zo: 

It is the terrain roughness for different wind flow directions. It defines the 

changes at which terrain roughness occurs, where Zo=31 for all wind direction. 

c. Obstacles: 

Assuming the living room of the final floor is located in a block of the building, 

where the front of the building is a 12m wide street and facing another block of 

the building as a big obstacle in the opposite direction with azimuth 180°. While 

from the back, there are private gardens back to back with another private 

garden for another building then there is  a block of buildings as a big obstacle 

with the same height of the building in the opposite direction with azimuth 0° 

toward the north. Figure (B-7) shows the angle of the four façades according to 

their location with the reference to the north counterclockwise. Also, figure (B-

8) shows the location of the building (living room) with the integrated system 

with the obstacles. 

 

                                                 
1Z0 = 3 for normal sub-urban, industrial estate or village. The obstacles are of mutual varying 
heights like: suburbs with one to four storey buildings, industrial estates with varying 
industrial and commercial buildings up to four storeys, and a village center with higher 
buildings, like a church or a mall (the same condition of the New Assiut City). 
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Figure (B-7): The base point of the building and the name of the façade 

according to the FORTRAN data set. 

d. Cp-positions 

These are the points on the north façade (opening of the tower) and the top of 

the chimney (outlet of the solar chimney) which need to be calculated. 

Point (A) on façade 3 (opening of wind tower); with coordinates X, Y = (0.6, 

3.88) with the base reference point X, Y = 0, 0 for the building corner. 

Point (B) on façade 5 on the roof (outlet of the chimney); with coordinates X, Y 

= (0.6, 1.52)1. 

After running the simulation and checking all the inputs, the results of the Cp-

value according to different orientations are directly pasted into -

-VALu OMIS input file 

(*.CIF). This is needed when the real weather data is connected to Type 157-

COMIS. Table (B-1) shows the results of Cp of point (A & B). 

 

                                                 
1The Y coordinate values depend on the inclination angle of the chimney. 
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Figure (B-8): The location of Cp points and the location of the living room with 

the surrounding obstacles.

Table (B-1): The results of the Cp values1.

Angleº Cp of points (A)-North Cp of points (B)-South
300º -0.097 -0.058
305º -0.061 -0.057
310º -0.028 -0.059
315º 0.001 -0.064
320º 0.025 -0.070
325º 0.043 -0.079
330º 0.057 -0.087
335º 0.067 -0.088
340º 0.073 -0.084
345º 0.077 -0.073
350º 0.079 -0.060
355º 0.080 -0.047
360º (0º) 0.081 -0.040

-

                                                
1The results of wind directions from 300º to 360º only were discussed. This is due to the majority of the wind 
directions in the summer season is north and north west according to outdoor real weather data analyzed in 
chapter 2 of The New Assiut city.

Point (B) Point (A) Back courtyard

Back courtyard

Street
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B.2 TRNSYS simulation inputs 

Six different components are used in the calculation of TRNSYS as shown in 

figure (B-9). These components are; 

Weather data (Type 109), Sky temperature (Type 69), Psychrometric (Type 33), 

Air flow-COMIS (Type 157), Evaporative cooling (Type 506d), TRNBuild 

(Type 56), Output-online printer without file) (Type 65d) & TRNSYS supplied 

unit (Type 25a). 

a. Weather data (Type 109) 

This component is connected; 

To the building (Type 56), air flow (Type 157), psychrometric (Type 33), sky 

temp (Type 69) & 2output printer (Type 65d & Type 25a). 

The most important input that must be considered in type (109) are; 

 Total radiation on horizontal (connected to the six surfaces of type 56)1. 

 Beam radiation on horizontal (connected to the six surfaces of type 56). 

 Angle of incidence for title surface (connected to the six surfaces of type 

56). 

 Slope of the surface (Six surfaces including inclinations faces of the 

chimney of type 56). 

 The azimuth of the surface (Six surfaces including inclinations of type 56), 

it can be calculated according to the façade orientation as in figure (B-7). 

 Also, the temperature, relative humidity, wind speed, atmospheric 

pressure, and wind direction are connected to another component 

according to solving procedure chart of figure (B-1) 

 

                                                 
1Six surfaces: These are the surfaces that faced the north, south, east & west orientations. Also, two faces of the 
chimney inclination surface that faced the south (with inclination) & the north (with inclination). 
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Figure (B-9): The TRNSYS file program façade. 

b. Sky temperature (Type 69) 

This component is connected; 

To the building (Type 56) 

From the weather date (Type 109). 

The parameters that must be considered in this component are; 

 Ambient temperature (connects from weather data file to Type 69). 

 Beam radiation on horizontal (connects from weather data file to Type 69). 

 Diffuse radiation on horizontal (connects from weather data file to Type 

69). 

 Fictive sky temperature (connects from Type 69 to Type 56). 

c. Psychrometric (Type 33) 

This component is connected; 

To the air flow (Type 157), evaporative cooling (Type 506 d), output printer 

(Type 65d &25a). 

From the weather date (Type 109). 

The parameters that must be considered in this component are; 
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 Dry bulb temperature (connects from the weather data file to Type 33). 

 Percent relative humidity (connects from the weather data file to Type 33). 

 Humidity ratio (connects to type 157). 

 Dry bulb temperature and percent relative humidity (connects to type 

506d). 

d. Air flow-COMIS (Type 157) 

It is the components that represents the link and the ventilation network of 

COMIS calculation connected to the building (Type 56) as initial values. Then, 

the calculation of the temperature from TRNSYS is fed back to COMIS again. 

Therefore, continuous ilterations are done for the mathematical equations until 

convergence. This component is connected; 

To evaporative cooling (Type 506d), 2 output printer (Type 65d, 25a), building 

(Type 56). 

From the weather data (Type 109), psychrometric (Type 33), evaporative 

cooling (Type 506d), building (Type 56).  

The parameters that must be considered are; 

 Wind speed (connects from the weather data file to Type157). 

 Wind direction (connects from the weather data file to Type 157). 

 Ambient temperature (connects from the weather data file to Type 157). 

 Absolute humidity (connects from the weather data file to Type 157). 

 Ambient Pressure (connects from the weather data file to Type 157). 

 Zones air temperatures (connect from Type 56 to Type 157). 

 Couple air flow1 (connects from Type 157 to Type 56). 

 Couple air flow (connects from Type 157to evaporative cooling Type 

506d) 

 Outlet air temperature after cooling (connects from evaporative cooling 

(Type 506 d to Type 157).  
                                                 
1Couple air flow: It is the flow of air between zones according to different parameters 
(temperature difference, wind pressure). 
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e. Evaporative cooling (Type 506d) -Tess library 

This component is connected; 

To the airflow (Type 157), building (Type 56), 2 output printer (Type 65d & 

25a). 

From the air flow (Type 157), psychrometric (Type 33).  

The parameters that must be considered in this component are; 

 Inlet air temperature (Connects from Type 33 to Type 506d). 

 Inlet air relative humidity (Connects from Type 33 to Type 506d). 

 Inlet air flow rate (connects to Type 157 to Type 506d). 

 Inlet air pressure (connects from Type 33 to Type 506d). 

 Air side pressure drop1 (connects from Type 506d to Type 157). 

 Outlet air temperature after cooling (connects from Type 506d to Type 

157). 

 Couple air flow (connects from air flow to inlet air temp of evaporative 

cooling).  

 Saturation efficiency is based on the standard options for direct 

evaporative cooling in hot climate published by the California Energy 

Eommission. This standard is ranging from 45-61% for the wet pad with 

no water droplet [103]. 

f. TRNbuild (Type 56) 

It is used to describe the building thermal zone. The inputs indicate the building 

description (*.BLD) and the ASHRAE transfer function for walls (*.TRN). All 

data entered are saved in a building file (*.BUI). So, the link between other 

components and this component helps to simulate the real situation of the 

building with the same wall properties and weather data and other parameters in 

the mathematical equation as in chapter four. This component is connected; 

To the airflow (Type 157), 2 output printer (Type 65d & 25a). 

                                                 
1Pressure drop: Pressure drop occurs with the frictional forces, caused by the resistance for 
the flow from the inlet, outlet and through the duct. 
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From the weather data  (Type 109, sky temp (Type 69), air flow (Type 157), 

evaporative cooling ( Type 506d).  

g. Output (online printer without file) (Type 65d) &TRNSYS supplied unit 

(Type 25a) 

Type 65d helps to plot the output results as a graph to see them after running the 

simulation (without external files). 

Type 25a helps to plot the results as an excel file.  
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Nomenclature 

Symbol Description Unit 
Cp Specific heat at constant pressure kJ/kg°C 

Cpsouth, north Wind pressure coefficient -- 

Cf Specific heat of air J /kg K 

g Gravitational constant= 9.8 m/s2 

hAirIn  Enthalpy of air entering the device J/kg 

hAirOut Enthalpy of air exiting the device J/kg 

hrwg Radiative heat transfer between absorber and the glass W/m2 K 

hrs Radiative heat transfer between the glass and the sky W/m2 K 

hg Convective heat transfer between glass and sky W/m2 K 

hwind Convective heat transfer outside glass due to wind W/m2 K 

hw Convective heat transfer between the absorber and the air W/m2 K 

h Heat transfer from air W 

I Incident solar radiation W/m2 

k Thermal conductivity W/m.K 

coolerem  Mass flow rate of the air through the cooling device kJ/hr 

m  
Mass flow rate of the air kg/s 

Q volume flow m3/s 

Qair Energy transferred to or removed from the air stream kJ/hr 

Q  
Total heat transfer W/m2K 

 Heat transfer to the air stream in the chimney w/m2  

Sg Solar radiation absorbed by glass W/m2 

Sw Solar radiation absorbed by absorber W/m2 

T temperature  K 

t temperature °C 

U Overall convective heat transfer coefficient  W/m2 K 

v air velocity m/s 

V Wind speed at reference height m/s 

w  Humidity ratio --- 
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Dimensionless terms 

Nu Nusselts number (hfd/ kair) 

Ra Rayleigh number 

Greek symbols 

 Emissivity of glass =0.9,Emissivity of absorber= 0.95 

 temperature weighting factor= 0.75 

Saturation Saturation efficiency of the evaporative cooling 

 air density (kg/m3) 

 Transmissivity 

 Stefan Boltzmann constant (=5.67×10-8W/(m2K4)) 

Subscripts 

a Ambient 

g Glass 

L Latent 

r Room 

S Sensible 

W Absorber 

Wb Wet bulb temperature 
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Abbreviations 
 

ABBREVIATION DESCRIPTION 

ACS Adaptive comfort standard 

ASHRAE 
American Society of Heating, Refrigerating and Air-Conditioning 
Engineers 

ACH Air change rate per hour 

AC Air condition 

CFM Cubic feet per minute 

COMIS Conjunction of multizone infiltration specialists program 

Cp Wind 

DBT Dry bulb temperature (DB) 

DPT Dew point temperature 

EAT Earth cooling air tunnel 

ECWT Evaporative cooling short wind tower 

ECC Evaporative cooling cavity 

IAQ Indoor air quality 

PPM Part per million (1000ppm= 0.1%) 

PCM Phase change material 

RH Relative humidity 

SC Solar chimney 

TRNSYS Transient systems simulation program 

TESS Thermal Energy System Specialist library of TRNSYS 16 

WBT Wet bulb Temperature (WB) 

WT Wind tower 
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