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Abstract  

 

Solar Chimney (SC) is a passive design used to enhance natural ventilation and space 

conditioning in a building, limiting the energy requirement of the building to low 

operational costs. In Lebanon, high energy consumption of residential buildings is 

recorded mainly for heating and cooling, marking the highest consumption in the 

Western Mid Mountain (WMM) climatic zone. Thus, proposing the SC application for 

limiting this high thermal demand in residential buildings of the WMM zone for both 

heating and cooling would limit the total energy consumption. SC design has various 

types (Stand-alone SC application or coupled systems based on SC) and design 

configurations in terms of layout, materials and dimensions which vary according to the 

existing building conditions; in this thesis, the Literature review presents previous 

research studying the optimum performance of different SC types and the conditions for 

using each type. Three main building conditions are classified in the Literature as factors 

that significantly impact the choice of the SC type and configuration; for instance, the 

orientation, the height and the solar exposure. Through field survey and observation, the 

three conditions are analyzed within the selected study area in Aley; also, three scenarios 

composed of different existing conditions are categorized. Scenario 1 focuses on multi-

floor buildings oriented towards the south with full solar exposure; scenario 2 represents 

multi-floor buildings oriented towards the south-western exposure and are shaded by a 

highly dense built environment, while Scenario 3 stands for multi-floor buildings oriented 

towards the west and located in a highly dense built-up area. By referring to the 

Literature review suggestions, two respective SC approaches (characterized by special 

design configurations, such as single and coupled SC-EAHX strategies) are proposed for 
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each building scenario in a way that optimizes the solar absorption and respects the 

identified conditions. These SC approaches are assessed using building simulation tools: 

Revit for modeling the initial buildings and the proposed designs, Green Building Studio 

(GBS) for assessing the initial thermal demand and Computational Fluid Dynamics 

(CFD) for testing the indoor thermal performance of the buildings coupled with the 

proposed designs in each scenario. The results in these three scenarios demonstrate that 

the performance of the suggested coupled SC-EAHX approach is better than the stand-

alone SC strategy. Energy saving for the coupled strategy is calculated using heat loss/ 

gain equations and heating capacity formulas; it also shows that the coupled strategy 

saves up to 37%, 33% and 26% of the initial thermal consumption in scenarios 1, 2 and 3 

respectively. In addition, cost efficiency analysis is performed for the coupled system in 

the three scenarios and it expresses the success of the approach in all. Hence, coupled 

SC-EAHX approaches are recommended for the identified three existing scenarios in 

Aley and this thesis recommends special design configuration for each to attain optimum 

performance. Therefore, the three design configurations of the coupled system can be 

used for limiting the thermal energy consumptions in either existing or new buildings in 

Aley or any other region that shares the same climatic parameters and building conditions 

of any of the selected scenarios. 
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1 Chapter One: INTRODUCTION 

1.1 Background 

The solar chimney (SC) – as a reliable passive renewable energy system – has been 

largely utilized in buildings facing serious environmental problems and energy crises, 

along with an ongoing exploitation and overuse of fossil energy (Shi et al., 2018). This is 

due to the high energy consumption in buildings which is responsible for almost half of 

the global energy use (Wang, 2018). The residential sector consumes about 70% of the 

total building consumption (Abergel et al., 2017) mainly for heating, cooling and air 

conditioning which may account up to 73% of total building energy demand 

(Monghasemi et al., 2018), creating a remarkable impact on the security of energy supply 

and greenhouse gas emissions. 

Passive building design strategies are sustainable approaches which use natural 

renewable resources to provide living with levels of thermal comfort and minimize the 

energy consumption of mechanical systems (Ragheb et al., 2016). One of these passive 

sustainable strategies is to enhance the natural space heating, cooling and ventilation in 

spaces based on solar chimneys (Shi et al., 2016). As a simple and practical strategy, a 

solar chimney has received significant attention as an innovative passive design used to 

enhance natural ventilation and space conditioning (heating and cooling) in a building 

due to its potential advantages regarding operation costs, energy requirement and 

emission of carbon dioxide (Monghasemi et al., 2018). 

The chimney has been used for centuries in Europe, the Middle East and the North East, 

particularly by the Romans and the Persians (Lal et al., 2013). It is primarily based on 

natural convective air movement derived by means of pressure gradient due to the 
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variation of air density between the indoor space and within the chimney cavity, defining 

the system as a passive ventilation/cooling approach or a thermal insulation device 

(Imran et al., 2015).  

Basically, it is a solar air heater with vertical or inclined configurations as a part of a wall 

or a roof. It may be classified as a single roof or wall SC, an integrated roof/wall SC 

application or coupled with other renewable energy systems for heating and/or cooling 

(Lal et al., 2013). The solar chimney design configuration, in terms of its dimensions, 

layout and materials, can be consistent with different existing building conditions or 

needs (Shi et al., 2018). 

 

 Figure 1.1. Schematic diagram of a conventional SC design with vertical geometry. Illustrated by the 

author 

In its conventional design (refer to Figure 1.1), it mainly consists of glazing, a cavity and 

a back wall (Lal et al., 2013). The air in the cavity is usually heated by solar energy, 

creating a stack effect because of the air movement under buoyancy forces; thus, the 

vents open 

Solar energy 

External glazing 

(glass) 

Air flow 
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warm air moves up and exits from the top of chimney cavity, generating a driving force 

to amplify natural ventilation and dissipate heat in summer (Sung et al., 2016). In winter, 

however, the top cavity of the chimney is closed and the heat is trapped, consequently, 

transmitted into the inner spaces (Monghasemi et al., 2018). 

Although this system could add up to 15% of the initial cost of the building construction, 

it pays this additional expense in return through life-long energy saving (Shi et al., 2016). 

It may contribute in reducing 30% of the energy consumption of a building and result in a 

significant reduction of greenhouse gas emissions (Monghasemi et al., 2018).  

Various experiments show the impact of SC in minimizing the cooling and heating 

demands in buildings. Imran et al. (2015) demonstrate how installing SC on a cabin room 

in Iraq significantly increased the rate of airflow and was able to cool the inner space 

without the need for mechanical ventilation. Chungloo and Limmeechokchai, (2014) 

report that upon relying on the ambient temperature and the amount of available solar 

radiation, the solar chimney application can reduce indoor temperature by 1°C to 3.5°C, 

and even further if coupled with other strategies. 

However, some regions prioritize space heating over natural cooling, especially in winter. 

Haghighi and Maerefat (2014) tested the capacity of a solar chimney in space heating and 

concluded that this system is able to provide good indoor conditions even with poor solar 

intensity (215W/m2) and low ambient temperature (5 °C). They also suggest that a solar 

chimney with a proper design can significantly limit the cooling and heating demands in 

a moderate climate. Danesh (2018) points that in cold climate regions in the United States 

where the ambient temperature measures between 8°C and 11°C in winter, the integrated 
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SC system has been able to maintain indoor temperature to be 22°C (within the comfort 

range).  

In some cases, SC is integrated with other strategies to optimize performance. Lal et al. 

(2018), who integrated the approach of solar chimney and borehole heat exchanger, 

studied its performance by using Computational Fluid Dynamics (CFD) software. It is 

observed that with the use of this integrated approach, room temperature can be 

maintained between 25°C and 30°C in peak summer and winter conditions when the 

ambient temperature is 40°C and 5°C. 

Thus, a proper SC design integrated into architectural projects can be a major step 

towards saving non-renewable sources of energy, in addition to reducing environmental 

harm and the production of air pollutants without costly expenses.  

Consequently, installing solar chimneys in Lebanon (single or integrated) would be an 

efficient passive strategy integrated into the buildings to minimize their high energy 

consumption rate; as the major source of energy consumption in Lebanon, mainly used 

for heating and cooling, is attributed to the building sector (Mortada, 2018). In 2030, this 

consumption is expected to be 250% compared to that in 2010, due to the inadequate 

thermal performance of the existing buildings which add to future patterns of 

environmental damage (Jouni and Mourtada, 2011). The residential sector held the 

highest percentage of consuming energy among other building sectors for years (refer to 

Figure 1.2); this constitutes about 47% (Mortada, 2018; Tibi et al., 2012), noting that 

conventional heating and cooling systems score 44% of the residential energy demand 

and consumption (Schimschar et al., 2013; Mortada, 2018). 
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Figure 1.2. Energy Demand (GWh) of the building sector 2009-2014 (Mortada, 2018) 

Lebanon has four climatic zones (refer to Figure 1.3): coastal, western mid-mountain, 

inland plateau and high mountains; these zones are classified based on temperature, 

relative humidity and solar radiation (UNDP, 2005). As a result, the heating and cooling 

requirements of the buildings are affected by the climatic parameters of each zone; the 

western mid-mountain zone (WMM) records the highest thermal demand which is about 

480 GWh/yr (refer to Figure 1.4), due to its high population rate (Mortada, 2018). Thus, 

proposing the SC system as a passive strategy for limiting the highest thermal demand in 

residential buildings of the WMM zone for both heating and cooling would remarkably 

decrease the total energy consumption and greenhouse gas emissions; in return, 

environmental conditions would improve as well. Moreover, Aley (refer to Figure 1.3) is 

selected as the study area for this thesis since it has the highest population rate in WMM 

(NPMPLT, 2005), and so the results could be further generalized within the WMM zone 

or any other area with similar climatic conditions. 
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Figure 1.4. Thermal demand of the building sector by climatic zone 2009-2014 (Mortada, 2018).  

1.2 Aim, Research Question and Objectives 

As previously mentioned, the SC design has various classifications and configurations in 

terms of its design, type, layout, materials and dimensions; also, the optimum design 

varies according to the existing building conditions – including its orientation, height and 

  Zone 1: Coastal                         

Zone 2: Western Mid-Mountain    

Aley  

Zone 4: High Mountain 

Zone 3: Inland Plateau                   

Figure 1.3. The four climatic zones of Lebanon (UNDP, 2005; p:9) 
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the surrounding built-up area (Shi et al., 2018). In order to design a suitable design 

configuration with optimum performance in Aley, the conditions of the existing building 

should be examined, highlighting the fact that each of these conditions would highly 

impact the solar exposure of the building which may limit the performance of the SC 

applications; under these circumstances, a modified design responding to these conditions 

should be applied. 

Therefore, the aim of this thesis is to identify the scenarios of various existing building 

conditions in Aley, the representative region of the WMM zone, and establish guidelines 

or series of SC designs, that would enhance the performance of the SC application and 

respond to each of the identified scenarios through addressing the following question: 

What are the suitable configurations of the SC application that respond to the different 

conditions/scenarios of the residential buildings in Aley in order to achieve ultimate 

thermal performance, energy saving and comfort operating temperature in each? 

Thus, the main objectives of this thesis are: 

o To overview the effective SC design configurations (as a single or integrated 

strategies) and the conditions of their ultimate performance. 

o To identify scenarios of different conditions of existing buildings in the specified 

study area in Aley. 

o To propose responsive SC designs for each scenario. 

o To test the performance of each of the proposed designs for each existing scenario. 

o To calculate the energy saving of the successful SC approach in each scenario.  
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o To analyze and assess the cost efficiency of the successful SC system in each 

scenario.  

o To give guidelines of effective SC systems for residential building scenarios in 

Aley. 

1.3 Thesis Structure 

This thesis is composed of six main chapters. The first is an introductory chapter which, 

in addition to presenting an overview of the subject, defines the key thesis research 

question and objectives. The literature review in the second chapter presents previous 

studies addressing the SC design configurations for optimum performance, the conditions 

which would affect the performance and examples of SC applications in existing 

buildings. The third chapter describes the adopted methodology of this research; first, it 

points to the need for field studies- including observation and documentation in order to 

analyze the context of the study area, classify the existing building scenarios and create a 

prototype building; second, it considers the literature review as the main reference for 

designing possible and efficient SC setups for each scenario; third, the chapter 

approaches the use of building simulation tools, mainly Revit to model 3D buildings and 

SC systems, Green Building Studio (GBS) to analyze the initial thermal demand of the 

existing building for heating and cooling in each scenario, and Computational Fluid 

Dynamics (CFD) to assess the performance (temperature and the airflow velocity) of the 

buildings coupled with the SC applications. Lastly, numerical equations are proposed for 

each building scenario to calculate the energy saving and efficiency of the successful SC. 

The fourth chapter analyzes the existing building conditions in a specified study area in 

Aley, examining the orientation of the building, its height and the surrounding built-up 
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area; it also defines the scenarios and designs a prototype building as a case study, 

initially used as a building state and then coupled with the SC proposed designs in each 

of the identified scenarios. Chapter five responds to three identified scenarios in Aley; 

five sections are elaborated for each scenario. In the first, an initial building is created 

using Revit and energy demand is simulated using GBS. In reference to the Literature 

review, a SC design configuration as a single and integrated strategy is set in the second 

and third sections respectively; each responds to the conditions of the given scenarios and 

the SC design suggestions for optimum performance, and is tested using CFD in each 

section. Energy reduction is, then, calculated for the successful system in the fourth 

section, and cost efficiency analysis is performed, leading to the concluding statement in 

the fifth section which sums up the process and the results of each scenario. Finally, the 

concluding chapter identifies and recommends the most proper SC application for each 

scenario, specifies its energy saving and cost efficiency and proposes future 

recommendations. 

2 Chapter Two: LITERATURE REVIEW 

 

SC has various types and configurations that effect performance; with this in mind, this 

chapter refers to previous studies concerned with the design configurations of different 

SC types which respond to various site and building conditions for optimum 

performance. As such, the following sections discuss SC types as a single strategy, as an 

integrated system and as an application in existing buildings. Hence, this literature 

corresponds to a focal reference to classify different scenarios of residential buildings in 

Aley and design responsive SC applications for each. 
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2.1 SC as a Single Strategy 

As a single strategy, SC types are mostly classified into wall, roof or coupled wall-roof 

SC systems that serve different building conditions. In this section, effective design 

configurations of these types and building conditions appropriate for each type are 

presented based on previous research. 

In their studies, Imran et al. (2015), Saifi et al. (2012) and Shi et al. (2016) report the 

design configuration and conditions for an ultimate performance of roof (inclined) SC 

systems. 

In order to foresee the performance of a solar chimney under changing geometrical 

features and environmental conditions, Imran et al. (2015) proposed an experimental and 

numerical model of a roof solar chimney which was examined in Iraq. Natural convection 

inside an inclined solar chimney was used in order to develop a steady, two-dimensional 

and turbulent flow. Inclination angles (15° to 60°), solar heat flux (150–750 W/m2) and 

chimney thickness (50, 100 and 150 mm) were elements used to numerically investigate 

this flow. A single solar 

chimney (2 m long, 2 m 

wide and with namely three 

gap thicknesses 50, 100 and 

150 mm) was installed on 

the roof of a 12 m3 single 

room for an experimental study. The temperature of the glass cover, the absorbing wall 

and the temperature and velocity of induced air were measured to examine the 

performance of the solar chimney (refer to Figure 2.1). 

Flow 

Insulation 

Absorber 

Flow 

in 

Glass 

Q= Solar 

q 

reflected 
q 

absorbed 
q 

transmitt

 

Figure 2.1. Boundary conditions of the roof SC (Imran et al., 2015) 
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According to the results of the numerical model, maximum rate of ventilation was 

achieved when the optimum chimney inclination angle was 60°, raising the rate of 

ventilation by 20% compared to the inclination angle at 45°. The highest rate of 

ventilation induced with the help of solar energy was found to be 30 air changes per hour 

in a 12 m3 room, while the solar radiation recorded 750 W/m2, the inclined surface angle 

was 60°, the aspect ratio was 13.3 and the chimney measured 2 m. In addition, the 

maximum air velocity recorded 0.8 m/s for a radiation intensity of 750 W/m2 at an air gap 

of 50 mm thickness. No reverse airflow circulation was observed even at the largest gap 

of 150 mm. The induced air stream by solar chimney could be used for ventilation and 

cooling in a natural way (passive) without any mechanical assistance (Imran et al., 2015). 

Saifi et al. (2012) studied inclined solar chimney in Algeria. A 2 x 1 m case was 

integrated into a single-storey building exposed to the sun; its absorber wall was made of 

galvanized steel, painted in black and its glazing was provided by Clear glass. While a 40 

mm polystyrene sheet insulated the chimney, the air gap of the chimney had variations of 

10 cm, 20 cm and 30 cm. CFD simulation FLUENT 6.3.26 code was used for assessment. 

Turbulence energy equations were considered and Boussinesq approximation was 

employed for simulation. The authors concluded that the airflow within the chimney 

increases with the increase in the air gap between the absorber wall and the glazing. 45º 

was found to be the optimal tilt which induced maximum airflow in this case, noting that 

the optimal tilt ranged between 45º and 60º depending on the building latitude. The 

authors also observed maximum airflow near the absorber wall with such configurations 

(Saifi et al., 2012).  
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In addition, Shi et al. (2016) used single test rigs to numerically model and validate the 

results of previous studies about the impact of various factors on the performance of the 

roof SC; they gathered and analyzed the experimental data from the possible test rigs to 

develop an empirical model for general use. According to the gathered experimental data, 

the factors that would influence the SC performance include calculated inclination angle 

(θ), cavity gap (d), width (w), height (H), height/cavity gap ratio (H/d), inlet area (Ain), 

outlet area (Aout) and radiation heat (q). The volumetric flow rate of roof solar chimney 

demonstrated a linear relationship with the width, cavity gap, height and radiation heat. 

Testing environment, cavity material, glazing and insulation conditions can define the 

slope of this linear relationship. The gathered experimental data within a H/d revealed 

that air velocity rises with a larger H/d. Experiments indicate that an equal inlet and outlet 

area can enhance the flow rate in the cavity; as for unequal openings, the outlet area 

display a relatively higher importance in promoting airflow (Shi et al., 2016). 

Referring to the presented studies, a roof SC is mainly designed for a single floor 

building or a house. Thus, in order to propose a possible effective SC type for buildings 

in Aley, the height of a building is considered as a major condition and analyzed in the 

context of the area under study. According to the analysis, the roof SC would be 

suggested as a passive approach to integrate in single-storey houses in Aley. Also, the 

presented design configurations offered by the literature could be followed for optimizing 

performance through mainly applying an inclination angle between 45º and 60º; this 

would enhance solar absorption which depends on latitude, altitude, effective insulation 

of the back wall, tall or sufficiently high SC, equal inlet and outlet, higher ratio of height 

over air cavity depth and the use of materials with high absorptivity for the back wall.   
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While roof SC was suggested for single floor buildings, the wall SC was tested and 

proposed by previous research for heating, cooling and ventilation in multi-floor 

buildings (Zhai et al., 2011; Zha et al., 2017). 

Zhai et al. (2011) reviewed the use of wall chimneys as a vertical channel attached to the 

exterior wall of a building and found them feasible options for heating and ventilation in 

multi-storey buildings. It was reported that the installation of wall SC in the north- 

eastern Himalayan region was successful for heating during winter periods and resulted 

in 32.5% overall efficiency and 2.3 KWh/m2 energy collection. The layout of the 

chimney was suggested to be facing the south and porous materials were proposed for 

improving its performance (Zhai et al., 2011).  

Zha et al. (2017) explored the solar chimney ability of ventilation in low energy buildings 

with experimental and numerical methods. The findings showed that wall solar chimneys 

could achieve 70.6 m3/h to 1887.6 m3/h airflow rate during daytime. Upon comparing 

the analytical and the theoretical model, the recommended discharge coefficient (Cd) of 

solar energy in the project was 0.51 while the energy saving rate was around 14.5% for 

using the solar chimney in Shanghai, China (Zha et al., 2017).  

Hence, integrating the wall SC into multi-floor buildings effectively reduces the energy 

consumption of household heating and cooling demands; this verifies the necessity to 

analyze and classify the height of buildings in Aley in order to propose a suitable SC 

type. For its multi-floor buildings, the wall SC could be proposed as a single strategy for 

limiting energy demand, while design configurations are suggested according to the 

following literature. In other words, since design configurations vary according to the 
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conditions of an existing building, the below research presents various possible 

configurations for optimum performance in different case scenarios.  

Asadi et al. (2016) used EnergyPlus simulation software to study the ventilation rate of 

buildings in Isfahan, Iran, due to the effect of solar chimney layout. Seven various 

models of solar chimneys were applied. One of the SC walls was connected to the 

internal space while the other three were exposed to the exterior. The findings showed 

that the south-eastern orientation results in maximum ventilation rate due to maximum 

solar radiation on both sides of the absorbing wall, which increases the exposed heat gain 

surfaces (Asadi et al., 2016). 

However, in Passive Solar Architecture: Heating, Cooling, Ventilation, Daylighting and 

More Using Natural Flows, Bainbridge et al. (2011) proposed that the best configuration 

for a building with an effective SC might include two vertical solar chimneys: one on the 

east for morning ventilation, and another on the west for afternoon ventilation. They 

added that a solar chimney could be enhanced with a solar air collector below the 

chimney to heat the air, a double wall or high-performance glazing and a back wall with a 

high thermal mass or phase changing materials, offering higher temperature storage and 

good energy rerun (Bainbridge et al., 2011).  

In addition, Punyasompun et al. (2009) conducted an experimental and 

numerical analysis of a high-rise wall SC building for climatic conditions in Bangkok. 

Three small scale models of a three-floor building were created. Different 

SC setups were coupled into the south-faced elevation of the two models (refer to Figure 

2.2) and classified into combined and separated systems where the third model served as 

a reference. 



15 
 

In the first separated SC setup, 

an inlet and outlet openings 

were installed on each floor; 

the second combined SC was a 

tall SC with an inlet opening on 

each floor and one outlet 

opening on the third floor. The 

comparison between the SC 

models and the reference 

model demonstrated that the 

combined multi-storey SC was a successful approach that lowered room temperature by 

5°C than that of the base model, and 1°C to 2°C lower than that of the separated SC 

design. Hence, the analysis indicated that the recommended configuration was the 

combined solar chimney with an inlet opening on each floor and one outlet opening on 

the third floor; also, the multi-storey SC was believed to be a possible option which could 

be applied in hot climates, like in Thailand, to save energy and reduce negative 

environmental effects (Punyasompun et al., 2009). 

Asadi et al., (2016), Bainbridge et al. (2011) and Punyasompun et al. (2009) suggest to 

mainly design the wall SC layout in a way that maximizes the absorption of solar 

irradiation, located either on the south, the south-east or even consider coupling two SC 

systems integrated on the south-eastern and south-western elevations; consequently, solar 

irradiation would be absorbed throughout daytime. A proper layout essentially depends 

on the orientation of the existing building; thus, it should be analyzed in addition to its 

Figure 2.2. Multi-solar chimney configurations. (a) Separated solar 

chimney. (b) Combined solar chimney (Punyasompun et al., 2009) 
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heights through context analysis before defining the layout configuration of the possible 

SC.  

Bainbridge et al. (2011) point at the importance of selecting the proper back wall material 

used in the proposed SC and suggest using materials with high thermal mass for the back 

wall. Moreover, Punyasompun et al. propose two SC configurations that would be 

effective for multi-floor buildings; they were tested and proved that the combined wall 

SC is a better approach for enhanced performance. So, when proposing the possible 

suitable SC design for multi-floor buildings in Aley, the combined system and materials 

with high thermal mass for the back wall are to be considered in its design.  

In addition, the performance of the stand-alone wall solar chimneys may be enhanced by 

various influencing factors, categorized into suitable configuration, use of materials and 

environmental analysis as suggested by Shi et al. (2018) and Zhang et al. (2018). For 

designing the SC with ultimate performance for buildings in Aley, the following factors 

should also be taken into consideration since they are tested as highly effective for SC.  

Concerning the design configuration of a SC, Shi et al. (2018) suggest that a high cavity 

would improve its performance as it raises the pressure difference and heat gain. A power 

function was shown between the airflow rate and the cavity height with an exponent 

between 1/2 and 2/3. For multiple floor buildings, a high cavity throughout all the floors 

with a jointed outlet at the top was shown as an applicable approach to enhance 

performance. In addition, an appropriate cavity gap was proven to be significant to the 

performance of a solar chimney. This is because the airflow rate does not always rise with 

a bigger cavity gap due to reverse flow under uneven heating of air inside the cavity. In 

most cases, a ratio of about 10 is suggested for the cavity height over the gap depth, 
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knowing that the ratio for optimum performance is also dependent on other factors, such 

as air speed, cavity material and thermal insulation. Moreover, bigger inlet and outlet 

within a certain range were suggested (Shi et al., 2018). An equal area for inlet and outlet 

is an efficient method to improve the performance of a solar chimney (Shi et al., 2018), 

which is also stated by Li et al., (2004), in order to optimize the ventilation flow rate.  

Regarding the use of material, three main factors are analyzed and recommended to 

enhance the design of solar chimneys (Shi et al., 2018). First, the glazing selection, 

properties of transmissivity, reflectivity and absorptivity are established as important 

factors which impact the performance of a SC; transmissivity plays a more important role 

than the other two where high transmissivity of glass can increase the outlet temperature 

and improve the performance of collectors; for instance, double glazing exhibits its 

advantage in enhancing the performance of a SC. High thermal storage has been 

suggested for the back wall of the SC, noting that a thermal storage layer with phase 

change materials under the cavity absorbs as much heat as possible from the hot air in the 

cavity and the solar irradiation. It can release the heat at a later stage when the phase 

returns to its initial status. Thermal insulation is suggested as a bottom layer for the back 

wall in order to minimize the heat loss for the storage layer. A thickness of 5 cm 

insulation wall is sufficient for a cost which does not cause a significant drop in 

performance when comparing it to the wall insulated with more than 10 cm thickness 

(Shi et al., 2018).  

Finally, Shi et al. (2018) present environmental factors that would affect the SC 

performance and should be considered prior to the design; these factors include solar 

radiation, external wind and other climatic conditions. According to the mechanisms of 
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the SC, it is confirmed that higher solar radiations can enhance its performance, and the 

volumetric flow rate showed a 0.5 power function with solar radiation (Shi et al., 2018). 

Thus, the building orientation, height and surrounding built-up area which would impact 

the solar exposure should be examined when designing a SC; measures should be taken 

to absorb as much solar radiation as possible, which is mostly from the southern side of 

each of the studied building. Although external wind registered a significant influence on 

performance, this effect is disregarded in the SC design because of its random profile (Shi 

et al., 2018).  

Moreover, Zhang et al. (2018) present the SC configuration for an optimum performance 

with the lowest cost. In this study, it is suggested that the performance of solar chimney 

can be enhanced with a high cavity, equivalent inlet and outlet area, an appropriate cavity 

gap and height/gap ratio of 10-15. Concerning the SC glazing, materials with high 

transmissivity, as double glazing, are considered for an effective performance. For the SC 

back wall, an insulated high thermal mass material with a considerable thermal lag is 

proposed for improving night-time ventilation. Besides, 5 cm layer of insulation is 

considered optimum for the SC walls connected to the interior space in order to limit heat 

transfer (Zhang et al., 2018).  

As proposed, wall SC design configurations for ultimate performance mainly depend on 

modifying the design (layout, materials and dimensions) for increasing solar irradiation 

absorption; thus, building conditions should be examined prior to the design process, 

including the height of buildings, their orientation and the surrounding built-up area 

which would limit the solar exposure of buildings.  
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Moreover, Abraham et al., (2018) state that a wall SC would be enhanced by coupling it 

with an extended or roof SC; they coupled and compared the wall SC with three types of 

solar chimneys: an extended wall SC, an inclined roof SC and a horizontal-vertical roof 

SC on an eight-floor prototype building (refer to Figure 2.3) in Jakarta, Indonesia.  

Figure 2.3. Geometry of the simulation model (Abaraham et al., 2018) 

The geometry of the simulation model shows type A as a single wall SC, type B as an 

extended wall SC, type C as a wall SC system coupled with inclined roof and type D as a 

wall SC coupled with horizontal-vertical SC; all of them are oriented towards the south. 

CFD was used as the 

simulation tool to analyze 

the air velocity and the 

pressure in both the chimney 

and the room. Results 

showed that the best 

performance is recorded 

when coupling the SC with 
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an extended vertical solar chimney (refer to Figure 2.4) in which it equally increases the 

air velocity on all floors (Abraham et al., 2018). 

This section has, thus, presented research that tackles effective design configurations and 

conditions of the roof, wall and coupled roof-wall SC. Each of these systems was 

installed in different building conditions where the roof SC was mainly proposed for 

single-storey houses, and wall and coupled roof-wall SC were recommended as highly 

effective choices in multi-floor buildings. The configuration for ultimate performance in 

each, in terms of layout, dimensions and materials should be mainly designed in a way 

that optimizes the solar irradiation absorption which activates and enhances the SC 

performance. 

Since the major aim of this thesis is to propose and test effective SC designs for buildings 

in Aley, different building conditions are first analyzed in terms of orientation, height and 

surrounding built environment and different scenarios are categorized in order to specify 

and select the most effective SC for each (including the type, materials, dimension and 

layout), in a way that responds to its special conditions and optimizes the solar radiations 

for optimum performance.  

After analyzing the context and suggesting a possible SC type and design for each 

scenario, these systems are tested in terms of indoor operating temperatures and airflow 

rate as suggested by Zhai et al., (2011), Zha et al., (2017), Asadi et al., (2016). 

2.2 Integrated Systems Based on SC 

 

Contrary to the above effective application of the SC as a single strategy, some 

conditions make it inefficient for heating or cooling purposes due to extreme climatic 
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conditions. For instance, this occurs when the surrounding ambient temperature is 

relatively high or low; it is also the case when surrounding buildings fully shade the 

building elevations and the extended SC does not perform sufficiently. Thereby, 

integrated systems based on SC can be an effective approach for enhancing the 

performance (regarding indoor temperature and ventilation flow rate).  

Integrating solar chimneys with Earth-to-Air Heat Exchanger (EAHX) systems is 

suggested in various studies and is addressed in this section.  

Soil temperature 2 to 3m below the ground is higher than the surface temperature in 

winter and lower in summer. EAHX is an innovative technique proposed for circulating 

the air through pipes buried 3 m below the ground in order to precool air in summer and 

preheat it in winter before it reaches the building (Khabbaz et al., 2016).  

Figure 2.5. Schematic diagram of integrated EAHX and SC (Maerefat and Haghighi, 2010) 

Maerefat and Haghighi (2010) propose coupling this system with SC (refer to Figure 

2.5), so that when solar energy heats the air inside the chimney in summer, stack effect is 
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generated, warm air escapes from the outlet of the SC and the precooled air from the 

EAHX system (consisting of horizontal pipes buried several meters below the ground) is 

driven into inner spaces. 

In winter, the EAHX is a supplementary strategy (refer to Figure 2.6) which delivers 

preheated fresh air into spaces (Maerefat and Haghighi, 2015).           

  

Figure 2.6. Schematic diagram of proposed passive heating system (Maerefat and Haghighi, 2015) 

Wei et al. (2018) coupled the EAHXs and the buoyancy generated inside a building to 

achieve passive and autonomous ventilation without requiring any mechanical systems. A 

model was developed to assess the effects of the integrated system, with a main focus on 

the dynamics of the airflow, temperature, flow rate, and cooling/heating capacity 

provision. The results of the model were compatible with those of the CFD simulation. A 

theoretical building was used for the model application in Chongqing, China, which is a 

region characterized by a hot summer and a cold winter. The proposed integrated 

approach was superior to the BV in hot and cold seasons. The fluctuations of indoor air 

temperature, ventilation flow rate, and cooling/heating capacity occurred in a non-parallel 
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manner. The recorded cooling and heating capacities were 56.3 KWh for the hottest day 

and 111.1 KWh for the coldest day. The ultimate cooling or heating capacity was nearly 

achieved at the hottest or coldest times with the help of ventilation flow rate fluctuation 

(Wei et al., 2018). 

Then, after proposing and testing a single SC strategy that responds to the specific 

conditions of the specified scenario, a coupled SC- EAHX is suggested in order to 

enhance performance and save energy when various conditions such as shading and 

extreme ambient temperatures hinder the SC from improving indoor temperature and 

ventilation airflow into the comfort range. 

2.3 SC in Existing Buildings as a Single and Coupled Approach 

 

There are only few reports about integrated solar chimneys in existing buildings. This 

section overviews some of these studies, including the reports by Sun et al., (2018), Leng 

et al. (2019), Macias et al., (2009) and Calderaro and Agnoli, (2007) in order to 

determine the influencing factors and conditions that affect the SC configuration and 

performance. 

Sun et al., (2018) 

investigated the first Zero 

Energy Building (ZEB) in 

south-east Asia; it was 

retrofitted from an existing 

building and integrated 

diverse passive and active 

Solar chimney 

Duct  

 
Figure 2.7. Schematic section showing the SC working principles at 

ZEB (Sun et al., 2018) 
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design strategies. Among the non-conditioned areas, the school hall was cooled by 

natural ventilation driven by the SC systems (refer to Figure 2.7).  

The solar stack was composed of four solar chimneys installed on the roof of ZEB with 

vertical ducts connected to the indoor air space via louvered openings. On the roof, a 300 

mm gap between the solar panels and the metal roof was designed to allow the air 

circulation due to stack effect. Extraction fans were added in each chimney to provide 

extraction when stack effect was not functioning. 

Considering the two conditions of natural ventilation assisted by the SC on one hand and 

air-conditioning on the second, the simulated annual energy reduction was recorded as 

832 KWh due to shorter fan operating time, knowing that the assessment was simply 

based on the assumption of two different conditions (Sun et al., 2018).  

Results showed that the air speed of the experimental region reached a maximum velocity 

of 0.49 m/s due to the stack effect generated by the SC and driving air in a higher speed. 

However, due to the western exposure of the building, the solar chimneys were located 

on the west, which highly limited the performance of the system (Sun et al., 2018). 

Moreover, Leng et al. (2019) investigated and monitored the existing indoor 

environmental conditions and the thermal performance of an existing single floor terraced 

house with an air well located in Kuching, Malesia; this was carried out using scientific 

equipment, namely HOBOU12 air temperature and air humidity, the HOBOU12 

anemometer, the Delta Ohm HD32.3 and Wet Bulb Globe Temperature meter. For this 

parametric study, the DesignBuilder software was used. Noting that the field study 

illustrated a need to improve indoor thermal comfort, Leng et al. proposed an 
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improvement strategy to the house in question by turning the existing air well into a solar 

chimney (refer to Figure 2.8), taking into account the advantages of the constant and 

available solar radiation for stack ventilation. Results showed that the enhanced air well 

with a 3.5 m in height, 1.0 m air gap in width and 2.0m in length was a possible design to 

improve the indoor room air velocity and reduce air temperature (Leng et al., 2019). 

On the hottest day and at the time of the highest air temperature, the indoor air velocity in 

the assessment room increased from 0.02 m/s to 0.29 m/s and air temperature was 

reduced by 2.06°C. The findings revealed that the proposed air well could enhance the 

thermal and ventilation performance in Malaysian tropical climate (Leng et al., 2019). 

In addition, Macias et al., (2009) took action to reduce energy demand for heating and 

cooling in residential buildings for the climate in Madrid. Part of the design project 

developed a passive cooling system integrated into a low-cost residential building. The 

passive system design integrated a SC system as a driving force of ventilation and 

precooling air by using the sanitary area of the building (refer to Figure 2.9). The solar 

chimney improved the natural ventilation and circulation within the sanitary area cooled 

the fresh air (Macias et al., 2009). 
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The designers have developed this 

cooling system as their third prototype 

since 1991. A model was developed to 

predict the air temperature variation in 

the living room and its performance 

within a low-cost residential building 

was implemented and evaluated. Results 

showed that it was possible to predict a 

low energy demand during operation (Macias et al., 2009). 

Lastly, it was proposed to construct solar chimneys at an existing library building in 

Rome (Calderaro and Agnoli, 2007). The solar chimneys were made of brick and the top 

of the external side was covered by metal plates and glass. They were also combined with 

the high thermal storage structure of the building, and supportive indirect evaporative 

systems were expected to improve indoor conditions in the building during summer and 

save energy up to 3,598.6 KWh. Meanwhile, the contemporary functioning of thermal 

storage and heat transfer in the direction of the bordered setting by means of natural 

thermic circulation circuits was made possible by a collector storage system in winter 

(Calderaro and Agnoli, 2007). 

Hence, the reported previous studies examining the SC implementation in existing 

buildings showed that the SC type, the configuration and the layout depended on the 

existing structure and the conditions of the buildings. It was mainly designed in a way 

that optimizes solar absorption (as suggested by the optimum design configuration of a 

SC) and findings confirm that it is a suitable single or coupled approach to enhance 

Figure 2.9. Section showing coupled systems of SC and 

EAHX. (Macias et al., 2009) 
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ventilation, cooling and heating, depending on the existing environmental factors of the 

building under study. 

This chapter examined the single strategy SC types (which serve various conditions) and 

the design configuration for optimum performance in each. In addition, the SC strategy 

based on coupling it with the EAHX system was proposed for improving its heating and 

cooling capacity and, lastly, SC applications were reviewed in existing buildings.  

Based on previous readings, in order to design a successful SC system in existing or new 

buildings in any location, it is essential to analyze the existing conditions of the building 

in terms of height, orientation and surrounding built-up area; the factors that would 

impact the choice of the SC system (as a single or coupled system for a one floor house 

or multi-floor building) and the corresponding design configurations for optimum 

performance, which respond to the type of SC application and aim for maximizing solar 

absorption. 

Thus, in order to fulfil the aim of this thesis and design effective SC systems for 

residential buildings in Aley, this research first identifies the existing building scenarios 

in the study area according to the specified factors; also, in reference to the literature, it 

proposes one or more suitable responsive SC application for each building scenario, 

assesses the performance of each in terms of operating temperature and ventilation 

airflow, and concludes by offering guidelines for effective SC applications for various 

scenarios in Aley – WMM zone. 
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3 Chapter Three: METHODOLOGY  

This thesis is divided into three major stages in order to fulfil its aim. Through field 

studies, the first stage identifies the existing conditions and the building scenarios which 

may need specific SC design configuration; the second assigns the proper and suitable SC 

applications for each scenario, in reference to the literature. Finally, the last stage tests 

the performance of each application, using building simulation tools and numerical 

equations. 

Quantitative and qualitative methods are used to answer the objectives of these three 

stages. In the first stage, a field research (observation, documentation and data analysis of 

different conditions) is conducted in order to identify the scenarios of existing buildings 

(building height, orientation and surrounding built-up area) which may affect the 

performance of the SC. Through observation of existing buildings in the study area, 

documented field measurements are conducted using a meter and a compass; in addition, 

plan coding and statistical analysis are performed in order to classify the dominant 

conditions and construct different existing scenarios based on the gathered data. 

According to the field observation and measurements, a building prototype is identified 

and created as a case study; it is later used in the analysis of existing buildings belonging 

to different scenarios.  

After identifying a prototype building, it is used as a reference for the existing building in 

each scenario. Following the recommendations of previous Literature reviews concerning 

effective SC design configurations and considerations, one or more proper SC systems 

are designed for each scenario; each design considers the limitations of the scenarios and 
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maximizes the solar irradiation, taking into account various suggestions for optimum 

performance in terms of layout, materials and compositions. 

In order to test the proposed strategies of possible SC applications in each scenario, 

performance, energy saving and cost efficiency are assessed. Prior to considering the 

prototype building coupled with the proposed SC design, it is first essential to test the 

initial thermal demand (for heating and cooling) of the prototype building in each 

scenario; this would later make it possible to compare the demand in the initial and the 

SC coupled building, and to calculate energy reduction as well. For this purpose, building 

simulation tools, mainly Revit and Green Building Studio (GBS) are used.  

Revit software provides tools for 3D modeling in an advanced Building Information 

Modeling (BIM) environment. It is an adequate tool used for creating detailed physical 

models in terms of used materials, climatic data, orientation and location of the model 

under study (Kalkan, 2015).  

GBS is a flexible cloud-based service that simulates the energy building performance- 

including the thermal energy demand; it is the analysis engine used by Energy Analysis 

for Autodesk Revit models. GBS performs energy analysis taking into account the 

building construction materials, the number of occupants, the occupancy time, the type of 

the building, its orientation and the shading elements of its surrounding built-up area. 

These factors are specified in the studied space prior to analysis in order to get adequate 

results of heating and cooling demands throughout the months of the year.  

The GBS analysis results are valid as it performs validation testing for each release, 

including: the industry-accepted test ANSI/ASHRAE Standard 140-2011, as well as the 

internal Analytical Results Regression Testing, and Vasari/Revit Conceptual Mass Model 
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Energy Simulation Results Regression Testing. It uses the DOE-2.2 simulation engine; 

which has been validated by Lawrence Berkeley National Laboratory and the Los 

Alamos National Laboratory (Autodesk, 2014). 

Then, in order to assess the SC performance of different proposals in each scenario, each 

system is first integrated into the initial building and modeled in Revit. The 3D model is 

then imported into the Computational Fluid Dynamics (CFD), to test indoor operating 

temperatures and airflow rates for assessing comfort by referring to ASHRAE Standard 

55-2017 (the adaptive model; for naturally ventilated buildings). 

CFD tool has been developed and applied for design purposes in the past two decades 

and is believed to have promising potential for studying natural ventilation, air-

conditioning and heating (including solar heating) in building services (Kalkan, 2015). 

SC performance mainly depends on solar energy, stack effect and buoyancy forces to 

generate a driving force which activates the system; thus, CFD is a powerful tool that 

simulates external solar heating, as well as its impact on indoor temperature and airflow 

rates (generated due to stack effect) in heating and cooling months respectively 

(Albatayneh, 2018).  

CFD is a modeling technique that mathematically simulates fluid flow and heat transfer. 

It creates a virtual airflow and a thermal model of a building to evaluate and optimize a 

design with a suitable degree of accuracy for the simulation results. According to a study 

by Albatayneh et al. (2018), simulation indicated that the average accuracy was 92% 

when compared with the real data at any given time during the year. 

Additional reasons for using CFD include: 
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o Graphical presentation of the geometry, temperature fields and velocity 

magnitudes. 

o The time required to get the predicted results has been remarkably reduced, 

because of the development of efficient computing schemes and high-speed 

computers (Kalkan, 2015). 

In other words, CFD is used to assess performance and classify effective SC system or 

approach in each scenario. In addition, by means of numerical formulas (including 

ventilation heat loss or gain and heating capacity formulas), the annual energy saving in 

each system is calculated; consequently, cost efficiency analysis is performed to specify 

the economic success or failure of the system.  

4 Chapter Four: CONTEXT OF STUDY 

This chapter observes, documents and categorizes into scenarios the existing building 

conditions in Aley that may affect the choice and the performance of the SC type, in 

order to suggest and assess possible SC designs for each in the next chapter. 

4.1 Analysis of Aley Building Scenarios 

Aley is a city located on Mount Lebanon (3348’29’’N, 3536’45’’E). The altitude of 

Aley varies between 700-950 m. It has the highest population in the WMM zone in 

Lebanon (NPMPLT, 2005), and accordingly it is considered the area of study 

representing this zone. 

The following Figures 4.1 and 4.2 represent respectively the location and the boundary of 

Aley city.  
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It is important to note that Aley is characterized by a series of mountains and valleys 

(refer to Figure 4.3) which affect the land topography and the orientation of the sites with 

respect to the sun, as well as the direction of the wind; this creates more possible building 

scenarios which may affect the performance of the solar chimney.  

Figure 4.1. Location of Aley on the climatic 

map of Lebanon (UNDP, 2005) 
Figure 4.2. Google Earth image showing the 

boundary of Aley. Retrieved from Google Earth on 

January 29, 2020 

Aley City 

N 

 

A 

A 

902 m 

865 m 

N 

Figure 4.3. (a) Hills and valley configuration in Aley. (b) Schematic section AA showing the hills and the 

wind direction. Retrieved from Google Earth, edited by the author 
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In order to analyze the 

existing conditions and 

define the building scenarios 

in Aley, a specific study area 

is selected for being the most 

diverse in terms of 

orientation and surrounding 

built-up area which may 

affect the solar exposure 

(refer to Figure 4.4).  

The plan of the study area was retrieved from the Municipality of Aley on November 27, 

2019 (refer to Appendix 1). However, the plan was last updated in the year 2000; 

consequently, it did not include the buildings constructed ever since. To overcome this 

limitation, field survey, observation and screening were conducted on December 21 of 

the same year to update the missing location and the orientation of the new buildings and 

add their approximate dimensions to the map. Throughout the field survey, a compass 

was used to define the exact missing building orientation; the latter is used for further 

analysis. Meanwhile, the location and the dimensions of the buildings were 

approximately recorded and then traced from a Google Earth image (retrieved on 

December 26, 2019) to reach the most accurate assumption of the location of the 

buildings.      

N 

Figure 4.4. Google earth image of the study area in Aley. Retrieved 

from Google Earth, edited by the author 
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Figure 4.5 demonstrates the plan of the study area updated and prepared for analysis of 

building conditions: the black buildings represent those of the original plan retrieved 

from the municipality, while the red buildings are the new updated ones.  

Different building orientation, height (single floor, mid-rise or high-rise) and surrounding 

built-up area may impact the solar exposure of the building; they would consequently 

affect the SC choice, design and installation conditions for optimum performance (Shi et 

al., 2018). Thus, each condition or existing scenario combining various conditions is 

analyzed in the study area. Field studies, in specific, observation, documentation and plan 

coding were conducted to determine and analyze the existing building conditions.  

Updated buildings by the author on December 26, 

2019. 

Buildings last updated in the year 2000. Retrieved 

from Aley’s Municipality on November 27, 2019 

Figure 4.5. Plan of the study area retrieved from Aley's Municipality on November 27, 2019. Edited and 

updated by the author on December 26, 2019 

N 



35 
 

1. Building’s Orientation 

 

The orientation of the building may impact and affect the SC layout and its performance, 

as previously mentioned in the Literature review chapter. The building orientation defines 

the solar exposure of the building and the SC; analyzing the existing possible orientation 

scenarios is essential to test the performance of the SC in each.  

Aley is 

composed of 

series of 

mountains and 

hills and the 

chosen study 

area is part of a 

mountain as 

well. 

Accordingly, 

observation and 

reports reveal 

that the existing 

topography lines highly effect the land plot and the building orientations (refer to Figure 

4.6). 

The slope direction of the existing topography lines is illustrated in Figure 4.7. 

N 

Figure 4.6. Schematic topography lines of the mountain. Illustrated by the author. 
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Figure 4.7. Sections showing the slope direction of the mountain in the study area. Illustrated by the 

author. 

 

The existing configuration of the topography lines and the slope created multiple building 

orientations that are mainly devided into four categories (refer to Figures 4.8-4.9): along 

the north-east and south-west axis with south-eastern exposure, along the east-west axis 

with southern exposure, along the north-west and south-east axis with south-western 

exposure and along the north-south axis with western exposure. 
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2. Building’s Height 

 

Each of the building types (single floor, mid-rise or high-rise), require a specific SC 

strategy, application or design configuration, and it is recommended to analyze the 

existing situation or condition of the building type in the study area.    
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North-south axis; 

western exposure 

  

E E 

N 

S 

W 

N 

S 

W 

N 

S 

W 

North-east and south-

west axis; south-eastern 

exposure  

  

East-west axis; 

southern exposure 

  

E 

North-west and south-

east axis; south-western 

exposure 

  

Figure 4.8. Schematic diagrams (a) showing topography lines and main building orientations. (b) Main 

building orientation directions traced on the map. Edited by the author. 

Figure 4.9. Main Building orientations. Illustrated by the author. 



38 
 

After 

observing 

and reporting 

the building 

height in the 

area under 

study, it is 

noted that the 

height of 

most of the 

currently 

existing 

building 

varies between three to seven floors (refer to Figure 4.10); single and two floor houses 

are rarely reported. Thus, the majority of these buildings are categorized as mid-rise 

buildings.  

3. Urban Built-Up Land  

 

Urban built-up lands create a major source of shading which limits the solar exposure of 

buildings and they are mainly classified into high, medium and low dense urban lands.  

The SC performance of buildings belonging to different urban built spaces differs 

according to the available solar radiation reaching each of the SC absorber wall; this 

means the built-up land classification in the study zone should be assessed in order to 

assign the proper SC design for each. 

N 

Figure 4.10. Plan of the study area showing the building heights. Illustrated 

by the author. 

1 floor 

2 floors 

 

3 floors 

4 floors 

5 floors 

6 floors  

7 floors 
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Satellite imagery in Figure 4.11 (Google Earth satellite image retrieved on January 8, 

2020) is used to classify the urban built-up area in the study zone (refer to Figure 4.12) 

into three scenarios: the low dense area (coded in green) is mainly a free surface with a 

limited number of buildings; the medium dense area (coded in grey) contains 

approximately equal ratio of greenery and buildings; lastly, the highly dense urban land 

(coded in light black) contains a limited percentage of free land and few trees, while the 

mid-rise buildings are 6 to 7 m apart (according to construction rules and regulations), 

limiting solar exposure due the shade which they cast on one another.  

 

 

 

Figure 4.11. Edited Google Earth image showing the urban land classification. Image Retrieved from 

Google Earth on January 8, 2020. Edited by the author. 
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Figure 4.12. Study area plan showing the three urban land classifications. Edited by the author. 

The identified existing conditions in the study area are represented in Table 4.1. 

The classified conditions are coupled in order to determine the existing scenarios of the 

buildings in the area under study. 

 

Highly dense urban land 

Medium dense urban land  

Low dense urban land  

Western Exposure  

Orientations  

S-E Exposure 

Southern Exposure 

S-W Exposure  

Building’s height  

Mid-rise buildings 

Urban lands 

High dense urban land 

Medium dense urban land 

Low dense urban land  

Table 4.1. Classified existing building conditions in the study area of Aley. Illustrated by the author. 

N 
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Three conditions were recorded regarding to the urban land built-up area; the following 

results are obtained upon coupling them with the classified building orientations (refer to 

Figure 4.13): 

o The buildings with south-eastern exposure are mainly located in highly dense 

urban areas. 

o The buildings with southern exposure are mainly located in low and medium 

dense urban areas. 

o Buildings with south-western exposure are located in high, medium and low 

dense urban areas. 

o Finally, buildings with western exposure are mainly located in high dense urban 

areas. 

 

Highly dense urban land 

Medium dense urban land  

Low dense urban land  

N 

Figure 4.13. Map of the study area showing the urban land classifications coupled with the existing 

building orientations conditions. Illustrated by the author 
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Knowing that the height of the buildings in the specified study area is categorized as mid-

rise, all of the above scenarios are considered for mid-rise buildings.  

Therefore, the final scenarios of the existing building conditions in the study area are 

identified (refer to Table 4.2) as follows. 

The above listed scenarios are the existing scenarios in Aley. However, for this thesis, 

cases with extreme conditions are selected for studying and analyzing the SC 

performance. 

Extreme scenarios are chosen for the condition of building orientation: buildings with 

mainly southern, south-western and western exposures are selected, in addition to 

scenarios with extreme opposite urban land conditions (low urban dense area and high 

urban dense area). Thus, for the southern exposure, scenario (b) with a low dense urban 

land is selected; for the south- western exposure, scenario (f) with a highly dense 

Table 4.2. Scenarios of the existing conditions of the study area in Aley. Made by the author.  

Scenario (c)  

Scenario (e)  

Scenario (f)  

Orientations  

 

Building’s 

height  

Mid-rise 

buildings 

Urban lands 

High dense urban land 

Low dense urban land 

Low dense urban land  

Medium dense urban land 

Medium dense urban land  

High dense urban land  

High dense urban land  

Scenarios   

 

Scenario (g) 

Scenario (a) 

Scenario (b) 

Scenario (d)  

S-W Exposure  

Southern 

Exposure 

S-W Exposure  

S-W Exposure  

Southern 

Exposure 

S-E Exposure 

Western 

Exposure  
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surrounding urban land area is considered; finally, scenario (g) is chosen as the only 

scenario with western exposure (refer to Figure 4.14 for the illustrated scenarios).  

 

Scenario (b),       N 

 

Scenario (f),         

 

Scenario (g)  

 

 

For each scenario, different SC configuration (dimensions and materials) and layout are 

designed and tested to obtain the optimum SC performance for each. 

A case study building is designed as a representative sample of the buildings in Aley to 

test the performance of various SC applications in each scenario; the conditions of each 

of the selected scenarios (b), (f) and (g) are applied to this building and responsive SC 

designs are assigned for each scenario in order to test their performance and give 

guidelines of the SC with the ultimate performance in each. 

4.2 Case Study Building 

 

According to the field survey, the observation and the plan coding, it is deduced that the 

height of most buildings in Aley vary between three and seven floors (each floor is 3.5 m 

Dense surrounding- 

creating shadow and 
limiting the exposure 

Dense surrounding- 
creating shadow and 
limiting the exposure 

Few surrounding 

buildings, which can be 

neglected 

Figure 4.14. Schematic diagrams showing the selected scenarios of existing buildings in Aley. Illustrated by the 

author 
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high). Thus, the case study building is designed as a mid-rise building and is considered 

as a five- storey building, representing the height of the majority of existing buildings in 

Aley (refer to Figure 4.10). 

Moreover, buildings in the plan of the study area are analyzed and categorized (refer to 

Figure 4.15) in order to approximate the dimensions (length and width) of the study 

building. Most of the buildings are classified as having a rectangular configuration; 

where their length is double that of their width. Accordingly, the length is assumed as 20 

m and the width as 10 m for the study building (refer to Figure 4.16). 

  

Figure 4.15. Plan of the study area categorizing the shape configuration of the buildings. Illustrated by 

author 

Rectangular building dimension  
 

Square building dimension 

N 
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The floor plans are assumed to be free 

plans with no room partitions; this makes 

the comparison more applicable, keeping 

in mind that the major aim of this study is 

to compare the performance of different 

SC applications in each scenario. In real-life case scenarios, inner wall partitions may 

contain adjustable air vents which would enhance air circulation derived by the SC 

(Bainbridge, 2011).  

Each building contains a main core for services; in the study building, this core is located 

at the center of the building and, as an extreme scenario, it is made to separate the floor 

apartments. The dimension of this core is designed as 3.5 m x 7.5 m which would contain 

the staircase and the shafts used for mechanical services. The walls of this core should be 

fire-rated as it is the only means of escape. According to the model building codes and 

NFPA 101, Life Safety Code, the walls of the building should be 1-hour fire-rated wall 

(Ziavras, 2019). Thus, they are designed to be 25 cm layer of lightweight concrete, which 

has a 4-hour fire-resistance rating (IBC, 2015). For the inner walls of the core (the walls 

between the core and the apartments), lightweight concrete is covered with 2 cm outer 

and inner plaster layers; for the exterior walls, a 10 cm outer insulation (fire resistive) of 

thermal conductivity equal to 0.02 W/m.k is applied before the plaster to decrease the 

impact of heating the core. The final U-value of the core exterior walls is 0.15 W/m2.k. 

This volume also includes 2 shafts (0.8 m x 1.2 m) which is later used for a proposed SC 

design.  

W= 10 m 

L=2W= 20 m 

 
Figure 4.16. Assumed study building dimensions. 

Illustrated by the author 

https://www.google.com.lb/search?hl=ar&tbo=p&tbm=bks&q=inauthor:%22David+Bainbridge%22
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In addition, through observation, the construction methods and the used materials for the 

buildings are indicated to be similar. The slabs are concrete (30 cm thick), the exterior 

walls are 30 cm thick and composed of double hollow block layers (10 cm each) 

separated by 4 cm layer of air as insulation; this is in addition to an inner 2 cm layer of 

plaster and paint, and an outer 2 cm plaster and 2 cm cladding layers (refer to Figure 

4.17).  

  

Figure 4.17. The wall composition of the case study building. Illustrated by the author using Revit 

The R value (thermal resistance value) of the 10 cm hollow block is equal to 0.08 m2k/W, 

and that of the 4 cm air gap is 1.6 m2k/W, while the R values of 2 cm cladding and the 2 

cm plaster are 0.02 m2k/W and 0.025 m2k/W respectively (UNDP, 2005). Thus, the total 

R-value of the wall is 1.83 m2k/W and the U-value (thermal conductivity) is 1/Rwall= 0.55 

W/ m2k. 

The roof is assumed to be made of concrete slab (30 cm thick) with a 10 cm layer of rigid 

insulation and terrazzo tiles with a total U-value of 0.31 W/ m2k.  

Windows are assumed to be double glazed (28 mm thick; with a configuration of 4-20-4 

mm, which represents glass thickness, cavity gap and glass thickness). The U-value of the 

whole assembly is 1.5 W/ m2k; in which the glass panels are considered low e with argon 

gas cavity. The solar heat gain coefficient of the assumed assembly is 0.71, the shading 

2 cm cladding 
2 cm plaster 

4 cm air gap 

10 cm hollow block 

2 cm plaster 
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coefficient is 0.81 and the visible transmittance is 75 % (Gregg, 2016). Windows are 

assumed approximately 4 m apart; thus, the longer facades have more windows. 

According to UNDP (2005), the proposed window to wall ratio for the WMM zone is 

19%. Assumed that the length of the building is 20 m, the floor height is 3.5 m and the 

wall area is 70 m2, the optimum window area should be 13.3 m2 (19 % of the wall area), 

leaving 3.3 m2 for each window. In the case study building, the dimensions of the 

windows are assumed to be 2 m long and 1.65 m high (areawindow= 3.3 m2) in order to 

fulfill the optimum window-to-wall ratio for this zone. In addition, the windows are 

located 1 m above the floor level. 

The balconies of the existing buildings are disregarded in order to eliminate the element 

of thermal bridging and the roof is assumed to be flat (refer to Figures 4.18-4.19 for the 

the final configuration of the study building). 

 

Figure 4.19. Plan of the study model. Illustrated by the 

author 

 

Figure 4.18. The study model in 3D. 

Illustrated by the author 

 

 

 

Service 

core 

 

Apartment to be 

heated and cooled 

 

Apartment to be 

heated and cooled 

Entrance  Shafts  
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Each floor is composed of two apartments and the service core. The number of 

individuals occupying each apartment is assumed as an average of four people referring 

to the Municipality of Aley, visited on November 27, 2019. 

As previously mentioned, the case study building is used to assess the performance of 

different SC designs in each of the identified scenarios in terms of indoor temperature 

and inlet velocity magnitudes; hence, specifying the parameters for assessment (date, 

time and acceptable limits of each) is essential prior to analysis. 

4.3 Parameters for Assessment 

 

Knowing that the SC performance should be tested for heating and cooling, parameters 

for assessing each are determined. After reviewing Aley’s maximum, minimum and 

mean temperature data for the last ten years, the recorded ambient temperature is 9C at 

its lowest in January and 29C at its highest in August (refer to Figure 4.20); thereby, the 

15th of both January and August are assigned as the assessment date for heating and 

cooling; these selected dates represent the extreme case scenarios for heating and cooling 

months.  

Figure 4.20. Maximum, minimum and average temperature (C) for the last 10 years in Aley. Reference: 

worldweatheronline.com 
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Indoor temperature limits  

To calculate indoor comfort temperature limits, the adaptive thermal comfort model for 

naturally ventilated buildings (by ASHRAE Standard 55-2017) is used, knowing that this 

model was developed to help designers find the comfortable internal air temperature in 

free-running buildings, while the predicted mean value model is used for air-conditioned 

buildings. The adaptive thermal comfort model uses a wider range of operating 

temperature and minimum energy techniques to sustain the occupants’ thermal comfort 

instead of mechanical heating or cooling (Albatayneh et al., 2019). 

According to this model, the adaptive thermal comfort of indoor temperature limits is 

calculated through the following Equations (4.1) and (4.2), considering that at least 80% 

of the occupants are satisfied with this temperature range: 

Tupper( ◦ C) = 0.31 × Tm.out + 21.3, (1)       (4.1) 

 Tlower( ◦ C) = 0.31 × Tm.out + 14.3. (2)       (4.2) 

Equations (4.1) and (4.2) represent the upper limit (Tupper) and the lower limit (Tlower) of 

indoor temperature, with Tm.out representing the prevailing mean outdoor air temperature, 

calculated as the average of the mean outdoor temperatures (Annan et al., 2016).  

In the adaptive thermal approach, occupants are required to wear suitable clothing. 

Clothing insulation (Clo) used in these calculations is between 0.5 m2.◦C/W for hot days 

and 1.3 m2.◦C/W for cold days (Albatayneh et al., 2019). 

The average mean outdoor air temperature in January (the date of assessment) for the last 

ten years is calculated as 13C (refer to Figure 4.20). So, by applying the adaptive 
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thermal comfort Equations (4.1) and (4.2), the corresponding upper and lower 

temperature limits for January are 25C and 18C. However, the average mean outdoor 

temperature calculated for August for the last ten years is 24C; consequently, when 

applying Equations (4.1) and (4.2), the temperature limits for August are between 21C 

and 28C.  

One of the main advantages of the adaptive module for naturally ventilated buildings is 

that it eliminates the requirement of calculating air speed and humidity. However, 

research suggests that in order to analyze the impact of these two factors on the 

occupants’ thermal comfort when using SC application, data of the relative humidity of 

outdoor air derived into inner spaces and the airflow rate for the supply of fresh air 

should be analyzed (Albatayneh et al., 2019). 

The recorded humidity level of the outdoor air in Aley is 69 % at its highest in August for 

the last ten years (refer to Figure 4.21). So, when the SC drives outdoor air into indoor 

spaces for ventilation in summer, relative humidity does not impact indoor comfort, 

noting that the acceptable humidity range is between 40% and 70% for occupied spaces 

(Taylor, 2018).  

Figure 4.21. Average of humidity in Aley. Reference: worldweatheronline.com 
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Air flow Rate 

In addition, according to ASHRAE 62.1-2016 Standard, the required fresh (outdoor) 

airflow rate of an occupied space in a breathing (ventilation) zone shall be not less than 

the value determined in accordance with Equation (4.3).  

Vbz = (Rp × Pz) + (Ra × Az)        (4.3) 

 Vbz = breathing zone ventilation, the outdoor airflow required in a breathing zone, Az = 

zone floor area, the net occupied floor area of the ventilation zone (m2), Pz = zone 

population, the number of people in the ventilation zone during use, Rp = outdoor airflow 

rate required per person and Ra = outdoor airflow rate required per unit area. According 

to ASHRAE 62.1-2016 Standard, Rp is 2.5 L/s per person and Ra is 0.3 L/s per 1 m2 for 

an occupied living space.  

In addition, as mentioned in the previous section, the number of people occupying one 

apartment (Pz) is 4, where the net occupied floor area per apartment (Az) is 73 m2. Thus, 

after substituting the values in equation (4.3), the target airflow rate in each apartment is 

32 L/s and is assessed for each proposed SC system during cooling months when the 

system operates for cooling and ventilation purposes. Even though some transient 

occupancy may occur and the ventilation rate required is higher, the average rate 

considered throughout the thesis is 32 L/s; as most of the time each apartment is occupied 

by 4 people only. 

In the simulation assessment for each SC design, Revit is used for modeling and CFD 

simulation tool is used to test the indoor temperature during heating and cooling months 

and the airflow rate during cooling months in order to identify the thermal comfort level 
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inside the building apartments. Then, the energy reduction of the SC system with the 

more effective performance in each scenario is calculated to quantify the impact of the 

system in reducing the thermal demand for heating and cooling. 

In order to determine the SC impact on indoor temperature and energy reduction, it 

should be compared with that of the initial building. So, in each scenario, the initial 

building performance is tested before the SC assessment in terms of the initial thermal 

demand per apartment (where heating and cooling months are accurately specified) and 

the initial indoor temperature through the use of GBS and CFD simulation tools 

respectively.  

5 Chapter Five: SCENARIOS AND DATA RESULTS 

 

In this chapter, the three scenarios of existing building conditions identified in Aley are 

presented and analyzed separately. In each, initial building conditions of the case study 

building is modeled in Revit, energy demand for heating and cooling per month is tested 

using GBS, operating indoor temperatures on the 15th of January and August are assessed 

in CFD and results are analyzed in comparison with the calculated acceptable 

temperature range of the adaptive model. In the second and third sections of each 

scenario, two SC designs are proposed by referring to the literature and the specific 

conditions for each; also, the SC setup is modeled using Revit as an integrated system 

into the initial building and assessed through CFD in each. In the fourth section, the 

results of the system that demonstrate better performance are used to calculate the energy 

reduction of this system and the time needed to pay back its original cost. Finally, 



53 
 

recommendations of the effective SC system are proposed for each scenario in the fifth 

section.  

5.1 Scenario 1 

 

5.1.1 Initial Building Conditions  

 

According to the classified scenarios, scenario 1 is characterized by the orientation of the 

building with southern exposure and few surrounding buildings which are neglected 

(noting that the distance between the buildings provide full solar exposure for the existing 

buildings). As such, the case study building is oriented towards the south.   

The initial building is modeled in Revit, the location of the project is assigned in Aley 

and the weather station in Majdel Baana is selected for being the nearest weather station 

to the study area (9 km away). The number of the weather station is 1257263; its latitude 

is 33.796379089355 N, its longitude is 35.600761413574E, and its elevation is 895 m 

above sea level which belongs to the WMM zone.  

The materials and U-values are assigned to the model elements, spaces are specified, 

occupancy is set for four people and energy model is generated; afterwards, GBS is used 

to calculate the initial building heating and cooling loads throughout the year by 

analyzing the building modeled in Revit based on the assigned settings. 

The results of the GBS analysis (refer to Figure 5.1) show that the initial annual heating 

load of the building is 90,867 KWh and the cooling load is 31,825 KWh. Assuming that 

the ten apartments of the buildings share equal loads, the heating and cooling demands of 

each apartment per year is considered 9,086.7 KWh and 3,182.5 KWh respectively.                                                       
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The heating months that require the highest space heating are between November and 

April, while the cooling months are registered between June and September (refer to 

Figure 5.1). 

After determining the heating and cooling demands of the building, the initial 

temperature of the building apartments in heating and cooling months is analyzed through 

CFD in order to compare it later with the performance of the suggested systems in each 

scenario. 

The Revit model is exported as ACIS (SAT) file and imported to CFD. The materials and 

their corresponding U-values are re-assigned in CFD, the project location is assigned as 

that of Revit and the solar energy analysis is activated.  

As explained under section 4.3 in the previous chapter, the assessment for heating is 

assigned to January, the month with the lowest ambient temperature. If the SC shows a 

satisfactory performance in the selected extreme case scenario for January, then it would 

Figure 5.1. (a) Graph and (b) table showing the total energy consumption in KWh of the initial 

building in scenario 1. Results of the Green Building Studio analysis 
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also be effective for the rest of the heating months when ambient temperature is higher. 

For cooling, however, assessment is assigned to August when the ambient temperature 

and the thermal demands are recorded at their highest among the cooling months (refer to 

Figure 5.1). Time of assessment is set on the 15th of each month at 12:00 pm; at noon 

when the sun is in the middle of the horizon. 

As mentioned earlier, the ambient temperature is assigned at 9C for heating and 29C 

for cooling assessment which, according to worldweatheronline.com, are the lowest and 

the highest recorded temperatures in Aley for January and August respectively.  

The assumptions for the CFD simulation considered in all the scenarios are as follows: 

1. Windows are closed in order to block the supply of fresh air, so that upon 

installing the SC design on the initial building, induced depicted airflow would be 

attributed to the SC performance. 

2. External wind is disregarded, knowing that the existing wind scenarios are 

variable with different frequencies (refer to Appendix 2) that change according to 

the site location.  

Results of the CFD simulation of the initial building in January, when the ambient 

temperature is assigned as 9C, show that the temperature in the apartments rises due to 

solar heating. Ground and middle floor temperatures slightly increase to record 11C and 

12C on the roof floor (refer to Figure 5.2). However, the recorded values are lower than 

the acceptable temperature range (18C and 25C; calculated according to the adaptive 

model) which indicates the need for a heating system to compensate for the discomfort.  
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Figure 5.2. Section of the CFD model showing the temperature inside the apartments of the initial building 

of scenario 1 in January. 

 

In August, the representative month of summertime, CFD results show that when the 

ambient temperature is at 29C, solar energy heats indoor spaces and raises operating 

temperatures. According to the results, the temperature on the ground and middle floors 

(first, second and third floors) records 33C, and 36C on the roof floor where solar 

exposure is the highest (refer to Figure 5.3).  

 

Key plan     N 

Key plan    N 

Figure 5.3. Section of the CFD model showing the temperature inside the apartments of the initial building 

of scenario 1 in August. 
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The recorded results for summer exceed the upper temperature limit (28C) and indicate 

the need for applying a cooling system to compensate for the discomfort.  

Therefore, proposing SC strategies as passive approaches for heating and cooling would 

improve indoor temperature and decrease energy consumption in winter and summer. 

5.1.2 Option 1; SC Design Proposal as a Single Strategy 

 

By referring to the Literature review and current conditions of this scenario, a responsive 

SC design for heating in winter, as well as cooling and ventilation in summer, is proposed 

and tested. The configuration of the design is specified as follows. 

SC type: Due to the multi-floor building composition, the SC type is selected as a wall 

SC based on the suggestions of previous research for the specified condition (Zhai et al., 

2011; Zha et al., 2017). 

SC layout, location and exposure: According to Shi et al. (2018) and Zhai et al. (2011), 

the SC should be located on the elevation with the southern highest solar exposure for 

improving stack effect. However, according to experimental results, Asadi et al. (2016) 

suggest locating the SC on the south-eastern exposure for better performance. Bainbridge 

et al. (2011) indicate that the best SC system is that which integrates two vertical solar 

chimneys: the first on the east wall for morning ventilation and the second on the west 

wall for enhancing ventilation in the afternoon.   

According to the present building configuration in scenario 1, one vertical wall SC which 

connects the two apartments is designed; as suggested, it is located on the elevation with 

the southern exposure, with an extruded semi-circular glazing from the southern walls of 

the building (refer to Figure 5.4). 

https://www.google.com.lb/search?hl=ar&tbo=p&tbm=bks&q=inauthor:%22David+Bainbridge%22
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This arrangement is intended to 

enhance the south-eastern and 

south-western exposures and 

respectively improve its 

morning and afternoon 

performance. Thus, the inner air 

volume coded in blue (refer to 

Figure 5.4) will be heated by solar energy and aims to serve both apartments. The 

suggested design does not aesthetically impact the elevation significantly and is chosen to 

limit the cost of designing two SC systems, one for each apartment.  

SC height: Shi et al. (2018), 

Sivaram et al. (2018) and Zhang 

et al. (2018) establish a direct 

linear relationship between the 

height of the SC and its 

performance. A higher wall SC 

increases the absorption area of 

solar energy and improves the 

temperature difference, the stack effect and the overall performance of the system. 

Through simulation, Abraham et al. (2018) show the improvement in performance after 

extruding the SC beyond the height of the building. Thus, the back wall of the SC is 

designed to be as high as the building and even one floor higher, extending beyond the 

service core by only 1 m (where the SC outlet is located). Even though a higher SC 

Figure 5.4. Plan showing the SC location and configuration in 

scenario (b). Illustrated by author 

3
.6

 m
 

Figure 5.5. 3D image of the building with the proposed SC 

design and its height.  
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would produce better performance, due to the restrictions of construction rules and 

regulations, it is considered to be only one floor higher which is equal to the allowed 

height of the core (refer to Figure 5.5).   

SC inlet and outlet: As 

Punyasompun et al. (2009) 

suggest, a combined SC is 

adopted in the SC design of the 

multi-floor case study building. In 

each apartment, an inlet and an 

outlet opening are designed 

opposite each other to improve 

cross ventilation. At the top of the 

SC cavity wall, an outlet is located to enhance air circulation (refer to Figure 5.6).  

As suggested by Shi et al. (2018), Shi et al. (2016) and Li et al. (2004), the areas of the 

inlet and the outlet openings are designed to be equal in order to improve the 

performance of the solar chimney design. The area is assumed to be 0.6 m2 (1.2 m long 

and 0.5 m high) and equal to the SC outlet.   

Operation modes: the inlets, outlets and SC outlet are opened in summer in order to 

activate natural ventilation derived by stack effect. On the other hand, the SC outlet and 

the inlet of the apartments are closed in winter. Solar energy heats the air inside the SC; 

cool air is then driven from the apartments into the SC through the outlet by buoyancy 

forces and heated air recirculates into indoors spaces by means of a fan (located on the 

wall adjacent the SC). 

SC Outlet  

Outlet  Inlet  

Figure 5.6. 3D view of the inlet, outlet and SC outlet positions 



60 
 

 SC glazing: Double glazing is 

used as proposed in the Literature 

by Shi et al. (2016) and Zhang et 

al. (2018). Due to the SC height 

and semi-circular configuration, 

an aluminum structure is designed 

to hold the glazed panels which 

are 3 m high and 1 m long each 

(refer to Figure 5.7). According to 

Glass Premium Sarl Company and based on the panel size, the proposed glazing layer is 

6 mm thick and the double layers are separated by a 13 mm air gap. Such configuration 

has relatively high transmissivity with a U-value equal to 1.9 W/m2.k. 

SC back and side walls: Shi et al. (2018) and Bainbridge et al. (2011) recommend using 

materials with high thermal storage and low thermal conductivity for the cavity wall. 

Concrete materials are characterized by their high thermal storage capacity and their 

ability to shift (delay) the point in time when peak temperatures appear at the interior 

surface of a wall (Kontoleon et al., 2013). Concrete (cast in place) is chosen for the SC 

back wall, because it has higher density and thermal storage than CMU or lightweight 

concrete. Thicker layers of concrete increase the thermal resistance of the wall, but 

commonly insulating them in a composite multi-layer construction is the most rational 

practice. So, an appropriate combination of both concrete and insulation can lead to a 

steadier indoor environment with reduced peak and fluctuating temperatures (Kontoleon 

et al., 2013). 

Figure 5.7. 3D view of the glazing and aluminum structure of 

the SC 

https://www.google.com.lb/search?hl=ar&tbo=p&tbm=bks&q=inauthor:%22David+Bainbridge%22
https://www-sciencedirect-com.neptune.ndu.edu.lb:9443/science/article/pii/S0306261913005369#!
https://www-sciencedirect-com.neptune.ndu.edu.lb:9443/science/article/pii/S0306261913005369#!


61 
 

Knowing that the southern wall of the service core is composed of 25 cm lightweight 

concrete – externally insulated by 10 cm thick layer – the thermal conductivity value of 

the wall is relatively low (U-value= 0.15 W/m2.k). However, adding a 20 cm concrete 

layer further decreases the U-value to 0.11 W/ m2.K, limits the impact of transmitting 

heat from the SC to the inner space of the service core and increases the thermal storage 

capacity; thus, the final composition of the SC back wall is designed accordingly (refer to 

Figure 5.8). Note that the thermal lag of this concrete layer is approximately 4 hours, 

which would shift the performance of the SC 4 hours throughout the day (Saboor et al., 

2013; Zandes, 2013). 

Figure 5.8. The SC back wall section showing the wall composition. 

According to the suggestions of Shi et al. (2018) and Zhang et al. (2018), side walls of 

the SC are insulated by 5 cm insulation layer (refer to Figure 5.9). The proposed thermal 

conductivity of the insulation is assumed to be 0.019 W/m.k so that the total U-value of 

the common wall between the SC and the apartment is reduced from 0.55 W/m2.k to 0.22 

W/m2.k. This aims to reduce the impact of heat transfer from SC to the adjacent 

apartments, which causes overheating in summer.  

 

 

 

Figure 5.9: The SC side walls section showing the added insulation 

2 cm plaster 

25 cm of lightweight concrete 

10 cm of insulation 

2 cm plaster 

20 cm of concrete 

2 cm plaster 

4 cm air gap 

10 cm hollow block 

2 cm plaster 

10 cm hollow block 

5 cm insulation 
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After identifying the SC design configurations that would work for heating and cooling in 

this scenario, the performance of this design is tested.  

The suggested SC is modeled in Revit, the materials and the U-values are assigned to the 

model elements, and the file is exported to ACIS (SAT) format and imported to CFD, 

where temperature and airflow are assessed and compared to the initial building results.   

The materials and their corresponding U-values are re-assigned in the CFD model and the 

solar energy analysis is activated. The project location, date, time settings and the 

ambient temperatures are considered to be the same in all scenario analyses as assigned in 

the initial scenario in order to make the comparison applicable. Thus, the analysis for 

winter is set at 12:00 pm on January 15th with an ambient temperature of 9C, and at 

12:00 pm on August15th for summer assessment with an ambient temperature of 29C.  

Model auto-mesh is created, the analysis is solved for 500 iterations, where the iteration 

curves seem to be appropriately flattened and no more fluctuation is noticed; this shows 

that the analysis has been completed (Autodesk, 2016) and so, the results are recorded as 

follows.  

In winter, the SC outlet and the inlet opening of the apartments are closed while the 

outlets are opened. Solar energy heats the air inside the SC up to 34C (refer to Figure 

5.10), heated air is then transmitted into the apartments using a fan (454 m3/hr); it 

increases the operating temperatures up to 19C. Compared to the initial building 

scenario in January, the SC raises the temperature on the ground and middle floors by 

8C and on the roof floor by 7C. Thus, the proposed SC improves the temperature and 

pushes it above the minimum limit (18C).  
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Fresh air supply in winter is delivered from the outside through a fan located at the 

apartment wall with a 115 m3/hr airflow rate (needed for supplying 32 L/s). 

In summer, the SC outlet and the inlet and outlet openings of the apartments are opened. 

The air inside the SC is heated by solar energy and the temperature is raised to reach 

41C at the top where it is glazed from three sides; stack effect is also created beacause of 

the air movement under buoyancy forces, so that the warm air moves up and exits from 

the outlet of the SC back wall (refer to Fgure 5.11). This effect generates a driving force 

to amplify natural ventilation inside the apartments and dissipate heat.  

Figure 5.10. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 1/ scenario 1 in January 

Key plan     N 

Figure 5.11. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 1/ scenario 1 in August 

Key plan     N 



64 
 

Due to the air circulation generated by the SC inside the apartments, their temperature 

drops by 2C in comparison to the initial building conditions in summer, recording 34C 

on the roof floor and 31C on the ground and middle floors (refer to Figure 5.11).   

During the cooling season, this system supplies fresh air from the outside through the 

inlet openings. In order to calculate the fresh air supply into the apartments, velocity 

magnitude of air at the inlet openings is tested using CFD as well. The velocity 

magnitude recorded at the inlets varies between 0.45 m/s and 0.65 m/s, so 0.53 m/s is 

calculated as an average magnitude for all apartments (refer to Figure 5.12). Knowing 

that the opening size is 0.6 m2, the average fresh air supply is determined to be 0.32 m3/s 

(0.53 m/s x 0.6 m2), which is equal to 320 L/s. The fresh air supply for the apartments 

with the lower velocity magnitude of 0.45 m/s records 270 L/s. Thus, the overall 

performance of the SC in supplying fresh air is sufficient and much higher than the 

outdoor fresh air needed for four people (32 L/s).   

However, as a cooling strategy, results are not satisfactory. Even though the proposed 

strategy decreases the temperature inside the apartments by 2C, the recorded 

Key plan     N 

Figure 5.12. Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 1/ scenario 1 in August. 
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temperatures are not below the upper acceptable limit; this is due to the high ambient 

temperature of the air outside which is driven into indoor spaces. Hence, a modified 

(integrated) design is proposed to improve performance and limit the indoor operating 

temperature. 

5.1.3 Option 2; Integrated Strategy Based on SC 

 

Maerefat and Haghighi (2010) propose coupling Earth-Air-Heat Exchanger (EAHX) 

system with SC to improve the cooling in summer and heating in winter. Lal et al. (2018) 

and Wei et al. (2018) assessed the performance of this system and proved that it is a 

feasible solution for building space conditioning without the need of any mechanical 

systems. Thus, this integrated strategy is proposed for enhancing the SC performance in 

the first scenario in Aley. 

Working principles of the EAHX 

The EAHX strategy proposes to circulate air in pipes buried 3 m underground to precool 

it in summer and preheat it in winter before it reaches the apartments, knowing that soil 

temperature 2 m to 3 m below the ground is higher than that of the surface temperature in 

winter and lower in summer (Khabbaz et al., 2016). 

Earth-To-Air Heat Exchanger Model 

According to the available conditions of the building scenario, two shafts are each 

connected to the eastern and the western apartments (refer to Figure 5.13); thus, the 

EAHX pipes could be connected to the shafts to deliver preheated and precooled air to 

the apartments through the inlet openings (refer to Figure 5.13 for the 3D illustration).  
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The performance of the system has a positive linear relationship with the pipe length 

(Bisoniya, 2015); the recommended length of the pipes is between 20 m and 70 m (Maoz 

et al., 2019). However, the available linear length for the pipes in the setback is 18 m for 

each side of the building, considering that the pipes are located in the setbacks which 

range between 3 m and 4.5 m according to the construction rules and regulations in Aley 

(refer to Appendix 3). Thus, designing a parallel pipe composition with a total of 40 m 

pipe length for each side is suggested to duplicate the length (refer to Figure 5.13).   

 A PVC pipe is used in the system, knowing that the type of material does not affect the 

system performance (Serageldin et al., 2016; Maoz et al., 2019). The pipes are buried 3 m 

underground to provide optimal system performance (Maoz et al., 2019). The diameter of 

the pipes is considered 0.15 m, noting that the effective diameter range is between 0.1 m 

and 0.3 m (Maoz et al., 2019).  

The open-end pipe assembly is connected to a centrifugal blower, which draws fresh 

ambient air and pushes it through the buried pipe assembly. At the pipe inlet, airflow 

velocity is fixed at 2 m/s for the study, whereby the affective range for optimum 

West 

apartments 

East 

apartments 

setback 

Figure 5.13. The plan and the 3D model showing the EAHX pipes 

connected to the building shafts 

https://www.sciencedirect.com/science/article/pii/S0196890416304319#!
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performance is between 2 m/s and 6 m/s – keeping in mind that as the velocity increases, 

the system performance decreases (Maoz et al., 2019).  

To determine the performance of the proposed EAHX model, temperature rise and fall 

are identified in winter and summer scenarios through calculating the inlet and outlet 

temperature difference of air entering and leaving the EAHX pipes. Considering that the 

inlet temperature is equal to the ambient temperature, the use of basic heat transfer 

equations is useful to quantify the outlet air temperature of the system (Maoz et al., 

2019).  

The EAHX model is based on the following assumptions:  

1- One dimensional heat transfer phenomena  

2- Homogeneous thermal properties of the soil in the vicinity of the pipe 

3- Uniform pipe cross section  

4- Insignificant thermal effect of the soil (i.e. the soil not impacted by the presence 

of the EAHX with a distance between the pipes equal to the double radius of the 

pipe). 

The heat transfer occurring between the air and the soil may be taken as the heat loss by 

the air to the pipe, as expressed in Equation (5.1) (Maoz et al., 2019). 

Utdy[Tout(y) – T(t,z)] = -m Ca [dTout(y)]      (5.1) 

By solving the above equation for the air temperature flowing through the pipe in the 

following three cases, the temperature of air leaving the outlet of the pipe can be 

calculated (Maoz et al., 2019). 
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First, if Tamb > T (t,z), then Equation (5.2) is used. 

Tout = T(t,z) + eA         (5.2) 

If Tamb is equal to T (t,z), Equation (5.3) is considered.  

Tout = T(t,z)           (5.3) 

If Tamb is less than T (t,z), Equation (5.4) is employed. 

Tout = T(t,z) - e
A          (5.4) 

where, 𝐴 =  
𝑚 𝐶𝑎 ln(𝑇𝑎𝑚𝑏  − 𝑇(𝑡,𝑧))−𝑈𝑡𝐿

𝑚 𝐶𝑎
        (5.5) 

The mass flow rate of air through a pipe (m) is given by Equation (5.6) (Bisoniya, 2015). 

𝑚 =  
𝜋

4
 𝐷2 𝑝𝑉𝑎

𝑁𝑝
          (5.6) 

The total thermal conductivity is calculated as (Maoz et al., 2019): 

𝑈𝑡 =  
1

𝑅𝑡
          (5.7) 

The total thermal resistance is given by the following equation (Maoz et al., 2019):  

Rt = Rconv + Rpipe + Rsoil         (5.8) 

Where, 𝑅𝑠𝑜𝑖𝑙 =
1

2π𝑘𝑠
ln

(𝑅1+𝑅2+𝑅3)

(𝑅1+𝑅2)
       (5.9) 

𝑅𝑝𝑖𝑝𝑒 =
1

2π𝑘𝑝
ln

(𝑅1+𝑅2)

(𝑅1)
        (5.10) 

Rconv  =  
1 

(2πR1 hc)
         (5.11) 
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ℎ𝑐 =
𝑁𝑢 𝑥 𝐾𝑎𝑖𝑟

(𝑅𝑝𝑖𝑝𝑒 )
2

          (5.12) 

Equation (5.13) gives the Nusselt number for the total air flowing through a circular pipe 

(Bisoniya, 2015). 

𝑁𝑢 =  
(

𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7 (
𝑓

8
)0.5 (𝑃𝑟0.66  −1)

        (5.13) 

The friction (f) against the airflow for a smooth pipe can be estimated by Equation (5.14) 

(Bisoniya, 2015). 

f= (1.82logRe – 1.64)-2        (5.14) 

Re= 
𝑃 𝑉𝑎𝐷

µ
          (5.15) 

Few variables are depicted when taking the geometrical sizing parameters into account as 

previously considered, the pipe length (L) as 40 m, the number of parallel pipes (Np) as 2, 

the pipe diameter (D) as 0.15 m, the inner Radius (R1) as 0.075 m, the outer Radius (R2) 

as 0.077 m, the soil-layer radius (R3) as double the radius of the pipe and the airflow 

velocity (Va) as 2m/s. 

Soil temperature (Tt,z) is assumed to be equal to the average ambient air temperature, 

keeping in mind that it is very difficult to accurately calculate the value of soil 

temperature because of the often unknown soil parameters. Additionally, it is defined for 

mean soil properties. Hence, soil temperature is a hypothetical value which can be 

assumed to be equal to the annual average soil surface temperature of a particular 

locality. The soil surface temperature is assumed to be equal to the ambient air 

temperature (Bisoniya, 2015). So, the soil temperature in Aley is considered 20°C which 
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is equal to its annual average temperature (the average of the annual temperature of the 

last ten years between 2009 and 2019 is calculated in reference to Figure 4.20, retrieved 

from worldweatheronline.com).  

Referring to the thermo-physical properties of air during winter months in Aley, when the 

ambient temperature is considered 9C, Pressure is 91.8 KPa, Pr = 0.6646, K air= 0.02439 

W/m.k, Ca= 1,004 J/kg.K, P= 1.13 Kg/m3 and µ is 1.778 x 10-5 kg/m.s 

(engineeringtoolbox.com). 

In summer, when the ambient temperature is considered 29C, Pressure is 92.5 KPa, 

Pr=0.6647, K air= 0.02588 W/m.k, Ca= 1,005 J/kg.K, P= 1.05 Kg/m3 and µ is 1.872 x 10-5 

kg/m.s (engineeringtoolbox.com). 

Cpipe= 900 J/kg.K, Kpipe= 0.16 W/m.k and Ksoil= 0.54 W/m.k (Bisoniya, 2014). 

After defining the design parameters and the thermo-physical properties of the materials 

and substituting their values in the above equations, the outlet temperature is calculated 

as follows:  

In the heating scenario when ambient temperature is 9C  

𝑅𝑝𝑖𝑝𝑒 =
1

2π𝑘𝑝
ln

(𝑅1+𝑅2)

(𝑅1)
= 0.7 m2 C/W  

𝑅𝑠𝑜𝑖𝑙 =
1

2π𝑘𝑠
ln

(𝑅1+𝑅2+𝑅3)

(𝑅1+𝑅2)
= 0.19 m2 C/W 

Re= 
𝑃 𝑉𝑎𝐷

µ
= 0.286 x 105 

f= (1.82logRe – 1.64)-2 = 0.023 
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𝑁𝑢 =  
(

𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7 (
𝑓

8
)0.5 (𝑃𝑟0.66  −1)

= 61.8 

ℎ𝑐 =
𝑁𝑢 𝑥 𝐾𝑎𝑖𝑟

(𝑅𝑝𝑖𝑝𝑒 )
2

 = 3.06 W/m ◦C 

Rconv  =  
1 

(2πR1 hc)
= 0.695 m2 C/W 

Ut= 
1

Rt
= 0.64 W /m C 

𝑚 =  
𝜋

4
 𝐷2 𝑝𝑉𝑎

𝑁𝑝
= 0.0199 kg/s 

𝐴 =  
𝑚 𝐶𝑎 ln(𝑇𝑎𝑚𝑏  − 𝑇(𝑡,𝑧))−𝑈𝑡𝐿

𝑚 𝐶𝑎
  = 1.11 

When Tamb is less than T (t,z), Equation (5.4) is employed. 

Tout = T(t,z) - e
A = 17C 

In cooling scenario when ambient temperature is 29C  

𝑅𝑝𝑖𝑝𝑒 =
1

2π𝑘𝑝
ln

(𝑅1+𝑅2)

(𝑅1)
= 0.7 m2 C/W  

𝑅𝑠𝑜𝑖𝑙 =
1

2π𝑘𝑠
ln

(𝑅1+𝑅2+𝑅3)

(𝑅1+𝑅2)
= 0.19 m2 C/W 

Re= 
𝑃 𝑉𝑎𝐷

µ
= 0.2524 x 105 

f= (1.82logRe – 1.64)-2 = 0.025 

𝑁𝑢 =  
(

𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7 (
𝑓

8
)0.5 (𝑃𝑟0.66  −1)

= 59.9 

ℎ𝑐 =
𝑁𝑢 𝑥 𝐾𝑎𝑖𝑟

(𝑅𝑝𝑖𝑝𝑒 )
2

 = 3.16 W/m ◦C 
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Rconv  =  
1 

(2πR1 hc)
= 0.67 m2 C/W 

Ut= 
1

Rt
= 0.65 W /m C 

𝑚 =  
𝜋

4
 𝐷2 𝑝𝑉𝑎

𝑁𝑝
= 0.0176 kg/s 

𝐴 =  
𝑚 𝐶𝑎 ln(𝑇𝑎𝑚𝑏  − 𝑇(𝑡,𝑧))−𝑈𝑡𝐿

𝑚 𝐶𝑎
  = 0.99 

When Tamb is more than T (t,z), Equation (5.2) is employed. 

Tout = T(t,z) + eA = 23C 

Thus, the recorded outlet temperature of air being 17C in January (heating month) 

shows that the system heats the air circulating in the pipe by 8C. In cooling months, it 

cools it from 29C to 23C before it reaches the building shafts and the apartments. It is 

important to note that the rise and fall of air temperature inside the pipes of the EAHX 

may condensate on the earth tube walls; therefore, it is recommended to use smooth wall 

of the earth tube which is carefully sloped into a drainage pipe. This is in addition to 

considering various possible solutions, such as adding a dehumidifier or a solar desiccant 

wheel into the EAHX pipes for dehumidifying the air before it reaches indoor spaces; 

however, such systems need intensive analysis which would be further applied in future 

research because it does not belong to the scope of this thesis. 

Even though the EAHX system performance could have been assessed as a coupled 

system with the SC using CFD, it is calculated using equations prior to modeling in order 

to reduce model complications and the time spent on analysis. Keeping in mind that the 

air moving from the EAHX pipes into the building shafts is delivered into the apartments 
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through the inlet openings or the fans designed between each apartment and its adjacent 

shaft; the calculated Tout of air is assigned to the air temperature of the shafts and 

considered as a single input representing the EAHX system in the following analysis.  

Hence, in option 2 of scenario 1 for testing 

the coupled SC/EAHX system performance, 

the Revit model of option 1 (including the 

SC) is modified and inlet openings are 

added to the apartment walls adjacent the 

shafts (refer to Figure 5.14). A fan with a 

115 m3/hr airflow is added above each inlet 

opening in order to supply the minimum 

amount of fresh air from the EAHX. 

According to the different operation modes to be explained in the heating and cooling 

month scenarios, either the inlet opening or the fan is used. The same materials, U-values 

and location are used as in option 1. The file is exported in ACIS (SAT) format then 

imported into CFD.  

In CFD, the same materials, U-values and location are re-assigned to the model as in 

option 1. Ambient temperature is considered to be 9C in winter and 29C in summer. 

The air temperature of the shafts is assigned to 17C in the heating scenario and 23 C in 

the cooling scenario, representing the Tout of the EAHX which is delivered to the 

apartments.  

Figure 5.14. 3D image showing the inlet openings 

from the shaft to the apartments 

Inlet opening  
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Model auto-mesh is generated, analysis is solved for winter and summer scenarios for 

500 iterations, where the iteration curves seem to be appropriately flattened and no more 

fluctuation is noticed; this shows that the analysis has been completed (Autodesk, 2016) 

and so, the results are reported as follows.  

In the heating scenario, the SC outlet and the inlet opening of the apartments are closed, 

while only the outlets connected to the SC are opened. With this option, the apartments 

are heated by means of the driven air from the SC (using a fan 454 m3/hr) and the 

preheated air of the EAHX. The air of the EAHX is freshly driven from the outside; in 

this scenario, the fan which was initially used for providing fresh air in option 1 is 

relocated above the closed inlet opening of the wall adjacent the shaft, with a 115 m3/hr 

airflow rate, and is used in order to supply the minimum amount of preheated fresh air 

from the EAHX (32 L/s).  

Results of the CFD analysis show that the temperature in the apartments records 22C 

(refer to Figure 5.15). Also, a rise of 10C in the roof apartments and 11C on the middle 

Key plan     N 

Figure 5.15. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 2/ scenario 1 in January 
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and ground floors apartments is noticed when compared to the initial building results. 

This option shows a better performance than the first option where the SC functions as a 

single strategy. In option 1, the temperature inside the apartments recorded 19C; 

however, the temperature increases to record 22C when coupled with the EAHX. Thus, 

the coupled system improves the heating performance and pushes it above the minimum 

required temperature (18C). 

In the cooling scenario, the inlet opening of each of the apartments is closed, while the 

SC outlet, the openings connecting the apartments to the SC and the inlet openings 

located on the walls adjacent the shafts are opened; the fans used in winter are turned off 

during the daytime cooling of this system, knowing that it naturally drives fresh air. The 

air inside the SC is heated by solar energy; the temperature is raised to reach 40C at the 

top (refer to Figure 5.16) which is glazed from three sides and stack effect is created in 

the SC, generating a driving force to amplify natural ventilation inside the apartments and 

dissipate heat. In option 1 of this scenario, ventilation derives air from the surrounding 

environment through the apartment inlet openings; meanwhile, in this option, ventilation 

derives precooled air from the shaft inlet openings into the apartments and dissipates heat 

through the openings connected to the SC into the SC, pushing it out through the SC 

outlet opening.  

The temperature in the ground, first, second, third and roof floors apartments records 

24C, 25C, 26C, 27C and 28C respectively (refer to Figure 5.16). Compared to the 

initial building scenario where the roof floor apartments temperature recorded 36C, the 
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ground and the middle floor apartments record 33C, the results of this option show that 

the coupled system causes a significant drop in temperature.  

In the first option, when the SC functioned as a single strategy, the temperature was 

limited to 34C in the roof apartments and to 31C on the ground and middle floors; in 

comparison to these results, this option shows a better performance as it further lowers 

the operating temperatures into the acceptable temperature range between 21C and 28C 

in all the apartments. The reason for this drop in the operating temperature is mainly 

related to the lower temperature of the driven air from the EAHX.  

Concerning the fresh air supply in the apartments, velocity magnitude at the inlets 

connecting the apartments to the shafts varies between 0.5 m/s and 0.7 m/s (refer to 

Figure 5.17); then, it is assumed to be 0.6 m/s as an average magnitude. Knowing that the 

opening size is 0.6 m2, the average fresh air supply is determined to be 0.36 m3/s (0.6 m/s 

x 0.6 m2), which is equal to 360 L/s. Hence, the overall performance of the SC in 

supplying fresh air has a significantly higher value than the outdoor fresh air needed for 

four people (32 L/s). 

Key plan     N 

 Figure 5.16. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 2/ scenario 1 in August 
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Figure 5.17. Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 2/ scenario 1 in August 

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is enhanced and the recorded temperatures and velocity magnitudes 

show better results than that of option 1.  

5.1.4 Energy Reduction and Cost Efficiency of the Proposed System 

 

According to the presented results, the performance of the second option which integrates 

the SC and the EAHX into one system is successful and better than the first one, 

especially that it pushes the operating temperature in the apartments towards the 

acceptable limit in both heating and cooling scenarios; it also supplies the needed amount 

of fresh air for naturally ventilated buildings. Thus, this system is recommended as a 

possible passive approach for heating and cooling residential buildings in Aley, 

specifically for those with the same conditions of this scenario.  

Energy reduction of this approach is calculated in order to determine the cost efficiency 

of the system and the time needed to pay back its original cost.  

 

Key plan    N 
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5.1.4.1 Energy Reduction in Heating Months 

 

As already mentioned, four people occupy each apartment and the minimum supply of 

required fresh air is 32 L/s. Hence, in the initial building conditions, a fan is used to 

provide indoor ventilation and supply the needed amount of fresh air from the outside; 

regarding the fan technical specifications (refer to Appendix 4), the fan input power is 

considered to be 13 W to provide 32 L/s (68 CFM or 115 m3/h) of fresh air. Estimating 

that the exterior air temperature is 9C, ventilation leads to indoor heat loss and more 

energy is required for heating. Ventilation heat loss is expressed in Equation (5.16) 

(Harris, 2016; Hall, 1994): 

Q= 0.33nVT          (5.16) 

Q is the heat loss due to ventilation (W), V is the volume of the apartment (m3), T is the 

difference in temperature between indoor and outdoor temperature (C) and n is the air 

change rate; a measure of airflow is defined as the number of space volumes flowing per 

hour and can be calculated as follows (Hall, 1994): 

n= volume flow rate (m3/s) x 3600/ V (m3)      (5.17) 

When the outdoor temperature is 9C and the indoor temperature is considered to be the 

average of the comfort range in winter (22C), T is 13C and for supplying 32 L/s in a 

volume of 232m3 (volume per apartment), n= 0.5 (solved according to equation 5.17). 

Therefore, when solving Equation (5.16), ventilation heat loss per apartment is 497.6 W 

and the total energy power is 510.6 W (a total of the fan input power and heating needed 

to replace the ventilation heat loss). 
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When the coupled system is added, the EAHX operates 24 hours per day and supplies 

preheated fresh air into the apartments (up to 17C). A fan with an input power of 13 W 

drives preheated air from the EAHX driving 32 L/s (68 CFM or 115 m3/h) of fresh air. 

Hence, the current ventilation heat loss is 191.4 W, calculated according to Equation 

(5.16), where n=0.5, V=232 m3, the indoor temperature is considered 22C (maintained 

by mechanical systems) and the outside temperature is considered 17C (equal to the 

preheated inlet air temperature in January). The total energy power needed for ventilation 

is limited to 204.4 W when the EAHX is operating; reducing the heat loss due to 

ventilation by 306.2 W.  

Knowing that the ambient temperature in January is the lowest among other heating 

months, the EAHX performance, the outlet temperature and the energy saving from 

ventilation heat loss per hour is the lowest among them. As an extreme case scenario, the 

ventilation heat loss saving per hour calculated in January is considered as the average 

saving per hour for all the heating months, so the results represent the minimum energy 

saving throughout those six months. Therefore, Table 5.1 presents the number of hours 

when the EAHX is operating per month and, consequently, the total energy saving from 

ventilation heat loss is calculated by multiplying the number of hours by 306.2 W (the 

reduction per hour).   

Table 5.1. Operating hours and the energy saving of the EAHX as a single system throughout the heating 

months 

 Operating hours Energy reduction by the EAHX 

(KWh) 

January 744 227.8 

February 696 213.1 

March 744 227.8 

April 720  220.5 

November 720 220.5 

December 744 227.8 
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On the other hand, according to the results of option 2 of this scenario, the air in the SC is 

heated up to 34C at 12:00 pm on the 15th of January. The heated air in the SC is then 

transmitted into the inner space of the adjacent apartments using a fan with an air volume 

supply of 454 m3/h and input power Qf=46 W (refer to Appendix 5). The SC in this case 

acts as a heating system and the heating load can be calculated according to the following 

equation (Reddy et al., 2016, p:30): 

Hh= QhCaP(Ts-Tr)         (5.18) 

Hh is the heating load (W), Qh is the volume of air heated (m3/s), Ca is the specific heat air 

(J/kg.K), P is the air density in kg/m3, Ts is the supply air temperature (C) and Tr is the 

room air temperature (C). In this case, Qh= 0.126 m3/s, Ca= 1,005 J/kg.K, P= 1.05 

Kg/m3, Ts= 34C (refer to Figure 5.15 for the recorded temperature in the SC) and Tr= 

11C; the average of initial apartment temperatures without any heating system when 

ambient temperature is 9C (refer to Figure 5.2). Therefore, the heating load supplied by 

the SC is 3,058 W and the total load Qt is 3,012 W (Qt = Hh-Qf), specifically at 12:00 pm.   

However, knowing that the SC mainly depends on solar energy for activating the system, 

it does not operate on an equal scale during the sunny hours of the day, but it is 

dependent on the location of the sun and solar energy absorbed by the system throughout 

the day (mainly the back wall surface). As the solar angle changes during daytime, the 

intensity of the solar energy on the surface changes as well. The relative solar power 

density received by the surface is linear to the angle of incidence (cos()), the angle 

between the sun rays and the normal on the absorber surface; then, the irradiance 

absorbed by the surface at a specific hour of the day can be calculated by multiplying the 
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total solar irradiance (the irradiance per hour under peak sun conditions) by cos() 

(Kalogirou, 2014).  

Hence, at 12:00 pm when the simulated temperature results seem to belong to the comfort 

range and the energy reduction is calculated, cos() has a specific value that defines the 

solar intensity absorbed at this time. To estimate the energy reduction at other hours of 

the day when the solar intensity is absorbed at a lower rate, a correlation of the 

performance per hour can be formulated based on the variation of cos() according to 

sunny hours (Kalogirou, 2014).  

First, cos() is calculated per hour for one day of each month of the year according to the 

following equation (Kalogirou, 2014):  

cos()= sin(φ)sin()cos()-sin()cos(φ)sin()cos()+ cos()cos(φ) cos()cos(ω)+ 

cos()sin(φ)sin()cos()cos(ω)+ cos()sin()sin()sin(ω)     (5.19) 

φ = latitude of a specific location 

 = surface tilt angle from the horizontal  

 = surface azimuth angle, the angle between the normal to the surface from true south 

westward, is designated as positive 

ω= the hour angle, represents the hour displacement of the sun east or west of the local 

meridian due to rotation of the earth on its axis 15 per hour; morning negative and 

afternoon positive. 

https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
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 = declination angle, the angular position of the sun at solar noon (i.e. when the sun is on 

the local meridian) with respect to the plane of the equator, north positive, -23.45≤  

≤23.45 

The declination angle can be deduced from the following equation: 

 = 23.45 sin(360 
284+𝑛

365
)         (5.20) 

n is the number of days (starting with 1 for the 1st of January reaching 365 for the 31st of 

December).  

Thus, for vertical absorbing surface of back wall of the SC, =90 the equation becomes: 

cos()= - sin()cos(φ)cos()+ cos()sin(φ)cos()cos(ω)+ cos()sin()sin(ω) (5.21)  

For the designed SC in this scenario, the absorber wall is directly facing the south, and 

the surface azimuth angle,  is considered 0. The latitude is a fixed value depending on 

the location, and used as 33.8 for Aley.  

 In order to calculate the incidence angle through the 

year, the 15th of each month is taken as an average day; 

as for the declination angle, one for each of the average 

days is calculated according to Equation 5.20 and 

recorded in Table 5.2, knowing that the declination does 

not change throughout the day: it is only defined by the 

day of the year. 

 

  n () 

January  15 -21.27 

February 46 -13.29 

March 75 -2.42 

April 106 9.78 

May 136 19.03 

June 167 23.35 

July 197 21.35 

August 228 13.45 

September 259 1.81 

October 289 -9.97 

November 320 -19.38 

December 350 -23.37 

Table 5.2. The calculated declination 

values () for the 15th of each month 
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Then for the hourly angles, twenty-four values are considered: one for each hour of the 

day (refer to Table 5.3). They are the same for the 12 average days.  

 

Consequently, based on the listed data, the incident angles (cos) are calculated 

according to Equation (5.21) for the sunny hours of day 15 in each month (refer to Table 

5.4). Note that when the sun is shining and cos() is negative, the irradiation does not hit 

the absorbing back wall surface but hits the opposite surface of the wall which does not 

heat the SC; therefore, the corresponding intensity for negative cos() is considered 0. 

 

The heating energy saving is calculated according to the simulated results of the SC 

temperature at 12:00 pm on the 15th of January, when the absorbed solar energy is 84% of 

the total solar intensity and cos()= 0.84 (refer to Table 5.4); thus, to calculate the energy 

Time  1 am 2 am 3 am 4 am 5 am 6 am 7 am 8 am 9 am 10 am 11 am 12pm 

ω (°) -165 -150 -135 -120 -105 -90 -75 -60 -45 -30 -15 0 

Time  1 pm 2 pm 3 pm 4 pm 5 pm 6 pm 7 pm 8 pm 9 pm 10 pm 11 pm 12am 

ω (°) 15 30 45 60 75 90 105 120 135 150 165 180 

Table 5.3. Hourly angle for each of the 24 hours of the day 

  Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

ω (°) -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 

January - - 0.46 0.58 0.69 0.77 0.82 0.84 0.82 0.77 0.69 0.58 0.46 - - 

February - 0.19 0.33 0.46 0.57 0.66 0.71 0.73 0.71 0.66 0.57 0.46 0.33 - - 

March - 0.04 0.18 0.31 0.43 0.52 0.57 0.59 0.57 0.52 0.43 0.31 0.18 0.04 - 

April -0.28 

-

0.14 0.00 0.13 0.25 0.33 0.39 0.41 0.39 0.33 0.25 0.13 0.00 -0.14 - 

May -0.41 

-

0.27 -0.13 

-

0.01 0.10 0.18 0.24 0.25 0.24 0.18 0.10 

-

0.01 

-

0.13 -0.27 

-

0.41 

June -0.46 

-

0.33 -0.20 

-

0.07 0.03 0.11 0.16 0.18 0.16 0.11 0.03 

-

0.07 

-

0.20 -0.33 

-

0.46 

July -0.44 

-

0.30 -0.17 

-

0.04 0.06 0.15 0.20 0.22 0.20 0.15 0.06 

-

0.04 

-

0.17 -0.30 

-

0.44 

August -0.33 

-

0.19 -0.05 0.08 0.19 0.28 0.33 0.35 0.33 0.28 0.19 0.08 

-

0.05 -0.19 - 

September -0.17 

-

0.03 0.12 0.25 0.37 0.46 0.51 0.53 0.51 0.46 0.37 0.25 0.12 -0.03 - 

October - 0.14 0.29 0.42 0.53 0.62 0.67 0.69 0.67 0.62 0.53 0.42 0.29 - - 

November - 0.28 0.41 0.54 0.65 0.73 0.78 0.80 0.78 0.73 0.65 0.54 0.41 - - 

December - 0.33 0.46 0.58 0.69 0.77 0.82 0.84 0.82 0.77 0.69 0.58 - - - 

Table 5.4. The cos() values throughout sunny hours of the 15th of every month 
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reduction at any other hour of the day, a correlation between the cos() values is created 

throughout the sunny hours and the months. For the heating months from November to 

April when cos() is less than 0.84, the energy reduction per hour is equal to the 

calculated energy reduction multiplied by the ratio of cos() at the identified hour over 

0.84. The ratios of cos() over 0.84 for the heating months are reported in Table 5.5.  

 

Then, energy reduction per hour is calculated (refer to Table 5.6) by multiplying the 

energy reduction of the SC at 12:00 pm (3,012 W) by the value of the ratio of cos() of 

this hour over 0.84 (refer to Table 5.5). 

 

 

Hence, upon calculating the energy reduction per hour, 

Table 5.7 presents the total reduction on the 15th of each of 

the heating month. 

 

  Time 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 

January   0.55 0.69 0.82 0.92 0.98 1.00 0.98 0.92 0.82 0.69 0.55   

February 0.23 0.39 0.55 0.68 0.79 0.85 0.87 0.85 0.79 0.68 0.55 0.39   

March 0.05 0.21 0.37 0.51 0.62 0.68 0.70 0.68 0.62 0.51 0.37 0.21 0.05 

April     0.15 0.30 0.39 0.46 0.49 0.46 0.39 0.30 0.15     

November 0.33 0.49 0.64 0.77 0.87 0.93 0.95 0.93 0.87 0.77 0.64 0.49   

December 0.39 0.55 0.69 0.82 0.92 0.98 1.00 0.98 0.92 0.82 0.69 -   

Table 5.5. The ratios of cos() over 0.84 in the heating months 

Time 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3 4 5 6 

 January   1656.6 2078.3 2469.8 2771 2951.8 3012 2951.8 2771 2469.8 2078.3 1656.6   

 February 692.8 1174.7 1656.6 2048.2 2379.5 2560 2620.4 2560.2 2379.5 2048.7 1656.6 1174.7   

 March 150.6 632.5 1114.4 1536.1 1867.4 2048.2 2108.4 2048.2 1867.4 1536.1 1114.4 632.5 150.6 

 April     451.8 903.6 1174.7 1385.5 1475.9 1385.5 1174.7 903.6 451.8     

 November 994 1475.9 1927.7 2319.2 2620.4 2801.7 2861.4 2801.7 2620.4 2319.2 1927.7 1475.9   

 December 1174.7 1656.6 2078.3 2469.8 2771 2951.8 3012 2951.8 2771 2469.8 2078.3     

Table 5.6. Energy reduction per sunny hours in the heating months 

 Energy reduction 

per day (Wh) 

January 26867 

February 22951.9 

March 16806.8 

April 9307.1 

November 26145.2 

December 26385.1 

Table 5.7. Total of average daily 

energy reduction of the heating 

months 
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It is important to note here that the back wall of the solar chimney has a thermal lag of 4 

hours (as mentioned earlier under section 5.1.2) and, hence, the operating hours of the 

back wall are shifted 4 hours per day. This does not change the value of energy reduction 

per hour, but it only shifts the time of performance by 4 hours.  

Therefore, in order to calculate the total energy reduction per month from the SC during 

the day, the average daily energy reduction in daytime of the heating months (refer to 

Table 5.7) is multiplied by the number of sunny days in each heating month. 

After reviewing the data of sunny days per month for the last ten years retrieved from 

WorldWeatherOnline.com, the average number of sunny days per month is calculated 

(refer to Table 5.8). Consequently, the energy reduction per heating month in one 

apartment is calculated (refer to Table 5.9) by multiplying the reduction per day by the 

number of sunny days. 

 

Therefore, the total energy reduction per month in one apartment (refer to Table 5.10) is 

equal to the sum of the energy reductions of the SC when it operates during daytime and 

from the EAHX system which operates 24 hours per month. 

January February March April May June July August September October November December 

15 17 19 20 26 28 31 31 28 23 22 17 

Table 5.8. Number of sunny days per month – an average of the collected data for the last ten years from 

worldweatheronline.com 

 Energy reduction by the SC (KWh) 

January 403 

February 390 

March 319.3 

April 186.1 

November 575.2 

December 448.6 

Table 5.9. Heating load reduction in one apartment per month during daytime when the SC is operating 
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The total annual energy reduction in the heating months’ records 3,659.7 KWh per 

apartment, reducing the initial heating demand throughout the year (9,086.7 KWh) by 

40%. 

5.1.4.2 Energy Reduction in Cooling Months 

 

During the cooling months, the SC is heated by the solar energy which creates a stack 

effect driving the precooled air of the EAHX into the space from the inlet of the wall 

between the shaft and the apartment and leaving the space into the SC. This operating 

mode cuts the power requirement of the fan used to provide indoor ventilation and 

reduces the heat gain through ventilation as well.  

Hence, in order to calculate the energy reduction of the system, the cooling load required 

to dissipate the ventilation heat gain is calculated for the initial building scenario when 

the coupled system is not operating, and for option 2 of this scenario when the SC drives 

the precooled air into the space.  

In the initial building conditions, a fan is used to supply the needed amount of fresh air 

from the outside; the fan has an input power of 13 W providing 32 L/s (68 CFM) of fresh 

air. Knowing that the air temperature outside is 29C in August and considering that 

room temperature is 24C (an average value of the comfort temperature range for 

 Energy reduction by the SC 

(KWh) 

Energy reduction by the EAHX 

(KWh) 

Total  

(KWh) 

January 403 227.8 630.8 

February 390 213.1 603.1 

March 319.3 227.8 547.1 

April 186.1  220.5 406.6 

November 575.2 220.5 795.7 

December 448.6 227.8 676.4 

Total 2,322.2 1,337.5 3,659.7 

Table 5.10. Total energy savings in one apartment for the coupled SC-EAHX system in the heating months. 



87 
 

August), the ventilation leads to indoor heat gain and so more energy is required for 

cooling. The load of ventilation heat gain is calculated through Equation (5.22) (Harris, 

2016; Hall, 1994).  

Q=0.33nV (Toutside –Tinside)         (5.22) 

In order to provide 32 L/s to a 232 m3 apartment, n= 0.5 and the ventilation heat gain is 

calculated as 191.4 W. Thus, the total load resulting from ventilation is 204.4 W, which 

presents the sum of the fan input power and the cooling load needed to dissipate the heat 

gain. 

However, when the coupled SC-EAHX operates during daytime, specifically at 12:00 pm 

on August 15th, the fresh air is driven from the EAHX by buoyancy forces, and the fan 

power requirement is reduced. The EAHX precools the air into 23C before it reaches 

indoor spaces, which may significantly limit the ventilation heat gain.  

Ventilation heat gain calculated for this scenario according to Equation (5.22) results in a 

negative value of 427 W, representing the ventilation heat loss load, provided that room 

temperature is 24C (maintained by mechanical cooling), outside air temperature is 23C 

(delivered from the EAHX), airflow rate at the inlet (0.6m2) is 0.36 m3/s as simulated in 

CFD results of option 2 in scenario 1 for cooling months (refer to Figure 5.17), and n= 

5.58 where an apartment volume of 232 m3. So, the coupled system entirely suspends the 

ventilation load of 204.4 W (calculated in the initial building) and additionally cools the 

indoor space and decreases the total cooling load by 427 W. Therefore, the coupled 

system reduces the energy needed for ventilation and cools by 631.4 W.  
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However, as previously explained, the SC does not equally operate during sunny hours 

when cos() varies and, consequently, the SC-EAHX does not. The recorded energy 

saving is calculated at 12:00 pm on the 15th of August, when cos() is equal to 0.35 (refer 

to Table 5.4) and 35% of the total irradiance is absorbed by the SC back wall. Hence, 

during the cooling months, in order to estimate energy reduction at each hour of the day 

when the SC-EAHX system is operating, the calculated energy reduction (at 12:00 pm) is 

multiplied by the ratio of cos() at a specified hour over 0.35. The ratios of cos() over 

0.35 and the energy reduction at each hour are calculated in Tables 5.11 and 5.12 

respectively.  

 

 

Hence, after calculating the energy intensity, the total reduction per day and per month 

are presented in Table 5.13, knowing that the energy reduction per month is equal to the 

calculated energy reduction per day multiplied by the number of sunny days (refer to 

Table 5.8). 

 Energy reduction per day (Wh) Energy reduction per month (KWh) 

June 1408 39.4 

July 1875.3 58 

August 3801 117.8 

September 7115.9 199.2 

Table 5.13. Energy reduction per day and per month  

  7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 

June     0.09 0.31 0.46 0.51 0.46 0.31 0.09     

July     0.17 0.43 0.57 0.63 0.57 0.43 0.17     

August   0.23 0.54 0.80 0.94 1.00 0.94 0.80 0.54 0.23   

September 0.34 0.71 1.06 1.31 1.46 1.51 1.46 1.31 1.06 0.71 0.34 

Table 5.11. Values of the ratio of cos() over 0.35 throughout sunny hours of the cooling months 

  7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 

June    56.83 195.73 290.44 322.01 290.44 195.73 56.83     

July    107.34 271.50 359.90 397.78 359.90 271.50 107.34     

August  145.22 340.96 505.12 593.52 631.40 593.52 505.12 340.96 145.22   

September 214.68 448.29 669.28 827.13 921.84 953.41 921.84 827.13 669.28 448.29 214.68 

Table 5.12. Energy intensity saving (w) per sunny hours in the cooling months 
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The computed reduction per month demonstrates the energy saving of the coupled system 

during sunny hours when the SC and the EAHX are operating. However, the SC is not 

heated at night by solar energy anymore; it stops operating and driving fresh air from the 

EAHX due to buoyancy forces. However, the EAHX could be activated at night time (or 

when the SC is not operating), using the fan which is installed adjacent the shaft for 

driving fresh air during winter. This fan consumes 13 W to provide 32 L/s of fresh air, 

and during summer months when Toutside is precooled to 23C (by the EAHX system), 

Tinside is considered 24C (an average of the temperature comfort range) and the number 

of air change rate for 232m3 is 0.5; the ventilation heat gain load according to Equation 

(5.22) records 38.3 W as a negative value expressing the heat loss due to ventilation 

(slightly cooling). The reduction of the ventilation load intensity is a total of 229.7 W, as 

it reduces the 204.4 W of the initial heat gain due to ventilation, provides a cool load 

intensity of 38.3 W and consumes 13 W power for the fan intake. The total operating 

hours and energy reduction of this system in each month is presented in Table 5.14.  

 Operating hours per month (h) Energy reduction per month (KWh) 

June 524 120.4 

July 527 121 

August 465 106.8 

September 412 94.6 

Table 5.14. Total operating hours and energy reduction of the EAHX as a single strategy in each of the 

cooling months 

It is important to mention that the operating hours of the EAHX ventilation per day is 24 

hours, excluding the operating hours of the SC on sunny days, and 24 hours for the rest of 

the days of the month. Meanwhile energy reduction per month is calculated by 

multiplying the energy reduction per hour (229.7 W) by the operating hours. 
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Therefore, the total energy reduction per month in one apartment (refer to Table 5.15) is 

equal to the sum of the energy reductions of the coupled SC-EAHX and of the EAHX 

system. 

Table 5.15. Total energy reduction in each cooling month according to the system operation mode 

The recorded total annual energy reduction for cooling months is 857.2 KWh per 

apartment, reducing the total cooling load (3,182.5 KWh) by 27%.   

5.1.4.3 Cost Efficiency 

 

This section describes the cost efficiency of the coupled SC-EAHX system. First, the 

initial cost of the system is calculated and then the annual saving of heating and cooling 

demands of the proposed system is considered in order to specify the time needed to pay 

back its original cost. It should be noted here that calculations are made in US dollars 

with a currency rate of 1,500 L.B.P. to $1. 

The total cost of the system is equal to the sum of the cost of the SC and that of the 

EAHX system. 

The cost of the SC system includes the materials and the installation costs. The materials 

used in the system are double glazed panels, aluminum structure, side and back walls 

insulations, 20 cm concrete back wall, plaster and paint, in addition to a fan per apartment 

for supplying heated air in winter from the SC (refer to Table 5.16). According to 

Advanced Glass Co – AGC Company (date of visit on December 13th, 2019), the cost of 

 Energy reduction by the SC-

EAHX (KWh) 

Energy reduction by EAHX 

(KWh) 

Total  

June 39.4 120.4 159.8 

July 58 121 179 

August 117.8 106.8 224.6 

September 199.2 94.6 293.8 

Total 414.4 442.8 857.2 
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the double glazed panel including the aluminum structure and the labor cost for the 

installation is $320/m2. Thus, the total cost of an 84 m2 is $26,880. 

Referring to CMC-Construction Material Company (date of visit on January 21st, 2020), a 

5 cm insulation board (1.25m x 0.6 m; thermal conductivity equals to 0.02 W/m.k) costs 

$5, and a 10 cm thick insulation board (2m x 1m), with the same thermal conductivity 

value, costs $15. Then, the total cost of 116 (5 cm thick) boards needed for the side walls 

and 37 (10 cm thick) boards for the back wall is $1,135. 

According to Dakroub Ready-Mix Concrete of Lebanon Sarl (date of visit on January 

22nd, 2020), the concrete work, including the materials and the labor cost is $220/m3. 

Thus, the total cost of the back wall (74m2 and 0.2 m thick) is $3,256.  

According to various construction companies in Aley, the average material and the labor 

cost of plaster and paint work varies between $10/m2 and $14/m2, so it is assumed as 

$12/m2 and a total cost of plaster and paint work for 164m2 of the side and back walls is 

$1,968.  

Finally, the fan used for supplying heated air form the SC into the apartments, with the 

same specifications of airflow rate used in calculations (454 m3/hr) costs $30 per piece 

according to Harb Electrical SAL (date of visit on 22nd May, 2020). The cost of the fans 

for 10 apartments is then $300 and the total cost of the SC system is $33,539 (refer to 

Table 5.16).  

For the EAHX system, the initial cost includes the pipes, the blowers and the excavation 

costs. According to Sanitary Company (date of visit on December13th, 2019), the cost of 

PVC pipe (D=0.15 m) is $4/m. The total cost of PVC pipes needed in this system is $360. 
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The excavation cost is estimated to be about $15 per m3, knowing that it varies between 

$10 and $20 per m3 in Aley. The area to be excavated is about 168 m3 which costs 

$2,520. Finally, the cost of the blower used at the inlet of the EAHX (to drive air into the 

pipes at a speed of 2m/s) should be calculated in the initial price and monthly energy 

consumption as well. The price of a 6-inch duct centrifugal blower varies based on its 

quality among different online suppliers (such as Amazon) with an average price of $60 

per piece and the power intake records 16 W. It should be mentioned that each piece 

consumes 11.5 KWh per month when operating for 24 hours and 115KWh per year; the 

cost of consumption per year is subtracted from the annual saving of the ten apartments. 

Therefore, the system cost is estimated to be $3,000 and the total cost of the coupled 

system to be $36,539; as the sum of the EAHX and SC system costs (refer to Table 5.16). 

Civil works Unit Price/ 

unit 

Quantity Total 

price 

Reference 

SC System 

Double glazed panel 

including aluminum structure 

and labor cost 

m2 $320/ m2 84 m2 $26,880 Advanced Glass Co – 

AGC Company 

5 cm thick insulation board Board 

(0.6m x 

1.25m) 

$5/ board 116 boards $580 CMC-Construction 

Material Company 

10 cm thick insulation board Board (2m 

x 1m) 

$15/ board 37 boards $555 CMC-Construction 

Material Company 

Concrete work, including 

materials and labor cost 

m3 $220/m3 14.8 m3 $3,256 Dakroub Ready-Mix 

Concrete of Lebanon 

Plaster and Paint works; 

including materials and labor 

cost 

m2 $12/m2 164m2 $1,968 Construction 

companies in Aley 

Fans -  $30/ fan 10 $300 Harb Electrical SAL 

Cost of the SC system  $33,539  

EAHX System 

PVC pipes (D=0.15 m) m $4/ m 90 m $360 Sanitary Company 

Excavation m3 $15/ m3 168 m3 $2,520 Construction 

companies in Aley 

6-inch duct centrifugal 

blower 

-  $60/ piece 2 $120 Amazon.com 

Cost of the EAHX system  $3,000  

 

Table 5.16. Costs of the SC system, the EAHX system and the coupled SC-EAHX system 

Total cost of the SC- EAHX 

system 

 $36,539  
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However, the energy reduction of the coupled system calculated in the previous two 

sections has a total of 4,516.9 KWh from the heating and 

cooling load of each apartment per year. The amount of 

saving is dependent on the value of energy consumed per 

month (Electricity of Lebanon, 2020). As presented in 

Table 5.18, energy saving belongs to a range of 

consumption which is higher than 500 KWh in all 

months of the year and, hence, the saving is calculated by 

multiplying the energy reduction (KWh) per month by 200 L.B.P./KWh (refer to Table 

5.17).   

Note that the initial energy consumption (refer to Table 5.18) is used from the results of 

the GBS elaborated under section 5.1.1. The recorded savings from the energy reduction 

is 903,380 L.B.P. ($602.2) per apartment (refer to Table 5.18) and 9,033,800 L.B.P. 

($6,022) for the ten apartments. Considering the energy cost (46,000 L.B.P.) of the two 

blowers’ intake which consume 230 KWh per year, saving is limited to 8,987,800 L.B.P. 

($5,992) for the ten apartments. Therefore, this system pays back its original cost after six 

 Initial energy Consumption per 

apartment (KWh) 

Energy reduction by the SC-

EAHX per apartment (KWh) 

Total 

saving 

(L.B.P.) 

January 1,555.3 630.8 126,160 

February 1,289.5 603.1 120,620 

March 1,208.1 547.1 109,420 

April 940.5 406.6 81,320 

June 715.6 159.8 31,960 

July 751.7 179 35,800 

August 778.3 224.6 44,920 

September 736.7 293.8 58,760 

November 1,159 795.7 159,140 

December 1,6195 676.4 135,280 

Total 12,269.2 4,516.9 903,380 

Table 5.18. Total saving (L.B.P.) throughout the heating and cooling months of the integrated SC-EAHX 

system in scenario1 

Table 5.17. Price L.B.P. / K.W.H. 

(Electricity of Lebanon, 2020) 
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years and saves $5,992/year afterwards; for a building project with an average life span 

of 120 years (Rybczynski, 2020), a payback period of six years is a success. 

Moreover, it should be noted that the energy costs are subsidized by the government 

(ESMAP, 2020) and the calculated savings are for the end user only. Hence, in the larger 

scheme, the proposed system is beneficial to the economy as it reduces the stress of 

subsidies. 

5.1.5 Concluding Statement 

 

In this section, two SC systems (as a single strategy and a coupled system with EAHX) 

are designed, proposed and integrated into the case study building of scenario 1, where 

the building is directed towards the southern exposure with a free surrounding built-up 

area (no shading elements). 

In the first proposal, a combined wall SC is designed and integrated into the southern 

elevation of the building, in which it is located at the center, connected to the apartments 

of the opposite sides and extended above the building height by one floor. It is modeled 

and assessed using CFD and the results show that it is an effective system during winter 

where it heats indoor spaces within the apartments up to 19C (using a fan with 454 

m3/hr), and beyond the acceptable temperature limit (18C) which is calculated using the 

adaptive method for naturally ventilated buildings. In summer, fresh air supply is 

sufficient with an average of 320 L/s per apartment; however, the recorded indoor 

temperatures are relatively high (31C on the ground and middle floor apartments and 

34C on the roof) which exceed the acceptable upper limit (28C) due to the high 

ambient temperature of the outdoor air driven into indoor spaces.  

http://www.witoldrybczynski.com/architecture/short-life/
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In order to enhance the proposed SC performance, mainly in cooling, option 2 of this 

scenario suggests coupling it with EAHX system; two 40 m PVC pipes are installed 3 m 

below the ground and connected to the two shafts designed next to the apartments. Such a 

composition precools the fresh air derived into the apartments (from the shaft) due to 

stack effect generated by the SC in summer and acts as a supplementary system in 

heating the apartments during winter.  

Referring to the basic heat transfer equations, the outlet air temperature of the EAHX 

(inlet into the apartment) is calculated to be 17C in winter and 23C in summer. The 

temperature of the apartment inlet air is assigned in CFD as calculated and coupled with 

the designed SC. Findings show that in winter temperature records 22C in all the 

apartments; with a rise in 10C in the roof apartments and 11C on the middle and 

ground floors apartments, when compared to the initial building results. It heats the 

apartments by 3C more than in option 1. In the cooling scenario, the temperature is 

cooled below the acceptable limit (28C) in all the apartments and fresh air supply 

records 360 L/s, which has a significantly higher value than the required outdoor fresh air 

for four people (32 L/s) and the fresh air supply of option 1.  

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is enhanced and shows better results than that of option 1 in this 

scenario.  

Hence, in section 5.1.4, the energy saving of this system is calculated using heat loss/ 

gain equations and heating capacity formulas. The annual energy reduction in heating 

months’ records 3,659.7 KWh per apartment, reducing the initial heating demand 
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throughout the year (9,086.7 KWh) by 40 %. A drop records 857.2 KWh per apartment in 

the cooling months, reducing the total cooling load (3,182.5 KWh) by 27%. A total 

annual energy drop of 4,516.9 KWh per apartment (45,169 KWh for ten apartments) is 

recorded and 8,987,800 L.B.P. ($5,992) for the ten apartments is annually saved. 

Knowing that the coupled SC-EAHX costs about $36,539 (calculated in section 5.1.4.3), 

this system pays back its original cost after six years and saves $5,992/year afterwards. 

Therefore, due to the enhanced performance of this system in heating, cooling and 

ventilation and based on its significant annual energy savings and cost efficiency, the 

integrated strategy of SC-EAHX system is recommended as a successful approach for the 

new or existing buildings in Aley, which share the same building conditions of this 

scenario (multi-floor buildings facing the south with full exposure). 

5.2 Scenario 2 

 

5.2.1 Initial Building Conditions 

 

Referring to the classified scenarios, the second scenario is that of building orientations 

with a south-western exposure in a highly dense urban environment. So, the case study 

building in Revit is oriented towards the south-western exposure and surrounded by 

multi-floor buildings which may limit the building solar exposure. The surrounding 

buildings are modeled 6 m away from the building under study (as per the minimum 

requirement of construction rules and regulations in the area), their height is assumed to 

be 5 floors like most of the buildings in the area (refer to Figure 5.18).  
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(a)        (b)   

Figure 5.18. (a) 3D view and (b) mass plan of the surrounding buildings using Revit                 

These buildings are substituted by thick walls for reducing the complications of the 

modeling and the CFD analysis, knowing that these walls have the same effect as 

buildings in blocking solar exposure (refer to Figure 5.19).  

(a)                  (b)    

Figure 5.19. (a) 3D view and (b) mass plan view of the case study building and walls substituting the 

surrounding buildings using Revit  

The initial building for this scenario is modeled in Revit according to the scenario 

specifications, the location of the project is assigned in Aley, and Majdel Baana is the 

same selected weather station as the previous scenario.  

The materials and U-values of the case study building are assigned to the model 

elements, the energy model is generated and then GBS is used to analyze the initial 

building heating and cooling loads throughout the year; in this scenario, the building 

N 

N 
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orientation is different and the added surrounding walls may impact the energy loads of 

the apartments in the building.  

Due to the mentioned modifications, the results of the GBS analysis (refer to Figure 5.20) 

show an increase in the initial building annual heating load which records 91,427 KWh 

and a decrease in the annual cooling load which records 26,970 KWh when compared to 

the results of the initial building in scenario one. Assuming that the ten apartments of the 

buildings share an equal consumption, the heating and cooling loads of each apartment 

per year for this scenario is 9,142.7 KWh and 2,697 KWh respectively.         

The heating months that require the highest space heating demand are between November 

and April, while the cooling months are recorded between June and September (refer to 

Figure 5.20). 

After determining the heating and cooling demands of the initial building, the initial 

temperatures of the building apartments in heating and cooling months are determined 

through CFD in order to compare them later with the performance of the proposed SC 

systems in each option. 

Figure 5.20. (a) Graph and (b) table showing the total energy consumption in KWh of the 

initial building in scenario 2. Results of the Green Building Studio analysis 
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The Revit model is exported as ACIS (SAT) file and imported to CFD. The materials and 

their corresponding U-values are re-assigned in CFD, the project location is assigned as 

that of Revit and the solar energy analysis is activated.  

The assessment for heating is assigned at 12:00 pm on January 15th, the month with the 

lowest ambient temperature, and at 12:00 pm on August 15th for cooling, when the 

recorded ambient temperature is the highest among the cooling months (refer to Figure 

4.20). 

Therefore, the ambient temperature is assigned to be 9C for heating and 29C for 

cooling assessments in CFD (as discussed in the previous chapter under section 4.3: 

according to worldweatheronline.com, the highest temperature in Aley recorded 29C in 

August and 9C as the lowest in January).  

Model auto-mesh is created and the analysis is solved for 500 iterations, where the 

iteration curves seem to be flattened and no more fluctuation is noticed; this shows that 

the analysis has been completed (Autodesk, 2016). Then, the results are recorded and 

analyzed as follows. 

Heating scenario:  

The analysis of the recorded results is 

conducted according to two apartment 

categories: (a) for the apartments on 

the right of the central core and (b) for 

those on the left of the central core 

(refer to Figure 5.21).   

(a) (b) 

Figure 5.21. South-west elevation showing the apartment 

categories used for recording results 
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The CFD simulation results of the initial building in January are shown in Figure 5.22.  

For category (a), the results show that the solar energy heats the upper two floor 

apartments (third and roof apartments) and increases their temperatures to 11.5C and 

12.5C respectively. However, the adjacent buildings block the solar energy from 

reaching the apartments on the ground, first and second floors; so their temperature 

records 9C for the ground and the first floors and 9.5C for the second floor, which is 

approximately equal to the ambient temperature.

 

For category (b), results show that solar energy partially heats the roof apartment where 

indoor temperature records 10.5C (refer to Figure 5.22). However, the middle floors 

apartment temperatures are 9.5C and 9C on the ground floor (approximately the same 

as the ambient temperature) in the absence of solar heating; due to the shading of the 

surrounding buildings. 

Key plan     N 

Figure 5.22. Section of the CFD model showing the temperature inside the apartments of the initial 

building of scenario 2 in January 
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Thus, the recorded indoor temperatures in all the apartments are below the lower 

temperature limit (18C), which indicates the need for an appropriate heating system to 

compensate for the discomfort. 

Cooling scenario: 

 

Figure 5.23 presents the CFD results of the initial building performance analysis of 

scenario 2 which are tested in August. Compared to the ambient temperature, findings 

point at relatively high temperatures in the apartments of category (a) which record 37C 

on the roof apartment and 35C in the middle and ground apartments. The reason behind 

this high temperature is the solar energy hitting the roof, the south-western and south-

eastern elevations of all the apartments. Even though the surrounding buildings partially 

shade the lower apartments during heating months, the higher location of the sun in 

August allows the rays of the sun to reach the lower apartment elevations. 

For category (b), solar energy at noon hits only the roof and the south-western elevation 

of the apartments due to the composition of the building; so the operating temperature 

Figure 5.23. Section of the CFD model showing the temperature inside the apartments of the initial 

building of scenario 2 in August 

Key plan     N 
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inside the apartments is higher than the ambient temperature but lower than the 

temperature of the apartments in category (a). The temperature results record 35C in the 

roof floor apartment, 33C in the third floor apartment and 32.5C on the second, first 

and ground floors. 

Therefore, the high operating temperatures that exceed the upper temperature limit in 

August (28C) indicate the need for an appropriate passive cooling system to compensate 

for the discomfort.   

5.2.2 Option 1; SC Design Proposal as a Single Strategy 

 

Due to the current conditions of this scenario, a modified SC design for heating in winter, 

and cooling and ventilation in summer is proposed and tested.  

Referring to the Literature review, a 

wall SC located on the southern 

elevation with the highest solar 

exposure is suggested for a multi-

floor building (Shi et al., 2018; Zhai 

et al., 2011); however, this choice is 

not applicable due to the limitations 

of this scenario and the building 

orientation. In fact, only two choices 

for the SC location are possible: either on the south-eastern elevation or on the south-

western elevation. On the one hand, because of the current building composition, locating 

it on the south-eastern elevation would serve for heating and cooling the apartments of 

Figure 5.24. Plan view of the SC location in scenario 2 
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category (a) only. On the other hand, placing it on the south-western elevation in front the 

central core of the building and in between the two building blocks would make it an 

applicable choice for serving the apartments on both sides instead of designing two SC 

systems (refer to Figure 5.24).  

As observed in the initial building 

analysis, solar energy in winter 

reaches only the last two floors due 

to the surrounding built-up area. 

Thus, a SC with an extended height 

would work more effectively in this 

scenario. It is extended one floor 

higher than the initial building 

height (refer to Figure 5.25), 

abiding by the construction rules 

and regulations, even though extending it higher would be more effective as suggested in 

previous research (Sivaram et al., 2018; Zhang et al., 2018). 

In addition, referring to the available literature and designed configurations of scenario 1, 

the inlet, outlet and SC outlet openings are designed equally (refer to Figure 5.25). A 

double layer of clear glazing (6 mm each) is separated by 13 mm of air gap with 

relatively high transmissivity and a U-value of 1.9 W/m2.k is applied. Side walls of the 

solar chimney are insulated by 5 cm insulation to reduce the impact of heat transfer from 

the SC to the adjacent apartments which causes overheating in summer; the same back 

Figure 5.25. 3D view of the SC, its height, outlet, inlet 

and room openings 

SC Outlet  

Outlet Inlet  
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wall composition is used facing the south-western exposure with a 0.11 W/m2.k as a U-

value in order to limit heat transfer into the core. 

Therefore, the composition of the previous SC design suggested for scenario 1 would be 

applicable for this scenario as well. However, due to the building orientation, a back wall 

facing the south-eastern exposure is further added in this study to enhance the morning 

performance of the system when the sun is facing the south-eastern elevation (refer to 

Figure 5.26); meanwhile, the initial designed back wall is conserved as previously 

designed to enhance the afternoon performance when the sun is facing the south-western 

elevation.  

The composition of the added wall is similar to the building wall composition (refer to 

Figure 5.27) and 5 cm insulation is added to the exterior side of this wall with a total U-

value of 0.22 W/m2.k.  

 

 

 

 

2 cm plaster 

4 cm air gap 

10 cm hollow block 

2 cm plaster 

10 cm hollow block 

5 cm insulation 

Figure 5.27: Composition of the added SC back wall. Modeled in Revit software 

Added back wall 

Figure 5.26. (a) 3D and (b) mass plan view of the case study building and the added back wall and its 

location facing the south-east solar exposure. Modeled in Revit software 
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After identifying the SC design configurations that would serve for heating and cooling 

in this scenario, the performance of this design proposal is tested. The suggested SC 

configuration is modeled in Revit, the proposed materials and the U-values are assigned 

to the model elements, the file is exported to ACIS (SAT) format and imported to CFD, 

where temperature and airflow are assessed and compared to the initial building results.   

The materials and their corresponding U-values are re-assigned for the CFD model and 

the solar energy analysis is activated. The project location, date, time settings and the 

ambient temperatures are set. The assessment for the heating scenario is set at 12:00 pm 

on January 15th, considering the ambient temperature to be 9C; for the cooling scenario, 

the time is set at 12:00 pm on August 15th and the ambient temperature is assigned to be 

29C.  

Model auto-mesh is created and the analysis is solved for 500 iterations, where the 

iteration curves seem to be appropriately flattened and no more fluctuation is noticed; this 

shows that the analysis has been completed (Autodesk, 2016).  

The results of the CFD assessment for January are presented in Figure 5.28. 

Key plan     N 

Figure 5.28. Section of the CFD model showing the temperature inside the apartments and the SC of option 

1/ scenario 2 in January. 
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The SC outlet and inlet openings are closed and the outlet openings of the apartments are 

opened. Solar energy at noon hits the SC back walls, heating the top of the SC and raising 

the temperature up to 21C. Heated air at the top of the SC is transmitted to the lower part 

which is shaded, and the air temperature rises from ambient temperature to 15C. Air in 

the SC is then driven into the inner spaces using a fan (454m3/hr) to heat them. 

Temperature inside the apartments varies according to the adjacent SC air temperature 

and the solar energy reaching each apartment.  

In comparison to the operating temperature of the initial building apartments, the SC 

raises the temperature in the highest two apartments (third and roof floors) in category (a) 

by 7.5C to record 19C and 20C respectively. These apartments record the highest 

temperatures because they are heated by means of both solar heating and SC. However, 

the shaded apartments on the ground, first and second floors in this category record lower 

values, but significant rise compared to the initial temperatures. Operating temperature on 

the ground floor apartment records 13C with a 4C increase caused by the SC; 

meanwhile in the first and second floor apartments, it is recorded as 14C with a 

respective increase of 5C and 4.5C in comparison with the results of the initial 

building. 

For category (b), the SC also raises the temperature on the ground floor apartment by 4C 

to record 13C, on the middle and roof floors by 4.5C to record 14C and 15C 

respectively.  

Fresh air in this scenario is driven by a fan with a 115 m3/hr airflow rate connected to the 

outside in order to supply the minimum required amount (32 L/s). 
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The SC significantly improves the operating temperature inside the apartments; 

nonetheless, it is not enough as a heating process in this scenario; where the lower 

temperature limit for thermal comfort (18C) is only reached in two apartments. So, this 

strategy should be enhanced in order to push the temperature in the shaded apartments 

into the acceptable range as well.  

Cooling Scenario: 

The SC outlet, the inlet and outlet openings of the apartments are opened in summer and 

the fans used for ventilation and supplying heated air from the SC in winter are turned 

off.  

 

The air inside the SC is heated by solar energy, the temperature rises to reach an average 

of 36C at the top (refer to Figure 5.29) and stack effect is created because of the air 

movement under buoyancy forces. This effect creates a driving force to amplify natural 

ventilation inside the apartments and drop their temperature. 

Key plan     N 

Figure 5.29. Section of the CFD model showing the temperature inside the apartments and the SC of option 

1/ scenario 2 in August. 
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Due to the air circulation generated by the SC inside the apartments and in comparison to 

the results of the initial building conditions, the temperature in category (a) has dropped 

by 3.5C in the ground and middle floor apartments to record 31.5C and it has also 

dropped by 3C in the roof apartment to record 34C (refer to Figure 5.29). In category 

(b), the temperature of all floor apartments has uniformly dropped by 2C: it records 

30.5C on the ground, first and second floors, 31C on the third floor and 33C on the 

roof. 

Figure 5.30.  Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 1/ scenario 2 in August. 

During the cooling season, this system supplies fresh air from the outside through the 

inlet openings. In order to calculate the fresh air supply into the apartments, velocity 

magnitude of air at the inlet openings is tested using CFD as well. The velocity 

magnitude at the inlets of the apartments varies between 0.3 m/s and 0.5 m/s, which is 

assumed to be 0.4 m/s as an average magnitude for all the apartments (refer to Figure 

5.30). Knowing that the opening size is 0.6 m2, the average fresh air supply is determined 

to be 0.24 m3/s (0.4 m/s x 0.6 m2) which is equal to 240 L/s and the lowest supply among 

the apartments records 180 L/s (0.18 m3/s).  

Key plan    N 
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Thus, the proposed SC design is able to provide sufficient amount of fresh air and 

decrease the temperature inside the apartments but not to the required limit (21C and 

28C). So, another system proposal is required. 

5.2.3 Option 2; Integrated Strategy Based on SC 

 

Based on previous research and suggestions for a better SC performance, SC-EAHX 

would be an effective coupled system for enhancing heating and cooling (Maerefat and 

Haghighi, 2010; Wei et al., 2018). Hence, in this scenario the SC-EAHX system is 

suggested once again. 

The same EAHX design, dimensions and materials of the proposed system in option 2 of 

scenario 1 are assumed in this option, as both scenarios share the same case study 

building composition. Knowing that the surrounding ambient and the soil temperatures 

are the same as in scenario 1 (same location), the performance of the system in heating 

and cooling inlet air through the pipes is assumed according to the previous calculations 

conducted under section 5.1.3. Therefore, when the ambient temperature is set to be 9C 

in January, the outlet air temperature is considered to be 17C and when the ambient 

temperature reaches 29C in August, the EAHX outlet air is calculated and considered to 

be 23C. 

The outlet temperature in each of the heating and cooling months is assumed to be the 

inlet temperature of the air reaching the apartment from the shafts.  

Hence, in option 2 of scenario 2 for testing the coupled SC-EAHX system performance, 

the Revit model of option 2 (the oriented building, modified SC and surrounding 

buildings represented as walls) is modified and inlet openings are added to the apartment 
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walls adjacent the shafts (refer to Figure 

5.31). A fan with a 115 m3/hr airflow is 

added above each inlet opening in order to 

supply the minimum amount of fresh air 

from the EAHX. According to the different 

operation modes that are discussed in the 

following scenarios of the heating and 

cooling months, either the inlet opening is 

used or the fan. The Revit model materials, 

U-values and the location are the same as in 

option 1. The file is exported in ACIS (SAT) format then imported to CFD.  

In CFD, the materials, U-values and location are re-assigned. Ambient temperature is 

considered 9C in winter and 29C in summer. The air temperature of the shafts is 

assigned to be 17 C in the heating scenario and 23 C in the cooling scenario, 

representing the Tout of the EAHX.  

Model auto-mesh is generated and analysis is solved for winter and summer scenarios for 

500 iterations; when the iteration curves seem to be appropriately flattened and no more 

fluctuation is noticed, which shows that the analysis has been completed (Autodesk, 

2016). Then, the results are reported and analyzed as follows. 

Heating scenario: 

The SC outlet and the apartment inlet openings are closed where the outlet openings of 

the apartments to the SC are opened. In this option, the apartments are heated by means 

Figure 5.31. 3D image of the inlet openings from 

the shaft to the apartments 

Inlet opening  
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of the SC (using a fan with 454 m3/hr airflow rate located at the wall adjacent the SC in 

each apartment) and the preheated air from the EAHX driven into indoor spaces using a 

fan with a 115 m3/hr airflow rate which is used in option 1 for supplying fresh air from 

the outside; however, in this scenario it is relocated on the wall adjacent the shafts.   

The results of this option (refer to Figure 5.32) show that the solar energy heats the air 

temperature at the top of the SC up to 21C and, consequently, transmits heat into the 

adjacent apartments. Thus, the temperature in the apartments of category (a) records 18C 

for the ground, first and second floors, 20.5C for the third floor and 21.5C for the roof. 

When compared to the initial temperature in the apartments, an increase in 9C is noted; 

also, in comparison with the results of option 1 where the SC was operating as a single 

system, an increase in 5C on the ground floor, 4C on the first and second floors and 

1.5C on the third and roof floors are recorded. 

For apartments in category (b), the temperature records 18C on the ground and middle 

floors and 20C on the roof floor, noting an approximate increase in 9C compared to the 

Key plan     N 

Figure 5.32. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 2/ scenario 2 in January 
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results of the temperature in the initial building, in addition to an increase by 5C on the 

ground and roof floors and 4C on the middle floors compared to the results of option 1 

of this scenario. 

Therefore, the performance of this coupled strategy for heating is better than that of the 

SC operating as a single system; it is assessed to be successful, knowing that the recorded 

temperature results are above the minimum required temperature for passive heating 

(18C). 

Cooling scenario: 

In this scenario, the inlet openings of the apartments are closed, while the SC outlet 

opening and the openings connecting the apartments to the SC and the shafts are opened. 

The fans used in winter are turned off during the daytime cooling of this system, keeping 

in mind that the SC naturally drives precooled fresh air from the inlet openings located on 

the walls adjecent the shafts.  

The air inside the SC is heated by solar energy, the temperature is raised to 34C at the 

Key plan     N 

Figure 5.33. Section of the CFD model showing the temperature inside the apartments and the SC of 

option 2/ scenario 2 in August 
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top (refer to Figure 5.33) where it is glazed from three sides and stack effect is created in 

the SC, generating a driving force to amplify natural ventilation inside the apartments and 

dissipate heat. In option 1 of this scenario, ventilation derives air from the surrounding 

environment through the apartment inlet openings; meanwhile, ventilation in this option 

derives precooled air from the shaft inlet openings into the apartments and dissipates heat 

(through the openings connected to the SC) into the SC and pushes it out through the SC 

outlet opening.  

As shown in Figure 5.33, the temperature in the apartments of category (a) records 25C 

on the ground floor, 26C on the middle floors and 28C on the roof floor. Compared to 

the initial temperatures, a drop in 10C on the ground floor and 9C on the middle and 

roof floors is noted; compared to the results of option 1, a drop in 6.5C on the ground 

floor, 5.5C on the middle floors and 6C on the roof is recorded. 

For the apartments of category (b), temperature records 24C for the ground and middle 

apartments and 27C for the roof. Compared to the initial temperatures, a drop of 8.5C 

on the ground and middle floors and 8C on the roof is noted; compared to the results of 

option 1 when the SC was operating as a single strategy, an approximate drop in 6.5C in 

each apartment is recorded.  

Thus, as presented, the recorded temperatures inside the apartments reach the acceptable 

temperature range for a naturally ventilated building in summer (between 21C and 

28C) when the coupled system design is adopted. 
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Concerning the fresh air supply in the apartments, the velocity magnitude at the inlet of 

the apartments varies between 0.45 and 0.65 m/s (refer to Figure 5.34) and it is assumed 

to be 0.55 m/s for the average magnitude. Then, the fresh air supply at the 0.6 m2 inlet is 

determined to be 0.33 m3/s (0.55 m/s x 0.6 m2), which is equal to 330 L/s. Hence, the 

overall performance of the SC in supplying fresh air is sufficient and records a higher 

value than the outdoor fresh air needed for four people (32 L/s). 

Figure 5.34. Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 2/ scenario 2 in August. 

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is better than that of option 1.  

5.2.4 Energy Reduction and Cost Efficiency of the Proposed System 

 

According to the discussed results, the integrated SC-EAHX once again demonstrates 

better performance where the operating temperatures reach the acceptable limit during 

heating and cooling months and the fresh air supply is determined to be significantly 

higher than needed.  

Key plan    N  
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Annual energy reduction and cost efficiency of the coupled system in this scenario are 

calculated in the following section. The operating modes of the system for the heating 

and cooling months during the day and at night are the same as in scenario 1; however, 

the results differ in terms of operating temperature and the inlet air speed due to the 

different conditions of the existing building scenario and the design conditions of the SC 

which impact its performance.  

5.2.4.1 Energy Reduction in Heating Months 

 

In initial building conditions, a fan (with a 115 m3/hr airflow rate) that consumes 13 W 

(refer to Appendix 4) is required in order to provide the minimum outdoor fresh air for 

four people (32 L/s) occupying an apartment. When the ambient temperature in winter is 

9C and the indoor temperature is considered 22C (an average of the acceptable indoor 

temperature in winter), in order to supply 32 L/s of fresh air, heat loss due to ventilation 

takes place and is calculated according to Equation (5.16): Q= 0.33nVT, where n=0.5 

and V=232m3. Thus, the ventilation heat loss is 497.6 W and the total needed energy 

power is 510.6 W – the total of the fan input power and mechanical heating demand 

needed to replace the ventilation heat loss.  

However, when the coupled system is added, the EAHX operates 24 hours per day and 

supplies preheated fresh air into the apartments (up to 17C). A fan placed above the inlet 

opening of the wall adjacent the shaft with an input power of 13 W drives 32 L/s of fresh 

preheated air from the EAHX into each apartment. Hence, the current ventilation heat 

loss is 191.4 W, calculated according to Equation (5.16), where n=0.5, V=232 m3, indoor 

temperature is considered 22C (maintained by mechanical systems) and the outside 
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temperature is considered 17C (equal to the preheated inlet air temperature in January). 

The total energy power needed for ventilation is limited to 204.4 W when the EAHX is 

operating; in which it decreases the ventilation heat loss by 306.2 W.  

Since the ambient temperature in January is the lowest among the heating months, then 

the EAHX performance, the outlet temperature and the energy saving from ventilation 

heat loss per hour is the lowest among them. As an extreme case scenario, the ventilation 

heat loss saving per hour calculated in January is considered as the average saving per 

hour for all the heating months; then, the results represent the minimum energy saving 

throughout the six months. Therefore, the number of hours when the EAHX is operating 

is presented per month (refer to Table 5.19); consequently, the total energy saving from 

ventilation heat loss is calculated by multiplying the number of hours by 306.2 W (the 

reduction per hour).  

On the other hand, the air in the SC is heated up to 19C at 12:00 pm on the 15th of 

January, referring to the results of option 2 of this scenario. The heated air in the SC is 

then transmitted into the inner space of the adjacent apartments, using a fan with an air 

volume supply of 454 m3/h and input power Qf=46 W (refer to Appendix 5). The SC in 

this case acts as a heating system and the heating load can be calculated according to 

Equation (5.18) (Reddy et al., 2016, p:30): 

 Operating hours Energy reduction by the EAHX (KWh) 

January 744 227.8 

February 696 213.1 

March 744 227.8 

April 720  220.5 

November 720 220.5 

December 744 227.8 

Table 5.19. Number of operating hours and energy saving of the EAHX as a single system throughout the 

heating months 
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Hh= QhCaP(Ts-Tr)           

Hh is the heating load (W), Qh is the volume of air heated (m3/s), Ca is the specific heat air 

(J/kg.K), P is the air density in kg/m3, Ts is the supply air temperature (C) and Tr is the 

room air temperature (C). In this case, Qh= 0.126 m3/s, Ca= 1,005 J/kg.K, P= 1.05 

Kg/m3, Ts= 19C and Tr= 10C (average of the initial apartments temperature without 

any heating systems when ambient temperature is 9C). Therefore, the heating load 

supplied by the SC is 1,196.7 W and the total load Qt is 1,150.7 W (Qt = Hh-Qf) 

specifically at 12:00 pm. Compared to the heat load supplied by the SC in first scenario, 

this rate is lower by approximately 50%.  

However, the operation of the SC per hour depends on the solar intensity received by the 

back wall at that hour which varies along the day and months according to the angle of 

incidence (cos()); the angle between the sun rays and the normal on the absorber 

surface, in which the irradiance absorbed by the surface at a specific hour of the day can 

be calculated by multiplying the total solar irradiance by cos() (Kalogirou, 2014).  

Hence, at 12:00 pm when the simulated temperature results seem to belong to the comfort 

range and the energy reduction is calculated, cos() has a specific value that defines the 

solar intensity absorbed at this time. To estimate the energy reduction at other hours of 

the day when the solar intensity is absorbed in a lower rate, a correlation of the 

performance per hour can be formulated based on the variation of cos() according to 

sunny hours (Kalogirou, 2014).  

To calculate cos() throughout the hours of the day of each month, the SC design 

configuration (specifically the back wall orientation) should be taken into account. 

https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
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Knowing that the SC design configuration of this scenario is different than that of the 

first scenario and is composed of two absorbing walls (one facing the south-west while 

the other facing the south-east and extruded above the building height), cos() is 

calculated for each wall at one day of each month. Considering the vertical walls 

composition,  is 90 and Equation (5.21) is used to calculate cos(). 

cos()= - sin()cos(φ)cos()+ cos()sin(φ)cos()cos(ω)+ cos()sin()sin(ω) (5.21)  

The latitude is a fixed value depending on the location and is considered as φ = 33.8 for 

Aley.   

The declination angle, , is used as calculated in Table 5.2 on an average day (the 15th) 

for each month, knowing that it does not change throughout the day: it is only defined by 

the day of the year.  

For the hourly angles, ω, twenty-four values are considered: one for each hour of the day 

(refer to Table 5.3). They are the same for the 12 average days.  

Also, for the surface azimuth angle, , the angle between the normal to the surface from 

true south, two values are considered representing the orientation of the back walls: for 

the back wall oriented westward from true south by 45, = +0.45, and for the second 

oriented eastward, = -0.45.  

Values of cos() are calculated and presented in Tables 5.20 and 5.21, for = -0.45 and 

= +0.45 respectively. 
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The values presented in dark blue are the values of cos() during sunny hours, while 

those presented in light blue are the negative values of cos() during sunny hours which 

show that the solar intensity at these hours reaches the opposite surface of the back wall 

and does not heat the SC; hence, cos() is considered 0 for these negative values. 

The values of cos() in Table 5.20, show that the designed wall (oriented eastward) 

receives solar intensity mainly during morning hours before 12:00 pm, while the back 

Time 5 am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

ω () -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 

January - - 0.95 0.97 0.95 0.87 0.75 0.59 0.41 0.22 0.03 -0.15 -0.30 - - 

February - 0.82 0.90 0.92 0.89 0.81 0.68 0.52 0.33 0.12 -0.08 -0.27 -0.43 - - 

March - 0.73 0.81 0.83 0.80 0.72 0.59 0.42 0.22 0.01 -0.20 -0.39 -0.56 -0.68 - 

April 0.47 0.60 0.67 0.70 0.67 0.58 0.45 0.29 0.09 -0.11 -0.32 -0.51 -0.67 -0.80 - 

May 0.36 0.48 0.55 0.57 0.54 0.46 0.34 0.18 

-

0.01 -0.20 -0.40 -0.58 -0.74 -0.86 

-

0.93 

June 0.30 0.42 0.49 0.51 0.48 0.40 0.28 0.13 

-

0.05 -0.24 -0.44 -0.61 -0.77 -0.88 

-

0.95 

July 0.33 0.44 0.52 0.54 0.51 0.43 0.31 0.15 

-

0.03 -0.23 -0.42 -0.60 -0.76 -0.87 

-

0.94 

August 0.43 0.55 0.63 0.65 0.62 0.54 0.41 0.25 0.05 -0.15 -0.35 -0.54 -0.70 -0.82 - 

September 0.56 0.69 0.77 0.79 0.76 0.68 0.54 0.37 0.18 -0.03 -0.24 -0.43 -0.60 -0.73 - 

October - 0.80 0.87 0.90 0.87 0.79 0.66 0.49 0.30 0.09 -0.12 -0.31 -0.47 - - 

November - 0.86 0.94 0.96 0.93 0.85 0.73 0.57 0.38 0.18 -0.01 -0.20 -0.35 - - 

December - 0.88 0.95 0.98 0.95 0.87 0.75 0.59 0.41 0.22 0.03 -0.15 - - - 

Table 5.20. The cos() values throughout sunny hours of the back wall with eastward orientation 

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

ω () -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 

January - - -0.30 -0.15 0.03 0.22 0.41 0.59 0.75 0.87 0.95 0.97 0.95 - - 

February - -0.55 -0.43 -0.27 -0.08 0.12 0.33 0.52 0.68 0.81 0.89 0.92 0.90 - - 

March - -0.68 -0.56 -0.39 -0.20 0.01 0.22 0.42 0.59 0.72 0.80 0.83 0.81 0.73 - 

April -0.87 -0.80 -0.67 -0.51 -0.32 -0.11 0.09 0.29 0.45 0.58 0.67 0.70 0.67 0.60 - 

May -0.93 -0.86 -0.74 -0.58 -0.40 -0.20 -0.01 0.18 0.34 0.46 0.54 0.57 0.55 0.48 0.36 

June -0.95 -0.88 -0.77 -0.61 -0.44 -0.24 -0.05 0.13 0.28 0.40 0.48 0.51 0.49 0.42 0.30 

July -0.94 -0.87 -0.76 -0.60 -0.42 -0.23 -0.03 0.15 0.31 0.43 0.51 0.54 0.52 0.44 0.33 

August -0.90 -0.82 -0.70 -0.54 -0.35 -0.15 0.05 0.25 0.41 0.54 0.62 0.65 0.63 0.55 - 

September -0.80 -0.73 -0.60 -0.43 -0.24 -0.03 0.18 0.37 0.54 0.68 0.76 0.79 0.77 0.69 - 

October - -0.59 -0.47 -0.31 -0.12 0.09 0.30 0.49 0.66 0.79 0.87 0.90 0.87 - - 

November - -0.47 -0.35 -0.20 -0.01 0.18 0.38 0.57 0.73 0.85 0.93 0.96 0.94 - - 

December - -0.42 -0.30 -0.15 0.03 0.22 0.41 0.59 0.75 0.87 0.95 0.98 - - - 

Table 5.21. The cos() values throughout sunny hours of the back wall with westward orientation 
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wall which is oriented westward (refer to Table 5.21) receives solar intensity mostly 

during afternoon hours. Knowing that the SC integrates the two back walls into one 

system operating throughout the day to receive solar energy from morning until evening, 

Table 5.22 represents the value of cos() throughout the hours of the day of each month 

for the combined back walls of the SC. 

 

Table 5.22. The cos() values throughout sunny hours of the SC combined back walls 

The heating energy saving is calculated according to the simulated results of the SC 

temperature, at 12:00 pm on the 15th of January, when the absorbed solar energy is 59% 

of the total solar intensity and cos()= 0.59 (refer to Table 5.22); thus, a correlation 

between cos() values is created throughout the sunny hours of the day and the months. 

For the heating months between November and April, when cos() is less than 0.59, the 

energy reduction per hour is equal to the calculated energy reduction multiplied by the 

ratio of cos() at the identified hour over 0.59. The ratios of cos() over 0.59 are recorded 

for the heating months in Table 5.23. 

 

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

ω () -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 

January - - 0.48 0.49 0.48 0.55 0.58 0.59 0.58 0.55 0.49 0.49 0.48 - - 

February - 0.41 0.45 0.46 0.45 0.47 0.51 0.52 0.51 0.47 0.45 0.46 0.45 - - 

March - 0.37 0.41 0.42 0.4 0.36 0.41 0.42 0.41 0.37 0.4 0.42 0.41 0.37 - 

April 0.24 0.3 0.34 0.35 0.34 0.29 0.27 0.29 0.27 0.29 0.34 0.35 0.34 0.3 - 

May 0.18 0.24 0.28 0.29 0.27 0.23 0.17 0.18 0.17 0.23 0.27 0.29 0.28 0.24 0.18 

June 0.15 0.21 0.25 0.26 0.24 0.2 0.14 0.13 0.24 0.2 0.24 0.26 0.25 0.21 0.15 

July 0.17 0.22 0.26 0.27 0.26 0.22 0.16 0.15 0.16 0.22 0.26 0.27 0.26 0.22 0.17 

August 0.22 0.28 0.32 0.33 0.31 0.27 0.23 0.25 0.23 0.27 0.31 0.33 0.32 0.28 - 

September 0.28 0.35 0.39 0.4 0.38 0.34 0.36 0.37 0.36 0.34 0.38 0.4 0.39 0.35 - 

October - 0.4 0.44 0.45 0.44 0.44 0.48 0.49 0.48 0.44 0.44 0.45 0.44  - 

November - 0.43 0.47 0.48 0.47 0.52 0.56 0.57 0.56 0.52 0.47 0.48 0.47 - - 

December - 0.44 0.48 0.49 0.49 0.55 0.58 0.59 0.58 0.55 0.49 0.49 - - - 
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Then, energy reduction per hour is calculated (refer to Table 5.24) by multiplying the 

energy reduction of the SC at 12:00 pm (1,150.7 W) by the value of the ratio of cos() of 

this hour over 0.59 (refer to Table 5.23). 

 

Hence, after calculating the energy reduction per hour, the total reduction on the 15th of 

each of the heating months is presented in Table 5.25. 

Consequently, the energy reduction in the heating 

months in one apartment is calculated (refer to Table 

5.26) by multiplying the average reduction per day by 

the number of sunny days of each month (refer to 

Table 5.8). 

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 

January     0.81 0.83 0.81 0.93 0.98 1.00 0.98 0.93 0.83 0.83 0.81   

February   0.69 0.76 0.78 0.76 0.80 0.86 0.88 0.86 0.80 0.76 0.78 0.76   

March   0.63 0.69 0.71 0.68 0.61 0.69 0.71 0.69 0.63 0.68 0.71 0.69 0.63 

April 0.41 0.51 0.58 0.59 0.58 0.49 0.46 0.49 0.46 0.49 0.58 0.59 0.58 0.51 

November   0.73 0.80 0.81 0.80 0.88 0.95 0.97 0.95 0.88 0.80 0.81 0.80   

December - 0.75 0.81 0.83 0.83 0.93 0.98 1.00 0.98 0.93 0.83 0.83 - - 

Table 5.23. Ratios of cos() over 0.59 in the heating months 

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 

January   932.1 955.1 932.1 1070.2 1127.7 1150.7 1127.7 1070.2 955.1 955.1 932.1  

February  794.0 874.5 897.5 874.5 920.6 989.6 1012.6 989.6 920.6 874.5 897.5 874.5  

March  724.9 794.0 817.0 782.5 701.9 794.0 817.0 794.0 724.9 782.5 817.0 794.0 724.9 

April 471.8 586.9 667.4 678.9 667.4 563.8 529.3 563.8 529.3 563.8 667.4 678.9 667.4 586.9 

November  840.0 920.6 932.1 920.6 1012.6 1093.2 1116.2 1093.2 1012.6 920.6 932.1 920.6  

December  863.0 932.1 955.1 955.1 1070.2 1127.7 1150.7 1127.7 1070.2 955.1 955.1   

Table 5.24. Energy intensity saving (w) per sunny hours in the heating months 

 Energy reduction 

per day (Wh) 

January 11208.1 

February 10920 

March 10068.6 

April 8423 

November 11714.4 

December 11162 

Table 5.25. Daily average of energy 

reduction of the heating months 

 Energy reduction by the SC (KWh) 

January 168 

February 187 

March 192 

April 168.5 

November 257.5 

December 190.5 

Table 5.26. Heating load reduction in one apartment per month during daytime when the SC is operating 
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Therefore, the total energy reduction per month in one apartment (refer to Table 5.27) is 

equal to the sum of the energy reductions of the SC when it operates during the day and 

from the EAHX system which operates 24 hours per month.  

The annual energy reduction in the heating months’ records 2,501 KWh per apartment, 

reducing the initial heating demand throughout the year (9,142.7 KWh) by 27%. 

5.2.4.2 Energy Reduction in Cooling Months 

 

In the cooling months, the SC is heated by solar energy, creating a stack effect which 

drives the precooled air of the EAHX into the space from the inlet of the wall between 

the shaft and the apartment and leaves the space into the SC. This operating mode 

eliminates the fan power required to provide indoor ventilation and reduces heat gain 

through ventilation as well.  

In order to calculate the energy saving of the system, the cooling load required to 

dissipate the ventilation heat gain is calculated for the initial building scenario where the 

coupled system is not operating and for option 2 of this scenario where the SC drives the 

precooled air into the space.  

In the initial building conditions, a fan is used to supply the needed amount of fresh air 

from the outside; the fan input power is 13 W providing 32 L/s (68 CFM) of fresh air. 

Knowing that the outside air temperature is 29C in August and considering that room 

 Energy reduction by the SC 

(KWh) 

Energy reduction by the 

EAHX (KWh) 

Total  

(KWh) 

January 168 227.8 395.8 

February 187 213.1 400.1 

March 192 227.8 419.8 

April 168.5  220.5 389 

November 257.5 220.5 478 

December 190.5 227.8 418.3 

Total 1,163.5 1,337.5 2,501 
Table 5.27. Total energy savings in one apartment for the coupled SC-EAHX system in the heating months. 
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temperature is 24C (an average value of the comfort temperature range for August), the 

ventilation leads to indoor heat gain and more energy is required for cooling. The load of 

heat gain due to ventilation is calculated by referring to Equation (5.22) (Harris, 2016; 

Hall, 1994).  

Q=0.33nV (Toutside –Tinside)           

For providing 32 L/s to a 232 m3 apartment, n= 0.5 and the ventilation heat gain is 

calculated as 191.4 W. Thus, the total load resulting from ventilation is 204.4 W, which 

stands for the sum of the fan input power and the cooling load needed to dissipate the 

heat gain. 

However, when the coupled SC-EAHX is operating during daytime, specifically at 12:00 

pm on August 15th, the fresh air is driven from the EAHX due to the buoyancy forces and 

the fan power requirement is eliminated. The EAHX precools the air to 23C before it 

reaches indoor spaces, which may significantly limit the ventilation heat gain.  

The ventilation heat gain for this scenario calculated according to Equation (5.22) results 

in a negative value of 392 W, which stands for the load of ventilation heat loss; 

throughout the calculation, the room temperature is considered as 24C (maintained by 

mechanical cooling), the outdoor air temperature as 23C (equal to the EAHX outlet air 

temperature), the airflow rate at the inlet (0.6m2) as 0.33 m3/s as simulated in the CFD 

results of option 2 in scenario 2 for cooling months (refer to Figure 5.34) and n= 5.12 

where the apartment volume is 232 m3. The recorded negative load shows that the 

coupled system entirely suspends the ventilation load of 204.4 W (calculated in the initial 

building) and, additionally, cools the indoor space and decreases the total cooling load by 
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392 W. Therefore, the coupled system results in reducing the energy needed for 

ventilation and cooling by 596.4 W.  

However, as mentioned before, the SC does not operate equally throughout the sunny 

hours of the day when cos() varies and, consequently, the SC-EAHX does not. The 

recorded energy saving is calculated at 12:00 pm on the 15th of August, when cos() is 

equal to 0.25 (refer to Table 5.22) and 25% of the total irradiance is absorbed by the SC 

back walls. Hence, in order to estimate the energy reduction at each hour of the day when 

the SC-EAHX system operates during the cooling months, the calculated energy 

reduction (at 12:00 pm which records 596.4 W) is multiplied by the ratio of cos() at the 

specified hour over 0.25. The ratios of cos() over 0.25 and the energy reduction at each 

hour are calculated in Tables 5.28 and 5.29 respectively. 

Table 5.28. Values of the ratio of cos() over 0.25 throughout sunny hours of the cooling months 

 

Table 5.29. Energy intensity saving (w) per sunny hours in the cooling months 

Hence, upon calculating the energy intensity, the total reduction per day and per month 

are presented in Table 5.30, knowing that the energy reduction per month is equal to the 

calculated energy reduction per day multiplied by the number of sunny days (refer to 

Table 5.8). 

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

June  0.6 0.84 1 1.04 0.96 0.8 0.56 0.52 0.96 0.8 0.96 1.04 1 0.84 0.6 

July 0.68 0.88 1.04 1.08 1.04 0.88 0.64 0.6 0.64 0.88 1.04 1.08 1.04 0.88 0.68 

August  0.88 1.12 1.28 1.32 1.24 1.08 0.92 1 0.92 1.08 1.24 1.32 1.28 1.12   

 September 1.12 1.4 1.56 1.6 1.52 1.36 1.44 1.48 1.44 1.36 1.52 1.6 1.56 1.4   

Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

June  357.8 501.0 596.4 620.3 572.5 477.1 334.0 310.1 572.5 477.1 572.5 620.3 596.4 501.0 357.8 

July 405.6 524.8 620.3 644.1 620.3 524.8 381.7 357.8 381.7 524.8 620.3 644.1 620.3 524.8 405.6 

August  524.8 668.0 763.4 787.2 739.5 644.1 548.7 596.4 548.7 644.1 739.5 787.2 763.4 668.0   

 September 668.0 835.0 930.4 954.2 906.5 811.1 858.8 882.7 858.8 811.1 906.5 954.2 930.4 835.0   
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Table 5.30. Energy reduction per day and per month 

The computed reduction per month represents the energy saving of the coupled system 

during the sunny hours when the SC and the EAHX are operating. At night, however, the 

SC is not heated by solar energy anymore; it stops operating and driving fresh air from 

the EAHX due to buoyancy forces. However, the EAHX could be activated at night (or 

when the SC is not operating) using the fan installed at the wall adjacent the shaft for 

driving fresh air during winter. This fan consumes 13 W to provide 32 L/s of fresh air, 

when during summer months Toutside is precooled to 23C (by the EAHX system), Tinside is 

considered 24C (an average of the temperature comfort range), the number of air change 

rate for 232m3 is 0.5; hence, the ventilation heat gain load according to Equation (5.22) 

records 38.3 W as a negative value reporting the heat loss due to ventilation (slightly 

cooling). The reduction of the ventilation load intensity is a total of 229.7 W, which 

reduces the 204.4 W of the initial heat gain due to ventilation, provides a cool load 

intensity of 38.3 W and consumes 13 W power for the fan intake. The total operating 

hours and energy reduction of this system in each month is presented in Table 5.31.  

 Operating hours per month (h) Energy reduction per month (KWh) 

June 300 68.9 

July 279 64 

August 310 71.2 

September 304 69.8 

Table 5.31. Total operating hours and energy reduction of the EAHX as a single strategy in each of the 

cooling months 

It is important to mention that the operating hours of the EAHX ventilation per day is 24 

hours, excluding operating hours of the SC on sunny days, and 24 hours for the rest days 

 Energy reduction per day (Wh) Energy reduction per month (KWh) 

June 7466.8 209 

July 7801 242 

August 9423 292 

September 12142.7 340 
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of the month. Besides, the energy reduction per month is calculated by multiplying the 

energy reduction per hour (229.7 W) by the operating hours.  

 Energy reduction by the SC-

EAHX (KWh) 

Energy reduction by EAHX 

(KWh) 

Total  

June 209 68.9 277.9 

July 242 64 306 

August 292 71.2 363.2 

September 340 69.8 409.8 

Total 1,083 273.9 1,356.9 

Table 5.32. Total energy reduction in each cooling month according to the system operation mode 

Therefore, the annual energy reduction for cooling months (refer to Table 5.32) is 1,356.9 

KWh per apartment, reducing the total heat load (2,697 KWh) by 50 %.  

5.2.4.3 Cost Efficiency 

 

Cost efficiency in this section is discussed according to the modified SC-EAHX design 

cost and annual energy saving of this scenario in order to specify the time needed by the 

integrated system to pay back its original cost, noting that calculations are made in US 

dollars with a currency rate of 1,500 L.B.P. to $1. 

The total cost of the system is equal to the combined cost of the SC and the EAHX 

system. Since the EAHX system shares the same design specifications as scenario 1, the 

cost of the system is considered $3,000, which is equal to that calculated in the first 

scenario. However, the configuration of the SC slightly differs in the current design 

where two back walls are designed to receive as much solar energy as possible during 

daytime. This configuration decreases the overall area of SC double glass and aluminum 

structure to 75.25 m2, which reduces the initial cost of the glass to $24,080. On the other 

hand, it adds an extruded back wall oriented eastward with an area of 8.75 m2. According 

to the wall composition and referring to Dakroub Ready-Mix Concrete of Lebanon Sarl 
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(date of visit on January 22nd, 2020), the wall materials and the labor cost are estimated 

about $22/m2; hence, an additional $192.5 is considered in the calculations. Since the 

system shares the same material and installation cost of the 20 cm concrete back wall, 

side and back walls insulation, plaster and paint work and fans needed to supply heated 

air into the apartments as the SC designed in scenario 1, the cost of the modified system 

in scenario 2 records $30,932, taking into account the reduction in the glazing cost and 

the added cost of the back wall. A total of $33,932 is estimated for the cost of the SC-

EAHX integrated system.  

However, the energy reduction of this system calculated in the previous two sections 

records a total of 3,857.9 KWh from the heating and cooling load of each apartment per 

year. Since the amount of saving is dependent on the value of energy consumed per 

month (Electricity of Lebanon, 2020), and the energy savings belong to a range of 

consumption higher than 500 KWh in all the months of the year (refer to Table 5.33), the 

saving is calculated by multiplying the energy reduction (KWh) per month by 200 

L.B.P./KWh (refer to Table 5.17).  

 Initial energy Consumption per 

apartment (KWh) 

Energy reduction by the SC-

EAHX per apartment (KWh) 

Total saving 

(L.B.P.) 

January 1,565.5 395.8 79,160 

February 1,290 400.1 80,020 

March 1,194 419.8 83,960 

April 916.8 389 77,800 

June 646.8 277.9 55,580 

July 675.5 306 61,200 

August 675.4 363.2 72,640 

September 643.8 409.8 81,960 

November 1,109.4 478 95,600 

December 1,580.6 418.3 83,660 

Total 11,839.7 3,857.9 771,580 

Table 5.33. Total saving (L.B.P.) throughout the heating and cooling months of the integrated SC-EAHX 

system in scenario 2 
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Note that the initial energy consumption (refer to Table 5.33) is computed from the 

results of the GBS in the Initial Building Conditions section of this scenario. The 

recorded savings from the energy reduction is 771,580 L.B.P. ($514.4) per apartment 

(refer to Table 5.33) and 7,715,800 L.B.P. ($5,144) for the ten apartments. Considering 

the energy cost (46,000 L.B.P.) of the two blowers’ intake which consume 230 KWh per 

year, saving is limited into 7,669,800 L.B.P. ($5,113) for the ten apartments. Therefore, 

the proposed SC-EAHX system pays back its original cost after six years and seven 

months and saves $5,113 /year afterwards; compared to the average life span of a 

building, that is approximately 120 years (Rybczynski, 2020), the calculated payback 

period shows that the coupled system is cost efficient and successful.  

Moreover, it should be noted that the energy costs are subsidized by the government 

(ESMAP, 2020) and the calculated savings are for the end user only. Hence in the larger 

scheme, the proposed system is beneficial to the economy as it reduces the stress of 

subsidies. 

5.2.5 Concluding Statement 

 

In this section, two SC systems (as a single strategy and a coupled system with EAHX) 

were designed, proposed and integrated into the case study building belonging to scenario 

2, where the building is directed towards the south-western exposure and shaded by a 

dense surrounding built-up area. 

In the first proposal, a combined wall SC is designed and integrated into the south-

western elevation of the building, in which it is connected to the apartments on the 

opposite sides and extended above the building height by one floor. Two back walls are 

http://www.witoldrybczynski.com/architecture/short-life/
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designed: one facing the south-eastern exposure and the second facing the south-western 

exposure in order to maximize the solar irradiation absorption from morning until the 

afternoon. The system is modeled and assessed using CFD and the results show that only 

two apartments exposed to solar energy are heated beyond the lower acceptable limit 

(18C); however, for the rest of the eight (partially and fully shaded apartments), 

recorded temperature varies between 13C and 15C. Thus, even though the SC 

significantly improves the operating temperature by 4C to 7.5C, a modified approach 

should enhance the performance and push the temperature into the acceptable range. In 

summer, fresh air supply is sufficient with an average of 240 L/s, the indoor temperature 

is cooled by an average of 2C to 3.5C throughout the apartments but exceeds the upper 

limit (28C) by 2.5C to 6C. 

In order to enhance the proposed configuration, option 2 for this scenario suggests 

coupling it with EAHX system; two 40 m PVC pipes are installed 3 m below the ground 

and connected to the two shafts designed next to the apartments; such a composition 

precools the fresh air derived into the apartments (from the shaft) due to stack effect 

generated by the SC and acts as a supplementary system in heating the apartments during 

winter. Referring to the basic heat transfer equations, the outlet air temperature of the 

system (inlet into the apartment) is calculated as 17C in winter and 23C in summer. 

The temperature of the apartment inlet air is assigned in CFD as calculated and coupled 

with the designed SC.  

The results show that recorded operating temperatures are significantly higher than that 

of option 1 by 1.5C to 5C and are heated beyond 18C in all the apartments. In 
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summer, fresh air supply which records 330 L/s and indoor temperatures are significantly 

enhanced: temperature is cooled below the acceptable limit (28C) in all apartments.  

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is improved and recorded temperature and velocity magnitudes show 

better results than that of option 1 in this scenario.  

Hence, in section 5.2.4, energy savings of this system are calculated using heat loss/ gain 

equations and heating capacity formulas. The annual energy reduction in the heating 

months’ records 2,501 KWh per apartment, reducing the initial heating demand 

throughout the year (9,142.7 KWh) by 27%. For cooling months, annual reduction 

records 1,356.9 KWh per apartment, reducing the total heat load (2,697 KWh) by 50%. A 

total annual energy reduction of 3,857.9 KWh per apartment (38,579 KWh for ten 

apartments) is recorded and 7,669,800 L.B.P. ($5,113) for the ten apartments is yearly 

saved. Knowing that the coupled SC-EAHX costs about $33,932 (calculated in section 

5.2.4.3), this system pays back its original cost after six years and seven months and 

saves $5,113 /year afterwards.    

Therefore, due to the improved performance of the integrated strategy of SC-EAHX 

system when compared to option 1 and based on its significant annual energy saving and 

cost efficiency, it is recommended as a successful approach for the new or existing 

buildings in Aley, which share the same building conditions of this scenario (multi-floor 

building, facing the south-western exposure and shaded by surrounding dense urban 

built-up area). 
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5.3 Scenario 3 

 

5.3.1 Initial Building Conditions 

 

Referring to the classified scenarios, the building orientation with a western exposure in a 

highly dense urban environment is tested in the third scenario. The case study building in 

Revit is oriented towards the west and surrounded by multi-floor buildings. The 

surrounding buildings are modeled 6 m away from the building (as minimum requirement 

for construction rules and regulations in the area), their height is assumed to be between 5 

to 6 floors, as most of the buildings in the area.  

These buildings are substituted by thick walls for reducing modeling complications and 

CFD analysis, knowing that these walls act like buildings in blocking solar exposure 

(refer to Figure 5.35). 

      (a)     (b)                 

Figure 5.35.  (a) 3D view and (b) mass plan view of the walls substituting the surrounding buildings in 

scenario 3 using Revit 

So, the initial building for this scenario is modeled in Revit according to the scenario 

specifications, the location of the project is assigned in Aley and the selected weather 

station (Majdel Baana) is the same as in previous scenarios.  

N 
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The materials and the U-values of the case study building are assigned to the model 

elements, the energy model is generated and then GBS is used to analyze heating and 

cooling loads of the initial building throughout the year when the building is rotated 

towards the western exposure and surrounded by buildings.  

    The results of the GBS analysis (refer to Figure 5.36) show that the annual heating load 

of the initial building records 91,491 KWh and 28,179 KWh for cooling. When assuming 

that the ten apartments of the buildings share an equal consumption, the yearly heating 

and cooling loads of each apartment for this scenario is 9,149.1 KWh and 2,817.9 KWh 

respectively. 

Heating and cooling months are recorded the same as previous scenarios. The initial 

temperatures in building apartments in January and August are tested through CFD at 

12:00 pm on the 15th of each month.  

The Revit model is exported as ACIS (SAT) file and imported to CFD. The materials and 

their corresponding U-values are re-assigned in CFD, the project location is assigned as 

Figure 5.36. Total energy consumption in KWh of the initial building in scenario 3. Results of the 

Green Building Studio analysis 
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that of the Revit, and the solar energy analysis is activated. The assigned ambient 

temperature is 9C and 29C for heating and cooling months respectively. Model auto-

mesh is created, the analysis is solved for 500 iterations, where the iteration curves seem 

to be appropriately flattened and the following results are recorded. 

Heating scenario; 

For the heating months tested in January when the ambient temperature is 9C, CFD 

results (refer to Figure 5.37) show that for the apartments located on the southern side of 

the central core; solar energy reaches the upper two floors, while the lower floors are 

shaded by adjacent buildings. Thus, for these apartments temperature records 9C on the 

ground and first floors, which is equal to the ambient temperature, 9.5C on the second 

floor, 10C and 11C on the third and roof floors respectively.  

In the apartments located on the northern side of the central core, the solar energy 

partially hits the roof floor and temperature records 9C on the ground and middle floors 

and 10C on the roof floor.  

Figure 5.37. Section of the CFD model showing the temperature inside the apartments of the initial 

building of scenario 3 in January  

Key plan     N 
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Thus, the recorded indoor temperatures in all of the apartments are significantly below 

the lower temperature limit which is 18C for January, indicating the need for an 

appropriate heating system to compensate for the discomfort.  

Cooling scenario: 

The CFD assessment in August when the ambient temperature is 29C is conducted and 

the results (refer to Figure 5.38) show that solar energy reaches all the apartments on the 

southern side of the central core and heats them; this is unlike the winter scenario where 

lower apartments are shaded by surrounding built-up area, knowing that the location of 

the sun in the summer months is higher than that of winter.  

Figure 5.38. Section of the CFD model showing the temperature inside the apartments of the initial 

building of scenario 3 in August. 

Thus, the temperature of the apartments on the southern side of the central core are higher 

than those on the northern side and higher than the ambient temperature recording 32C 

on the ground, first and second floors, 32.5C on the third floor and 35C on the roof 

floor. However, in the apartments located on the northern side of the central core, the 

Key plan     N 



135 
 

solar energy heats only the roof floor; the temperature records 32.5C on the roof floor 

and 30C on the ground and middle floors. 

Therefore, the high operating temperatures that exceed the upper temperature limit in 

August (28C) indicate the need for an appropriate passive cooling system to compensate 

for the discomfort. Based on the presented results, SC as a single passive approach for 

heating and cooling is designed and tested in the following section.  

5.3.2 Option 1; SC Design Proposal as a Single Strategy 

 

Due to the building composition, it is suggested to use a wall SC located in front of the 

central core to serve both sides. Referring to the literature, the SC dimensions, the 

materials and the height are assumed to be the same as previously designed; however, the 

back wall is designed specifically to serve the conditions of this scenario.  

According to the current building orientation, a back wall facing the southern exposure is 

suggested in this study. The back wall is assumed to be an extended wall facing the south, 

adopting the building walls composition and insulated by a 5cm insulation layer (Shi et 

al., 2018; Zhang et al., 2018). The SC outlet is placed on this back wall, while the 

extended wall above the central core is glazed in order to allow morning sun rays to heat 

the SC (refer to Figure 5.39).  

(b) (a) 

Added back wall      Glazed side wall 

Figure 5.39. (a) 3D and (b) mass plan view of the added back wall and its location facing the south-eastern 

solar exposure. Modeled in Revit software 
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The suggested SC configuration is coupled with the existing building conditions of this 

scenario and modeled in Revit, the proposed materials and the U-values are assigned and 

the model is imported to CFD to assess indoor operating temperatures and compare them 

to the initial building results.   

The materials and their corresponding U-values are re-assigned for the CFD model and 

the solar energy analysis is activated. The project location, date, time settings and the 

ambient temperatures are set the same as in the initial building analysis. Assessment for 

the heating scenario is set at 12:00 pm on January 15th, considering the ambient 

temperature to be 9C; for the cooling scenario, the time is set at 12:00 pm on August 

15th with an ambient temperature assigned to 29C.  

Model auto-mesh is created, the analysis is solved for 500 iterations, where the iteration 

curves seem to be appropriately flattened and the following results are recorded. 

Heating Scenario:  

The SC outlet and inlet openings are closed and the outlet openings of the apartments are 

opened. For the CFD assessment in January, the results are recorded in Figure 5.40.  

Solar energy at noon hits the SC back wall and heats the top of the SC up to 19C. 

Heated air at the top of the SC is transmitted into the lower part which is shaded, and air 

temperature rises to 14C. The air in the SC is then transmitted into the inner apartments 

using a fan (454 m3/hr) to heat them. The temperature among the apartments varies 

according to the adjacent SC air temperature and the solar energy reaching each 

apartment.  
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Figure 5.40. Section of the CFD model showing the temperature inside the apartments of option 1/ 

scenario 3 in January. 

The operating temperatures in the apartments located on the southern side of the central 

core raise by 4C to record 13C on the shaded ground floor, and by 5C on the first and 

second floors to record 14C and 14.5C respectively. On the third and roof floors 

respective temperatures of 18C and 20C are recorded and a significant increase in 8C 

and 9C is noticed upon comparing them to the initial results of the building temperature. 

These apartments record the highest temperatures because they are heated by means of 

both solar heating and SC.  

On the other hand, lower temperatures are recorded in the apartments located on the 

northern side of the central core; however, they are significantly higher than the initial 

building temperatures. The SC raises the temperature in the ground and first floor 

apartments by 4C to record 13C, on the second and third floors by 5C to reach 14C 

and on the roof floor by 6C to record 16C.  

Fresh air in this scenario is driven by a fan with a 115 m3/hr airflow rate connected to the 

outside in order to supply the minimum required amount (32L/s) of fresh air. 

Key plan     N 
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The SC as a single strategy significantly improves the operating temperature within the 

apartments, yet it is not enough as a heating process where the lower temperature limit 

for thermal comfort (18C) is only reached in two apartments. So, this strategy could be 

coupled with another passive approach to reach the temperature limit in the shaded 

apartments as well.  

Cooling scenario 

The SC outlet, the inlet and outlet of the apartments are opened for cooling months and 

the fans are turned off as the system drives natural ventilation. The air inside the SC is 

heated by solar energy, the temperature rises to reach an average of 34C at the top and 

stack effect is generated beacause of the air movement under buoyancy forces (refer to 

Figure 5.41). This effect creates a driving force to amplify natural ventilation inside the 

apartments and drop their temperatures.  

 
Figure 5.41. Section of the CFD model showing the temperature inside the apartments of option 1/ 

scenario 3 in August 

Due to air circulation generated by the SC inside the apartments, in comparison to the 

results of the initial building conditions, the temperature in the apartments on the 

Key plan     N 
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southern side of the SC drops by 1.5C on the ground and middle floor apartments to 

record 30.5C and it drops 2C on the roof apartment to record 33C (refer to Figure 

5.41). In the apartments on the northern side of the SC, the temperature of the floor 

apartments uniformly drops by 1C; on the ground and middle floors, it records 29C and 

31.5C on the roof.  

 

Figure 5.42. Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 1/ scenario 3 in August 

Concerning the fresh air supply in the apartments, velocity magnitude at the inlet of the 

apartments varies between 0.15 m/s and 0.4 m/s (refer to Figure 5.42) and it is assumed 

to be 0.22 m/s as the average magnitude. Then, the fresh air supply at the 0.6 m2 inlet is 

calculated as 0.13 m3/s (0.22 m/s x 0.6 m2) which is equal to 130 L/s. Hence, the overall 

performance of the SC in supplying fresh air has a higher value than the outdoor fresh air 

needed for four people (32 L/s). 

The proposed SC design is able to provide sufficient amount of fresh air supply and 

decrease the temperature inside the apartments but not to the required limit (21C and 

28C). So, another system proposal is required. 

Key plan     N 
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5.3.3 Option 2; Integrated Strategy Based on SC 

 

As previously proposed and tested as an effective strategy, the EAHX system is added to 

this scenario as well to improve the performance and the temperature to comfort levels. 

Extending the SC height or adding another chimney would be possible options to 

improve its performance as well, yet the height of the SC in this thesis is limited to one 

additional floor, taking into account the possible limitations of the construction rules and 

regulations. In addition, one SC is designed to serve the two sides of the building; as for 

adding the number of SC installed, a minimum of two additional systems (one for each 

side) is required, which would vastly increase the cost; however, adding an EAHX 

system in the setbacks is possible for a lower cost.  

The same EAHX design, dimensions and materials of the proposed system in option 2 of 

scenario 1 are assumed in this option as both share the same case study building. 

Knowing that the project is analyzed according to the same location, the surrounding 

ambient and the soil temperature as in scenario 1; the performance of the system in 

heating and cooling inlet air through the pipes is assumed according to the previous 

calculations. Therefore, when the ambient temperature is 9C in January, the outlet air 

temperature is considered 17C and when the ambient temperature reaches 29C in 

August, the outlet air is calculated and considered to be 23C.  

In each of the heating and cooling months, the outlet temperature is assumed to be the 

inlet temperature of the air reaching the apartment from the shafts.  

Hence, for the building simulation assessment of this option, the Revit model of option 1 

of scenario 3 (including the building orientation, modified SC and surrounding buildings 
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modeled as walls) is modified, the inlet openings and fans are added to the apartment 

walls adjacent the shafts. The materials, U-values and the location are set as in option 1 

and the file is then imported into CFD.  

In CFD, the materials, U-values and the location are re-assigned and the ambient 

temperature is set as 9C in January and 29C in August. The air temperature of the shaft 

is assigned as 17 C in the heating scenario and 23C in the cooling scenario, 

representing the Tout of the EAHX.  

Model auto-mesh is generated, analysis is solved for winter and summer scenarios for 

500 iterations, where the iteration curves seem to be appropriately flattened and results 

are reported as follows:  

Heating scenario: 

In this system, the SC outlet and the apartment inlet openings (from outside and from the 

shafts) are closed where the outlet openings to the SC are opened. The apartments are 

heated by means of the SC and the preheated air of the EAHX using fans (115 m3/hr 

airflow rate for fans adjacent the shafts and 454 m3/hr airflow rate for fans adjacent the 

SC).  

The air at the top of the SC is heated by solar energy up to 20C and is, consequently, 

driven into the adjacent apartments using fans (refer to Figure 5.43). Thus, for the 

apartments on the southern side of the SC, temperature records 18C on the ground and 

first floors, 19C on the second, 20C on the third floor and 22C on the roof, noting a 

respective increase in 9C on the ground, first and second floors, 10C on the third floor 
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and 11C on the roof floor in comparison with the results of the initial temperature of the 

apartments. 

Figure 5.43. Section of the CFD model showing the temperature inside the apartments of option 2/ 

scenario 3 in January 

For the apartments located on the northern side of the SC, the temperature records 18C 

on the ground, first and second floors, 19C on the third floor and 20C on the roof floor, 

noting an increase in 9C on the ground and first two floors and an increase in 10C on 

the last two floors in comparison with the results of the initial temperatures.  

When comparing these results with those of option 1, it becomes evident that the 

operating temperatures significantly improve and rise in this option to be within the 

acceptable temperature range (18C and 25C).  

Cooling scenario 

The SC outlet, apartment outlets to the SC and the openings located on the walls adjacent 

the shafts are opened, while the apartment inlets are closed. Stack effect created in the SC 

naturally drives precooled fresh air from the shafts into the apartments which exits from 

the outlets to the SC and then, consequently, from the SC outlet.  

Key plan     N 
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Figure 5.44. Section of the CFD model showing the temperature inside the apartments of option 2/ 

scenario 3 in August. 

Due to the generated air circulation (refer to Figure 5.44), the temperature inside the 

apartments drops. In the southern apartments, it records 24.5C on the ground, first and 

second floors, 26C and 28C on the third and roof floors respectively, noting a drop of 

7.5C on the ground and first two floors and a drop of 7C on the third and roof floors 

when compared to the recorded initial temperatures. Moreover, in comparison with the 

results of option 1, a significant drop in temperature occurs in the apartments by 6C on 

the first three floors and 5C on the last two floors. 

In the northern apartments, the temperature records 23.5C on the first three floors, 

24.5C on the third floor and 27C on the roof, noting a drop in 6.5C on the first three 

floors and 5.5C on the third and roof floors when compared to the initial temperatures; 

in comparison with the results of option 1, a drop in 5.5C on the ground, first and second 

floor apartments and 4.5C on the third and roof floors is recorded. 

Key plan     N 
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Thus, as presented, the recorded temperatures inside all the apartments are cooled until 

they reach the acceptable temperature range for a naturally ventilated buildings in 

summer (21C and 28C) upon applying the coupled system design. 

Figure 5.45. Section of the CFD model showing the velocity magnitude of air at the inlet of the apartments 

of option 2/ scenario 3 in August. 

Concerning the supply of fresh air in the apartments, the velocity magnitude recorded at 

the inlet of the apartments varies between 0.3 m/s and 0.55 m/s (refer to Figure 5.45), so 

it is assumed to be 0.45 m/s as an average magnitude for the apartments. Knowing that 

the opening size is 0.6 m2, the average fresh air supply is determined as 0.27 m3/s (0.45 

m/s x 0.6 m2), which is equal to 270 L/s. Hence, the overall performance of the SC in 

supplying fresh air has a significantly higher value than the outdoor fresh air needed for 

four people (32 L/s). 

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is better than that of option 1.  

 

 

Key plan     N 
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5.3.4 Energy Reduction and Cost Efficiency of the Proposed System 

 

In this scenario, according to the discussed results, the integrated SC-EAHX shows better 

performance where operating temperatures reach the acceptable limit in heating and 

cooling months and the fresh air supply is determined to be significantly higher than 

needed.  

The annual energy reduction and cost efficiency of the coupled system in this scenario 

are calculated in this section. The operating modes of the system during the day and at 

night for the heating and cooling months are the same as in scenario 1 and 2, but the 

results differ in terms of the temperatures and the inlet air speed due to the different 

conditions of the existing building scenario and design conditions of the SC.  

5.3.4.1 Energy Reduction in Heating Months; 

 

In the initial building conditions, a fan that consumes 13 W is required (refer to Appendix 

4) in order to provide the minimum outdoor fresh air for four people (32 L/s) occupying 

an apartment. In winter, when the ambient temperature is 9C and the indoor temperature 

is considered 22C (as an average of the acceptable indoor temperatures in winter), heat 

loss due to ventilation occurs in order to supply 32 L/s of fresh air and is calculated 

according to Equation (5.16): Q= 0.33nVT, where n=0.5 and V=232m3. Thus, the 

ventilation heat loss is 497.6 W and the required total energy power is 510.6 W, a total of 

the fan input power and the mechanical heating demand needed to replace the ventilation 

heat loss.  

However, when the coupled system is added, the EAHX operates 24 hours a day and 

supplies the apartments with preheated fresh air (up to 17C). A fan placed at the wall 
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adjacent the shaft, with an input power of 13 W drives 32 L/s of fresh preheated air from 

the EAHX into each apartment. Hence, the current ventilation heat loss is 191.4 W, 

calculated according to Equation (5.16), where n=0.5, V=232 m3, indoor temperature is 

considered 22C (maintained by mechanical systems) and outside temperature is 

considered 17C (equal to the preheated inlet air temperature in January). The total 

energy power needed for ventilation is limited to 204.4 W when the EAHX is operating; 

which decreases the ventilation heat loss by 306.2 W.  

Keeping in mind that the ambient temperature in January is the lowest among the heating 

months, the EAHX performance, outlet temperature and energy saving from ventilation 

heat loss per hour is the lowest among them. As an extreme case scenario, the ventilation 

heat loss saving per hour calculated in January is considered as the average saving per 

hour for all the heating months; so the results represent the minimum energy saving 

throughout those six months. Therefore, the number of hours when the EAHX operates 

are presented per month (refer to Table 5.34) and, consequently, the total energy saving 

from ventilation heat loss is calculated by multiplying the number of hours by 306.2 W 

(the reduction per hour).  

On the other hand, the air in the SC is heated up to 19C at 12:00 pm on the 15th of 

January, in reference to the CFD results of option 2 of this scenario (refer to Figure 5.43). 

 Operating hours Energy reduction by the EAHX 

(KWh) 

January 744 227.8 

February 696 213.1 

March 744 227.8 

April 720  220.5 

November 720 220.5 

December 744 227.8 

Table 5.34. Number of operating hours and energy saving of the EAHX as a single system throughout the 

heating months 
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The heated air in the SC is then transmitted into the inner space of the adjacent 

apartments using a fan with an air volume supply of 454 m3/h and input power Qf=46 W 

(refer to Appendix 5). The SC in this case acts as a heating system and the heating load is 

calculated according to Equation (5.18) (Reddy et al., 2016, p:30): 

Hh= QhCaP(Ts-Tr)          

Hh is the heating load (W), Qh is the volume of air heated (m3/s), Ca is the specific heat air 

(J/kg.K), P is the air density in kg/m3, Ts is the supply air temperature (C) and Tr is the 

room air temperature (C). In this case, Qh= 0.126 m3/s, Ca= 1,005 J/kg.K, P= 1.05 

Kg/m3, Ts= 19C and Tr= 9.5C; the average of initial temperatures of the apartments 

without any heating system when ambient temperature is 9C (refer to Figure 5.37). 

Therefore, the heating load supplied by the SC is 1,263 W and the total load Qt is 1,217 

W (Qt = Hh-Qf) specifically at 12:00 pm.  

However, the operation of the SC per hour depends on the solar intensity received by the 

back wall at that hour which varies throughout the day and the months according to the 

angle of incidence (cos()) (Kalogirou, 2014).  

When the simulated temperature results seem to belong to the comfort range at 12:00 pm 

and the energy reduction is calculated, cos() has a specific value that defines the solar 

intensity absorbed at this time. To estimate the energy reduction at other hours of the day 

when the solar intensity is absorbed in a lower rate, a correlation of the performance per 

hour can be formulated based on the variation of cos() according to hours of sunshine 

(Kalogirou, 2014).  

https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
https://www.sciencedirect.com/science/article/pii/B9780123972705000029#!
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To calculate cos() throughout the hours of the day of each month, the SC design 

configuration (specifically the back wall orientation) is taken into account. Considering 

the vertical wall composition,  is 90 and Equation (5.21) is used for calculating cos(): 

cos()= - sin()cos(φ)cos()+ cos()sin(φ)cos()cos(ω)+ cos()sin()sin(ω)              

The latitude is a fixed value depending on the location and is considered as φ = 33.8 for 

Aley. The declination angle, , is used as calculated in Table 5.2 for an average day (the 

15th) of each month knowing that it does not change throughout the day; it is only defined 

by the day of the year. For the hourly angles, ω, twenty-four values are considered: one 

for each hour of the day (refer to Table 5.3). They are the same for the 12 average days. 

While the surface azimuth angle,  is 0 in this case, knowing that the vertical surface of 

the back wall directly faces the south. Therefore, values of cos() are calculated (refer to 

Table 5.35).  

 

Cos() values in this scenario are similar to the first scenario, where both of them share 

the same specifications of the back wall orientation. However, the intensity of the heating 

  Time 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 6pm 7pm 

ω (°) -105 -90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 105 

January - - 0.46 0.58 0.69 0.77 0.82 0.84 0.82 0.77 0.69 0.58 0.46 - - 

February - 0.19 0.33 0.46 0.57 0.66 0.71 0.73 0.71 0.66 0.57 0.46 0.33 - - 

March - 0.04 0.18 0.31 0.43 0.52 0.57 0.59 0.57 0.52 0.43 0.31 0.18 0.04 - 

April -0.28 -0.14 0.00 0.13 0.25 0.33 0.39 0.41 0.39 0.33 0.25 0.13 0.00 -0.14 - 

May -0.41 -0.27 -0.13 -0.01 0.10 0.18 0.24 0.25 0.24 0.18 0.10 -0.01 -0.13 -0.27 

-

0.41 

June -0.46 -0.33 -0.20 -0.07 0.03 0.11 0.16 0.18 0.16 0.11 0.03 -0.07 -0.20 -0.33 

-

0.46 

July -0.44 -0.30 -0.17 -0.04 0.06 0.15 0.20 0.22 0.20 0.15 0.06 -0.04 -0.17 -0.30 

-

0.44 

August -0.33 -0.19 -0.05 0.08 0.19 0.28 0.33 0.35 0.33 0.28 0.19 0.08 -0.05 -0.19 - 

September -0.17 -0.03 0.12 0.25 0.37 0.46 0.51 0.53 0.51 0.46 0.37 0.25 0.12 -0.03 - 

October - 0.14 0.29 0.42 0.53 0.62 0.67 0.69 0.67 0.62 0.53 0.42 0.29 - - 

November - 0.28 0.41 0.54 0.65 0.73 0.78 0.80 0.78 0.73 0.65 0.54 0.41 - - 

December - 0.33 0.46 0.58 0.69 0.77 0.82 0.84 0.82 0.77 0.69 0.58 - - - 

Table 5.35. The cos() values throughout sunny hours of 15th of every month 
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energy differs due to the simulated temperature of the heated air inside the SC as a result 

of the different building orientation, which limits the solar energy reaching the back wall 

in this scenario. 

The heating energy saving is calculated according to the simulated results of the SC 

temperature at 12:00 pm on the 15th of January, which is when the absorbed solar energy 

is 84% of the total solar intensity and cos() = 0.84 (refer to Table 5.35); as such, a 

correlation between cos() values is created throughout the sunny hours of the day and 

the months. For the heating months from November to April, when cos() is less than 

0.84, the energy reduction per hour is equal to the calculated energy reduction multiplied 

by the ratio of cos() at the identified hour over 0.84. For the heating months, the ratios 

of cos() over 0.84 are recorded in Table 5.36.   

 

Then, energy reduction per hour is calculated (refer to Table 5.37) by multiplying the 

energy reduction of the SC at 12:00 pm (1,217 W) by the value of the ratio of cos() of 

this hour over 0.84 (refer to Table 5.36). 

 

  Time 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3 4 5 6 

January   0.55 0.69 0.82 0.92 0.98 1.00 0.98 0.92 0.82 0.69 0.55   

February 0.23 0.39 0.55 0.68 0.79 0.85 0.87 0.85 0.79 0.68 0.55 0.39   

March 0.05 0.21 0.37 0.51 0.62 0.68 0.70 0.68 0.62 0.51 0.37 0.21 0.05 

April     0.15 0.30 0.39 0.46 0.49 0.46 0.39 0.30 0.15     

November 0.33 0.49 0.64 0.77 0.87 0.93 0.95 0.93 0.87 0.77 0.64 0.49   

December 0.39 0.55 0.69 0.82 0.92 0.98 1.00 0.98 0.92 0.82 0.69 -   

Table 5.36. Ratios of cos() over 0.84 in the heating months 

Time  6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3 4 5 6 

 January   669.4 839.7 997.9 1119.6 1192.7 1217 1192.7 1119.6 997.9 839.7 669.4   

 February 279.9 474.6 669.4 827.6 961.4 1034.5 1058.8 1034.5 961.4 827.6 669.4 474.6   

 March 60.9 255.6 450.3 620.7 754.5 827.6 851.9 827.6 754.5 620.7 450.3 255.6 60.9 

 April     182.6 365.1 474.6 559.8 596.3 559.8 474.6 365.1 182.6     

 November 401.6 596.3 778.9 937.1 1058.8 1131.8 1156.2 1131.8 1058.8 937.1 778.9 596.3   

December 474.6 669.4 839.7 997.9 1119.6 1192.7 1217 1192.7 1119.6 997.9 839.7 -   

Table 5.37. Energy reduction per sunny hours in the heating months 



150 
 

Hence, when calculating the energy reduction per hour, the total reduction on the 15th of 

each of the heating months is presented in Table 5.38.  

In order to calculate the total energy reduction by the SC 

per month during daytime for every apartment, the 

average daily energy reduction of the heating months 

(refer to Table 5.38) is multiplied by the number of 

sunny days in each month (refer to Table 5.8) and 

presented in Table 5.39. 

 

Therefore, the total energy reduction per month in one apartment (refer to Table 5.40) is 

equal to the sum of the energy reductions of the SC when it operates during daytime and 

from the EAHX system which operates 24 hours per month.  

The total energy reduction in the heating months’ records 2,279.5 KWh in a year, 

reducing the initial heating demand throughout the year (9,149 KWh) by 25 %. 

 Energy reduction 

per day (Wh) 

January 10855.6 
February 9273.7 
March 6791.1 
April 3760.5 

November 10563.6 
December 10660.8 

Table 5.38. Total average of daily 

energy reduction of the heating 

months 

 Energy reduction by the SC (KWh) 

January 163.5 

February 158.1 

March 129.2 

April 76 

November 233.2 

December 182 

Table 5.39. Heating load reduction in one apartment per month in day time when the SC is operating 

 Energy reduction by the SC 

(KWh) 

Energy reduction by the EAHX 

(KWh) 

Total  

(KWh) 

January 163.5 227.8 391.3 

February 158.1 213.1 371.2 

March 129.2 227.8 357 

April 76  220.5 296.5 

November 233.2 220.5 453.7 

December 182 227.8 409.8 

Total 942 1,337.5 2,279.5 

Table 5.40. Total energy savings in one apartment for the coupled SC-EAHX system in the heating months. 
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5.3.4.2 Energy Reduction in Cooling Months; 

 

In cooling months, the SC is heated by solar energy creating a stack effect which drives 

the precooled air of the EAHX into the space and leaves into the SC. This operating 

mode eliminates the required fan power for providing indoor ventilation and reduces heat 

gain through ventilation as well.  

In order to calculate the energy saving of the system, the cooling load required to 

dissipate the ventilation heat gain is calculated for the initial building scenario – when the 

coupled system is not operating – and for option 2 of this scenario – when the SC drives 

the precooled air into the space.  

In the initial building conditions, a fan is used to supply the needed amount of fresh air 

from the outside; the fan input power is 13 W providing 32 L/s (68 CFM) of fresh air. 

Knowing that the exterior air temperature is 29C in August and considering that room 

temperature is 24C (an average value of the comfort temperature range for August), the 

ventilation leads to indoor heat gain and more energy is required for cooling. The heat 

gain load caused by ventilation is calculated by referring to Equation (5.22) (Harris, 

2016; Hall, 1994): 

Q=0.33nV (Toutside –Tinside)           

For providing 32 L/s to a 232 m3 apartment, n= 0.5 and the ventilation heat gain is 

calculated as 191.4 W. Thus, the total load resulting from ventilation is 204.4 W, which 

stands for the sum of the fan input power and the cooling load needed to dissipate the 

heat gain. 
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However, when the coupled SC-EAHX is operating during daytime specifically at 12:00 

pm on August 15th, the fresh air is driven from the EAHX due to the buoyancy forces and 

the fan power requirement is cut. The EAHX precools the air to 23C before it reaches 

indoor spaces, which may significantly limit the ventilation heat gain.  

In this scenario, the ventilation heat gain is calculated according to Equation (5.22) and 

results in a negative value of 320 W, presenting heat loss load caused by ventilation; 

throughout the calculation, the room temperature is considered as 24C, the outdoor air 

temperature as 23C, the airflow rate at the inlet (0.6m2) as 0.27 m3/s – simulated in CFD 

results of option 2 in scenario 3 for cooling months (refer to Figure 5.45) – and n= 4.18 

where the apartment volume is 232 m3. So, the coupled system entirely cuts the 

ventilation heat gain load of 204.4 W (calculated for the initial building conditions) and 

additionally cools the indoor space and decreases the total cooling load by 320 W per 

apartment. Therefore, the coupled system reduces the energy needed for ventilation by 

524.4 W.  

However, as mentioned earlier, the SC does not operate equally throughout the sunny 

hours of the day when cos() varies and, consequently, the SC-EAHX does not. The 

recorded energy saving is calculated at 12:00 pm on the 15th of August, when cos() is 

equal to 0.35 (refer to Table 5.35) and 35% of the total irradiance is absorbed by the SC 

back walls. Hence, in the cooling months, in order to estimate energy reduction at each 

hour of the day when the SC-EAHX system is operating, the calculated energy reduction 

(at 12:00 pm which records 524.4 W) is multiplied by the ratio of cos() at a specified 
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hour over 0.35. The ratios of cos() over 0.35 and the energy reduction at each hour are 

calculated and shown in Tables 5.41 and 5.42 respectively. 

 

 

Hence, after calculating the energy intensity per sunny hours, the total reduction of the 

system per day and per month is presented in Table 5.43, knowing that the energy 

reduction per month is equal to the calculated energy reduction per day multiplied by the 

number of sunny days (refer to Table 5.8). 

 Energy reduction per day (Wh) Energy reduction per month (KWh) 

June 1169.4 32.7 

July 1557.47 48.3 

August 3156.9 97.9 

September 5910 165.5 

Table 5.43: Energy reduction per day and per month 

The computed reduction per month represents the energy saving of the coupled system 

during sunny hours when the SC and the EAHX are operating. At night, however, the SC 

is not heated by solar energy anymore; it stops operating and driving fresh air from the 

EAHX due to buoyancy forces. Nonetheless, the EAHX could be activated at night time 

(or when the SC is not operating) using the fan installed adjacent the shaft to drive fresh 

air during winter. This fan consumes 13 W to provide 32 L/s of fresh air; in summer 

  7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 

June     0.09 0.31 0.46 0.51 0.46 0.31 0.09     

July     0.17 0.43 0.57 0.63 0.57 0.43 0.17     

August   0.23 0.54 0.80 0.94 1.00 0.94 0.80 0.54 0.23   

September 0.34 0.71 1.06 1.31 1.46 1.51 1.46 1.31 1.06 0.71 0.34 

Table 5.41. The ratio of cos() over 0.35 throughout the sunny hours of the cooling months 

  7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm 

June     47.20 162.56 241.22 267.44 241.22 162.56 47.20     

July     89.15 225.49 298.91 330.37 298.91 225.49 89.15     

August   120.61 283.18 419.52 492.94 524.40 492.94 419.52 283.18 120.61   

September 178.30 372.32 555.86 686.96 765.62 791.84 765.62 686.96 555.86 372.32 178.30 

Table 5.42. Energy intensity saving (w) per sunny hours in the cooling months 
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months Toutside is precooled to 23C (by the EAHX system), Tinside is considered 24C (an 

average of the temperature comfort range), the number of air change rate for 232m3 is 

0.5. Hence the ventilation heat gain load according to Equation (5.22) records 38.3 W as 

a negative value representing heat loss due to ventilation (slightly cooling). The reduction 

of the ventilation load is a total of 229.7 W, as it reduces the 204.4 W of the initial heat 

gain caused by ventilation, provides cool load intensity of 38.3 W and consumes 13 W 

power for the fan intake. The total operating hours and the energy reduction of this 

system in each month is presented in Table 5.44. 

 Operating hours per month (h) Energy reduction per month (KWh) 

June 524 120.3 

July 527 121.1 

August 465 106.8 

September 412 94.6 

Table 5.44. Total operating hours and energy reduction of the EAHX as a single strategy in each of the 

cooling months 

It is important to mention that the operating hours of the EAHX ventilation per day is 24 

hours excluding the operating hours of the SC on sunny days and 24 hours for the rest 

days of the month. Meanwhile, energy reduction per month is calculated by multiplying 

the energy reduction per hour (229.7 W) by the operating hours. 

The total energy reduction per cooling month is recorded in Table 5.45; as the sum of 

energy reduced by the coupled SC-EAHX and the EAHX systems. 

Table 5.45. Total energy reduction in each cooling month according to the system operation mode 

Therefore, the annual energy reduction for the cooling months (refer to Table 5.45) is 

787.2 KWh per apartment, reducing the total cooling load (2,818 KWh) by 28%. 

 Energy reduction by the SC-EAHX 

(KWh) 

Energy reduction by EAHX 

(KWh) 

Total  

June 32.7 120.3 153 

July 48.3 121.1 169.4 

August 97.9 106.8 204.7 

September 165.5 94.6 260.1 

Total 344.4 442.8 787.2 
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5.3.4.3 Cost Efficiency 

 

In this section, cost efficiency is discussed according to the modified SC-EAHX design 

cost and annual energy saving of this scenario in order to specify the time needed by the 

integrated system to pay back its original cost.  

The total cost of the system is equal to the sum of the SC and EAHX system costs. As the 

EAHX system shares the same design specifications as scenario 1 and 2, the cost of the 

system is considered $3,000, as calculated in the first scenario. However, the 

configuration of the SC slightly differs in the current design from scenario 2, where the 

height of the back wall oriented towards the west is limited to 20 m and 1 m of double 

glazing is added as an extension of the wall. This modification decreases the concrete 

back wall volume by 0.7 m3 and reduces its cost to $3,100. On the other hand, 3.5 m2 of 

double glazing which costs $1,120 is added.  

The system shares the same material and installation costs of the second back wall, side 

and back wall insulation, plaster and paint work and fans needed to supply heated air into 

the apartments as the SC designed in scenario 2; the cost of the modified system in the 

current scenario records $31,896, taking into account the cost reduction of the concrete 

back wall and the added glazing cost. A total of $34,896 is estimated for the cost of the 

SC-EAHX integrated system.  

However, the energy reduction of this system calculated in the previous two sections 

records a total of 3,066.7 KWh from the heating and cooling loads of each apartment per 

year. As the amount of saving dependents on the value of the energy consumed per 

month (Electricity of Lebanon, 2020), energy savings belong to a range of consumption 
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which is higher than 500KWh in all the months of the year (refer to Table 5.46); hence, 

saving is calculated by multiplying the energy reduction (KWh) per month by 200 

L.B.P./KWh (refer to Table 5.17). It should be noted here that the initial energy 

consumption (refer to Table 5.46) is computed from the results of the GBS under the 

Initial Building Conditions section of this scenario. 

Thus, the recorded savings from the energy reduction is 613,340 L.B.P. ($408.9) per 

apartment (refer to Table 5.46) and 6,133,400 L.B.P. ($4,089) for the ten apartments. 

Considering the energy cost (46,000 L.B.P.) of the two blowers’ intake which consume 

230 KWh per year, the saving is limited into 6,087,400 L.B.P. ($4,058) for the ten 

apartments. Therefore, the coupled SC-EAHX system pays back its original cost after 

eight years and seven months and saves $4,058/year afterwards; compared to the average 

life span of a building, that is approximately 120 years (Rybczynski, 2020), the calculated 

payback period shows that the coupled system is cost efficient and successful.  

Moreover, it should be noted that the energy costs are subsidized by the government 

(ESMAP, 2020) and the calculated savings are for the end user only. Hence in the larger 

 Initial energy Consumption per 

apartment (KWh) 

Energy reduction by the SC-

EAHX per apartment (KWh) 

Total saving 

(L.B.P.) 

January 1,638.1 391.3 78,260 

February 1,346.4 371.2 74,240 

March 1,213 357 71,400 

April 922.5 296.5 59,300 

June 620 153 30,600 

July 646.6 169.4 33,880 

August 653.7 204.7 40,940 

September 621 260.1 52,020 

November 1,150.1 453.7 90,740 

December 1,668.7 409.8 81,960 

Total 11,967 3,066.7 613,340 

Table 5.46. Total saving (L.B.P.) throughout heating and cooling months of the integrated SC-EAHX 

system in scenario 3 

http://www.witoldrybczynski.com/architecture/short-life/
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scheme, the proposed system is beneficial to the economy as it reduces the stress of 

subsidies. 

5.3.5 Concluding Statement  

 

In this section, two SC systems (as a single strategy and a coupled system with EAHX) 

were designed, proposed and integrated into the case study building belonging to scenario 

3, where the building is directed towards the western exposure and is shaded by a dense 

surrounding built-up area. 

In the first proposal, a combined wall SC was designed and integrated into the western 

elevation of the building, in which it is connected to the apartments on the opposite sides 

and extended above the building height by one floor. The back wall was designed to be 

facing the southern exposure. The system is modeled and assessed using CFD and results 

show that the two apartments located on the southern side of the building – exposed to 

solar energy – are heated above the lower acceptable limit (18C); however, for the rest 

of the eight (partially and fully shaded apartments) recorded temperature varies between 

13C and 16C throughout the apartments. Thus, the SC significantly improves the 

operating temperature inside the apartments, which was 10C, as an average in the initial 

conditions; yet, due to the building orientation and surrounding built environment, the 

lower temperature limit for thermal comfort (18C) is not achieved in all the apartments. 

In summer, ventilation and fresh air supply are provided in all the apartments with an 

average of 130 L/s which exceeds the minimum requirement. The indoor temperature is 

cooled by an average of 1C to 3C throughout the apartments, but is still considered 
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high; as the recorded temperatures slightly exceed the acceptable upper limit (28C) due 

to the high ambient temperature of the outdoor air which is driven indoors.  

In order to enhance the proposed configuration, option 2 for this scenario suggests 

coupling it with the EAHX system; two 40 m PVC pipes are installed 3 m below the 

ground and connected to the two shafts designed next to the apartments; such a 

composition precools the fresh air derived into the apartments (from the shaft) due to the 

stack effect generated by the SC and acts as a supplementary system in heating the 

apartments during winter. Referring to the equations of basic heat transfer, the outlet air 

temperature of the system (inlet into the apartment) is calculated as 17C in winter and 

23C in summer. The temperature of the apartment’s inlet air is assigned in CFD as 

calculated and coupled with the designed SC.  

The results for winter show that the indoor temperature is higher than that of option 1 by 

2C to 5C and it exceeds the lower limit (18C) in all the apartments. In summer, fresh 

air supply which records an average of 270 L/s and indoor temperatures are significantly 

enhanced; operating temperatures are further cooled by 4.5C to 5.5C more than option 

1 and they reach the acceptable limit (28C) in all the apartments. 

Therefore, the overall performance of the coupled system in heating, cooling and 

supplying fresh air is enhanced and recorded temperatures and velocity magnitudes show 

better results than that of option 1 in this scenario.  

Hence, in section 5.3.4, energy savings of the system are calculated using heat loss or 

gain equations and heating capacity formulas. The annual energy reduction in the heating 

months’ records 2,279.5 KWh per apartment, reducing the initial heating demand 
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throughout the year (9,149 KWh) by 25 %. For cooling months, annual reduction records 

787.2 KWh for one apartment, reducing the total cooling load (2,818 KWh) by 28%. A 

total annual energy reduction of 3,066.7 KWh per apartment (30,667 KWh for ten 

apartments) is recorded and 6,087,400 L.B.P. ($4,058) for the ten apartments is yearly 

saved. Knowing that the coupled SC-EAHX costs about $34,896 (calculated in section 

5.3.4.3), this system pays back its original cost after eight years and seven months and 

saves $4,058/year afterwards. 

Therefore, due to the enhanced performance of the integrated strategy of the SC-EAHX 

system in heating, cooling and ventilation and based on the significant annual energy 

savings and cost efficiency, it is recommended as a successful approach for new or 

existing buildings in Aley, which share the same building conditions of this scenario 

(multi-floor building, facing the western exposure and shaded by surrounding dense 

urban built-up area). 

6 Chapter Six: SUMMARY AND CONCLUSION 

 

Solar chimney is proposed as a passive approach to enhance natural ventilation and space 

conditioning in a building; it has various types and design configurations in terms of 

layout, materials and dimensions. The optimum SC design mainly depends on the 

existing conditions of the building under study. 

In Aley, the city representing the WMM zone in Lebanon where residential buildings 

record high energy consumption rates mainly for heating, cooling and ventilation, the SC 

is considered as an effective passive approach for limiting high thermal demand. Thus, 
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the major aim of the thesis has been to classify the main building scenarios in Aley and 

suggest responsive SC systems with optimum performance for each. 

The Literature review looks at previous research representing various types of the SC; as 

a single roof, wall and inclined system, as a SC-EAHX coupled strategy and as a system 

installed to existing buildings. The optimum configuration and building conditions 

suitable for each are also discussed. Accordingly, it is concluded that existing building 

conditions (in terms of orientation, height and the surrounding built-up area) would 

largely affect solar exposure and, consequently, the suitable SC type, layout and 

configuration.  

Hence, in order to propose and test SC approaches for buildings in Aley, the identified 

conditions were observed, analyzed, documented and categorized into multiple scenarios 

through field studies conducted on a selected study area in Aley; mainly, three scenarios 

are considered for this thesis study.  

The three scenarios share the same building height since the majority of the buildings in 

Aley are categorized as mid-rise. In the first scenario, buildings are oriented towards the 

south with full exposure to the sun; in scenario 2, the buildings are oriented towards the 

south-western exposure and are surrounded by multi-floor buildings which limit the solar 

exposure; in the third scenario, the buildings are oriented towards the western exposure 

and are surrounded by multi-floor buildings as well. A prototype building is designed as a 

case study and used throughout the analysis in the three categorized scenarios.  

In each scenario, the initial building conditions are modeled in Revit, the thermal demand 

is tested using GBS and initial operating temperatures inside the apartments are assessed 
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in CFD. The results of the initial assessment show high energy demand for heating and 

cooling per month for the three scenarios and the need for proposing passive strategies 

that would limit this demand.  

Referring to the Literature review suggestions, two options of SC configurations as a 

single strategy and an integrated SC-EAHX system are proposed for each scenario; they 

are designed in a way that respects each of their conditions and maximizes solar 

irradiation absorption. The two proposed options are modeled in Revit as integrated 

systems in each building scenario and assessed using CFD simulation tool in terms of 

indoor operating temperatures and velocity magnitude of airflow at the inlets.  

In scenario 1, the first option proposes a combined wall SC integrated into the southern 

elevation of the mid-rise building; it is connected to the apartments on the opposite sides 

and extended above the building height by one floor. The back wall is oriented towards 

the south with a full exposure. The CFD results show that it is an effective system during 

winter; indoor operating temperature recorded in all the apartments are raised to the 

acceptable temperature range (18C and 25C) calculated using the adaptive method for 

naturally ventilated buildings. In summer, the fresh air supply delivered by the SC is 

sufficient; however, the recorded indoor temperatures exceed the upper limit of the 

acceptable temperature (28C) due to the high ambient temperature of the outside air 

driven indoors (recorded as 31C on the ground and middle floor apartments and 34C on 

the roof). 

Option 2 proposed an integrated SC-EAHX system by referring to the literature in order 

to enhance the performance of the SC, as a single strategy. Two 40 m PVC pipes are 
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installed 3 m below the ground and connected to the two shafts designed next to the 

apartments; such a composition precools fresh air derived into the apartments from the 

shaft due to stack effect generated by the SC in summer and acts as a supplementary 

system in heating the apartments during winter. Referring to the basic heat transfer 

equations, the outlet air temperature of the system (inlet into the apartment) is calculated 

and considered through the assessment to be 17C in winter and 23C in summer. The 

CFD results of option 2 show that recorded temperatures are enhanced and pushed 

towards the acceptable limit of the temperature range in summer (by 4C to 7C 

throughout different apartments) and in winter (by 3C); the velocity magnitudes are 

improved and are significantly higher than the required minimum supply. Therefore, the 

overall performance of the coupled system shows better results than that of option 1. 

Energy saving of the coupled system is calculated using heat loss and gain equations and 

heating capacity formulas. A total annual energy reduction of 4,516.9 KWh per apartment 

is recorded and 8,987,800 L.B.P. ($5,992) is annually saved for the ten apartments. 

Knowing that the coupled SC-EAHX costs about $36,539 (calculated in section 5.1.4.3), 

this system pays back its original cost after six years and saves $5,992/year afterwards.    

Thus, due to the better performance of the integrated strategy of the SC-EAHX system 

and based on the significant annual energy saving and cost efficiency of this system, it is 

recommended as an efficient successful approach for new or existing buildings in Aley, 

which share the same building conditions of this scenario.  

In scenario 2, a combined wall SC is integrated into the south-western elevation of the 

building, connecting the opposite side apartments on each floor and extending above the 
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building height by one floor. Two back walls are designed: one facing the south-eastern 

exposure and the second facing the south-western exposure in order to maximize solar 

irradiation absorption from morning until the afternoon. The CFD results show that only 

two apartments which are exposed to solar energy are heated beyond the lower 

acceptable limit (18C); however, for the rest of the eight (partially and fully shaded 

apartments), the recorded temperature varies between 13C and 15C. Thus, even though 

the SC significantly improves the operating temperatures, a modified approach should 

enhance the performance and push temperatures into the acceptable range. In summer, 

the fresh air supply is sufficient and the indoor temperature is cooled by an average of 

2C to 3C throughout the apartments; but it exceeds the upper limit (28C) by 1.5C to 

6C. 

Option 2 suggests coupling the SC with the EAHX system. Its configuration is the same 

as option 2 of scenario 1 and the outlet temperature in winter and summer are considered 

the same; as both scenarios share the same location and EAHX configuration. The CFD 

results show that recorded operating temperatures are significantly higher in winter than 

that of option 1 by 3C to 4C and are pushed above 18C in all apartments. In summer, 

fresh air supply and air temperature are significantly enhanced and temperature reaches 

the acceptable limit (28C) in all the apartments. Therefore, the overall performance of 

the coupled system is improved and shows better results than that of option 1.  

Energy saving of the coupled system is calculated. A total annual energy reduction of 

3,857.9 KWh per apartment is recorded and 7,669,800 L.B.P. ($5,113) for the ten 

apartments is yearly saved. Knowing that the coupled SC-EAHX costs about $33,932 
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(calculated in section 5.2.4.3), this system pays back its original cost after six years and 

seven months and saves $5,113 /year afterwards.   

Hence, due to the enhanced performance of the integrated strategy of SC-EAHX and 

based on the significant annual energy saving and cost efficiency of this system, it is 

recommended as an efficient approach for new or existing buildings in Aley, which share 

the same building conditions of this scenario. 

In the third scenario, a combined wall SC is integrated into the western elevation of the 

building, connecting the opposite side apartments of each floor. The back wall is 

designed facing the southern exposure. The CFD results show that the SC significantly 

improves the operating temperatures by 4C to 7C throughout the apartments, but the 

lower temperature limit for thermal comfort (18C) is not achieved in all of them. The 

fresh air supply is sufficient in summer and the recorded indoor temperature is cooled by 

an average of 2C to 3C throughout the apartments, but it slightly exceeds the acceptable 

upper limit (28C). 

Option 2 suggests coupling the designed SC with the EAHX system. Its configuration is 

the same as option 2 of scenario 1. The CFD results in winter show that the recorded 

indoor temperature is higher than that of option 1 by 3C to 5C and is pushed above 

18C in all the apartments. In summer, fresh air supply is sufficient and the air 

temperature is significantly enhanced and further cooled by 4C to 5.5C than in option 

1; it reaches the acceptable limit (28C) in all the apartments. Therefore, the overall 

performance of the coupled system in heating, cooling and supplying fresh air is 

enhanced and shows better results than that of option 1.  
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A total annual energy reduction of 3,066.7 KWh per apartment is calculated for the 

integrated SC-EAHX system and 6,087,400 L.B.P. ($4,058) for the 10 apartments is 

yearly saved. Knowing that the coupled SC-EAHX costs about $34,896 (calculated in 

section 5.3.4.3), this system pays back its original cost after eight years and seven months 

and saves $4,058/year afterwards.    

Due to the successful performance of the integrated strategy, it is recommended for new 

or existing buildings in Aley which share the same building conditions of this scenario. 

Therefore, based on the classified existing building scenarios in Aley, the assessment of 

the proposed SC systems and the findings, the following guidelines are suggested:  

o For existing or new residential buildings in Aley or any other region that share the 

same climatic trends of Aley and the building configuration of scenario 1; as a 

mid-rise building orientated towards the south and surrounded by a low dense 

urban built-up area, a coupled SC-EAHX system is recommended for limiting the 

heating and cooling demands of the building.  

The recommended design configuration of the SC system suggests; to integrate a 

wall SC into the southern elevation connecting the opposite side apartments of 

each floor, to extend the height of the system one floor higher than the building, 

to use high transmissivity double glazing (each glazing layer is 6 mm thick 

separated by a 13 mm air gap) and to orient the back wall (composed of a 20 cm 

concrete layer insulated on the backside with a 10 cm insulation layer) towards 

the south.  
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In addition, the design configuration of the EAHX system proposes; to install two 

40 m PVC pipes (D=0.15 m) 3 m below the ground and connect them to the two 

shafts designed next to the apartments. 

The coupled SC-EAHX configuration integrated into the specified building 

scenario reduces the annual thermal energy demand of the building by 45,169 

KWh and saves yearly 8,987,800 L.B.P. ($5,992). The designed system costs 

about $36,539 and pays back its original cost after six years and saves 

$5,992/year afterwards. 

o For existing or new residential buildings in Aley or any other region that share the 

same climatic trends of Aley and the building configuration of scenario 2 (as a 

mid-rise building orientated towards the south-western exposure and surrounded 

by multi-floor buildings limiting the solar exposure), a coupled SC-EAHX system 

is recommended for limiting the thermal building demands.  

The recommended design configuration of the SC system in this scenario is 

modified and suggests; to integrate a wall SC into the south-western elevation 

connecting the opposite side apartments of each floor, to extend the height of the 

system one floor higher than the building, to use high transmissivity double 

glazing and to design two back walls, in which the first faces the south-eastern 

exposure and the second faces the south-western exposure in order to maximize 

solar irradiation absorption from morning until the afternoon.  

In addition, the design configuration of the EAHX system proposes; to install two 

40 m PVC pipes (D=0.15 m) 3 m below the ground and connect them to the two 

shafts designed next to the apartments. 
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The coupled SC-EAHX configuration integrated into the specified building 

scenario reduces the annual thermal energy demand of the building by 38,579 

KWh and saves yearly 7,669,800 L.B.P. ($5,113). The designed system costs 

about $33,932 and pays back its original cost after six years and seven months 

and saves $5,113 /year afterwards. 

o For existing or new residential buildings in Aley or any other region that share the 

same climatic trends of Aley and the building configuration of scenario 3 (as a 

mid-rise building orientated towards the western exposure and surrounded by 

multi-floor buildings limiting the solar exposure), a coupled SC-EAHX system is 

recommended for limiting the thermal building demands.  

The recommended design configuration of the SC system in this scenario is 

modified and suggests; to integrate a wall SC into the western elevation 

connecting the opposite side apartments of each floor, to extend the height of the 

system one floor higher than the building, to use high transmissivity double 

glazing and to design one back wall oriented towards the southern exposure.  

In addition, the design configuration of the EAHX system proposes; to install two 

40 m PVC pipes (D=0.15 m) 3 m below the ground and connect them to the two 

shafts designed next to the apartments. 

The coupled SC-EAHX configuration integrated into the specified building 

scenario reduces the annual thermal energy demand of the building by 30,667 

KWh and saves yearly 6,087,400 L.B.P. ($4,058). The designed system costs 

about $34,896 and pays back its original cost after eight years and seven months 

and saves $4,058/year afterwards. 
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Following the recommendation of the integrated system in the three scenarios, a brief 

summary of the discussed scenario conditions, the recommended SC-EAHX design 

configuration and the savings are recorded in Table 6.1; representing guidelines for the 

optimum SC-EAHX configuration for buildings belonging to either any of these three 

classified scenarios in Aley or to new buildings which would be built according to these 

specified conditions.  

The highest saving is evidently recorded in scenario 1 (refer to Table 6.1) when a wall SC 

coupled with the EAHX is integrated into the prototype building orientated towards the 

south with full exposure. The average saving is recorded in scenario 2 where the coupled 

SC-EAHX is integrated into a building oriented towards the south-western exposure and 

shaded by a dense urban environment. Meanwhile, the lowest recorded saving is in the 

third scenario which integrates a coupled SC-EAHX into a building oriented to the west 

Initial building conditions Scenario 1 Scenario 2 Scenario 3 

Building’s exposure Southern South-West Western 

Height 5 floors 5 floors 5 floors 

Surrounding built up area Free land Dense Dense 

SC design configuration  

Height 6 floors 6 floors 6 floors 

Glazing Double glazing Double glazing Double glazing 

Back wall Single oriented 

towards the south 

Double walls; one oriented to 

the south-east and the other 

towards the south-west  

Single oriented 

towards the south 

Back wall exposure fully exposed partially shaded partially shaded 

EAHX design 

configuration 

 

 Pipe’s length 40 m 40 m 40 m 

Pipe’s materials  PVC PVC PVC 

Pipe’s diameter 0.15 m 0.15 m 0.15 m 

Buried depth 3 m 3 m  3 m 

Annual energy reduction 45,169 KWh 38,579 KWh 30,667 KWh 

% of annual energy saving  37% 33% 26% 

Saving ($)/year $5,992 $5,113 $4,058 

Cost of the SC-EAHX  $36,539 $33,932 $34,896 

Time to pay back its cost 6 years 6.6 years 8.6 years  

Table 6.1. Guidelines of the coupled SC-EAHX design configuration recommended for the assessed three 

building scenarios existing in Aley and their respective savings 
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and is fully shaded. The SC back wall is oriented towards the south, but it is mostly 

shaded due to the building orientation which impacts its performance and limits saving.  

As assessed, the optimum SC design configuration varies upon the existing conditions of 

each building scenario. Therefore, recommendations for future researches suggest 

proposing and testing SC designs for other scenarios of existing buildings in Aley, 

considering balconies, gable roofs and different apartment areas.  
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7 Chapter Seven: NOMENCLATURE  

 

Ca: Specific heat of air (J/kg.K) 

Cs: Specific heat of soil (J/kg.K) 

D: Diameter of the pipe (m) 

EAHX: Earth-To-Air Heat exchanger  

F: Friction coefficient of pipe 

Hc: Convective heat transfer coefficient (W/m C) 

Kair: Thermal conductivity of air (W/m C) 

Kpipe: Thermal conductivity of pipe (W/m C) 

Ksoil: Thermal Conductivity of soil (W/m C)  

L: Length of the pipe (m) 

m: Air Mass flow rate (kg/s) 

Np: Number of parallel pipes 

P: Air density (kg/m3) 

Pr: Prandtl Number  

Rconvec: Thermal resistivity caused by convection (m2 C /W)  

Rsoil: Thermal resistivity caused by soil annulus (m2 C /W) 

Rpipe: Thermal resistivity caused by the pipe (m2 C /W) 
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Rt: Thermal resistivity (m2 C /W) 

R1: Pipe’s inner radius (m) 

R2: Pipe’s total radius (m) 

R3: Soil annulus radius = pipe total radius (m) 

Re: Reynold number 

SC: Solar chimney 

T(t:z): Temperature (C) of soil (days, depth) 

Tmean: Annual average temperature (C) 

Tamp: Annual temperature variation (amplitude) (C) 

Tamb: Ambient air temperature (C) 

∆T: Total drop in temperature (C) 

Ut: Pipe’s overall thermal conductivity (W/m C) 

µ: Dynamic viscosity of air (kg/m.s) 

Va: Airflow velocity (m/s) 

WMM: Western Mid-Mountain 

 

 

 



172 
 

8 Chapter Eight: APPENDICES 

 

Appendix 1: The plan of the study area retrieved from Aley’s Municipality on 

November 27, 2019. 

 

N
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Appendix 2: Wind roses showing the wind directions and frequencies throughout 

the four seasons. Source: Insight360 
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Appendix 3: Construction rules and regulations in Aley

 

 

Appendix 4: The technical specifications of the fan used for ventilation with an 

airflow rate that ranges between 68 CFM and 80 CFM. Source: www.nidec-

servo.com

 

http://www.nidec-servo.com/
http://www.nidec-servo.com/
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Appendix 5: The technical specifications for a fan with a 454 m3/h air volume 

flow. Source: www.Clipsal.com 

 

 

 

 

 

 

 

 

 

 

http://www.clipsal.com/
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