
 

 SCHOOL OF SCIENCE & ENGINEERING – AL AKHAWAYN UNIVERSITY 

 

 

SCHOOL OF SCIENCE AND ENGINEERING 

 

Capstone Report 

 

 

DESIGN OF WALL ENVELOPE AND LIGHTING FOR 

IMPROVED HOUSE ENERGY EFFICIENCY  

 

Written by 

 

Fatima-Zahra Debbaghi 

 

Supervised by 

 

 

Dr. Asmae Khaldoune 

 

 

Submitted in Spring 2018 



i 

 

DESIGN OF WALL ENVELOPE AND LIGHTING FOR IMPROVED HOUSE ENERGY 

EFFICIENCY  

 

 

      Capstone Report  

Student Statement:        

I, Fatima-Zahra Debbaghi affirm that I have applied ethics to the design process and in the 

selection of the final proposed design, and that, I have held the safety of the public to be paramount 

and have addressed this in the presented design wherever may be applicable. 

 

 

_____________________________________________________ 

Fatima-Zahra Debbaghi 

05/03/2018 

 

 

 

 

Approved by the Supervisor 

 

 

 

_____________________________________________________ 

Dr. Asmae Khaldoune 

 

 

 

 

 



ii 

 

Acknowledgments 

Now that my project has come to a close, I took the time to reflect on this rewarding journey, 

which has taught me not only a lot about engineering and building design, but also about the 

dynamics of a real life project. I feel grateful and indebted to a number of people, beginning with 

Dr. Khaldoune, my supervisor, who was extremely helpful and supportive throughout the course 

of my capstone. She was always supportive and helpful with her knowledge and guidance, which 

was essential as I progressed through my work. I am also grateful to Mr. Ayoub El Baraka, who 

works in the research lab, and who has helped me tremendously with my simulations and usage 

of Design Builder. Finally, I would like to extend my gratitude to my AUI professors, who have 

given me the tools needed to successfully complete my degree and this project.  

No project or endeavor I ever took on would have been possible without the influence and 

support of my parents and family, who have continuously provided with encouragement, love, 

and support throughout the course of my life, even more in the last few years.  

I would also like to acknowledge the tremendous support of all my friends who, despite being 

busy, have never failed to bring a smile to my face when I needed it most. The last four years of 

my life have been quite the journey, one that I will cherish for years to come.  

Thank you. 

 

 

 

 

 

 

 

 

 

  



iii 

 

Table of Contents 

1. Introduction ......................................................................................................................................... 1 

1.1. Background ................................................................................................................................. 1 

1.2. Project Description ..................................................................................................................... 1 

1.3. Methodology ................................................................................................................................ 2 

2. Literature Review ................................................................................................................................ 4 

2.1. Methods of Housing Design ........................................................................................................ 4 

2.1.1. What is a Wall Envelope ........................................................................................................ 4 

2.1.2. State of the Art Building Insulation ...................................................................................... 4 

2.1.3. Passive Heating House Design ............................................................................................... 6 

2.2. Critical Thermal Properties ....................................................................................................... 8 

2.2.1. Thermal Conductivity ............................................................................................................. 8 

2.2.2. Thermal Diffusivity ............................................................................................................... 10 

2.2.3. Thermal Effusivity ................................................................................................................ 11 

2.2.4. Thermal Resistance ............................................................................................................... 12 

2.2.5. Specific Heat Capacity .......................................................................................................... 12 

2.2.6. Density .................................................................................................................................... 13 

2.2.7. U-Value .................................................................................................................................. 13 

2.3. Construction Materials ............................................................................................................. 14 

2.3.1. Concrete ................................................................................................................................. 14 

2.3.2. Clay ......................................................................................................................................... 16 

2.3.3. Stone ....................................................................................................................................... 17 

2.4. Insulation Materials .................................................................................................................. 18 

2.4.1. Cork ........................................................................................................................................ 18 

2.4.2. Rock wool/ Stone wool .......................................................................................................... 19 

2.4.3. Fiberglass ............................................................................................................................... 20 

2.4.4. Wood Shavings ...................................................................................................................... 20 

2.4.5. Cellulose ................................................................................................................................. 21 

2.4.6. Expanded Polystyrene Foam ................................................................................................ 22 

2.4.7. Extruded Polystyrene Foam ................................................................................................. 22 

2.5. Wall Envelope Design ............................................................................................................... 23 

2.5.1. External Wall Insulation ...................................................................................................... 23 

2.5.2. Window Design and Glazing ................................................................................................ 23 

2.5.2.1. Window Glass and Glazing .............................................................................................. 23 

2.6. Basics of Lighting Design ......................................................................................................... 26 

2.6.1. Properties and Procedure ..................................................................................................... 26 



iv 

 

2.6.2. LEED Certification Standards and Lighting Psychology ................................................. 27 

3. STEEPLE Analysis ............................................................................................................................ 29 

3.1. Societal Implications ................................................................................................................. 29 

3.2. Technological Implications....................................................................................................... 29 

3.3. Economic Implications ............................................................................................................. 29 

3.4. Environmental Implications..................................................................................................... 29 

3.5. Political Implications ................................................................................................................ 29 

3.6. Legal Implications ..................................................................................................................... 30 

3.7. Ethical Implications .................................................................................................................. 30 

4. Simulations and Experimental Study .............................................................................................. 31 

4.1. Building Studied ........................................................................................................................ 31 

4.2. Combinations Used ................................................................................................................... 31 

4.3. Procedure ................................................................................................................................... 32 

5. Results and Discussion ...................................................................................................................... 35 

5.1. External Wall Insulation Experiments ................................................................................... 35 

5.2. Window Glazing ........................................................................................................................ 38 

5.3. Lighting Design ......................................................................................................................... 41 

5.3.1. Indoor Lighting Design ......................................................................................................... 41 

5.3.2. Harvesting Daylight .............................................................................................................. 46 

5.4. Total Costs ................................................................................................................................. 47 

5.5. Synthesis..................................................................................................................................... 48 

5.6. Summary of the Ethical and Environmental Implications.................................................... 49 

6. Conclusion and Future Work ........................................................................................................... 51 

7. References ........................................................................................................................................... 53 

8. Appendices ......................................................................................................................................... 57 

 

 

 

 

 

 

 

 

 

 



v 

 

List of Figures  

Figure 2.1.2.1. Classification of Commonly Used Insulation Materials 

Figure 2.1.2.2. Ranking of State of the Art Insulation Materials 

Figure 2.1.3.1. A Cross-Sectional View of Fluidized Trombe Wall System with Part Details. 

Figure 2.2.1.1. Thermal Conductivity of a solid material (a), between two components (b), and 

of a thin film material 

Figure 2.2.1.1. Steady-state Absolute Method 

Figure 2.2.2.2. Laser Flash Apparatus 

Figure 2.2.7.1. Calculations of the U-value 

Figure 2.3.1.1. Application of Lightweight Concrete in Residential Construction 

Figure 2.3.1.2. Application of Heavyweight Concrete in Nuclear Construction 

Figure 2.3.2.1. Structure of Kaolinite Clay      

Figure 2.3.2.2. Structure of Montmorillonite Clay 

Figure 2.3.2.3. Clay Bricks 

Figure 2.3.3.1. Limestone Rock                             

Figure 2.3.3.2. Sandstone Rock 

Figure 2.4.1.1. Cork Insulation Board 

Figure 2.4.2.1. Stone wool Insulation Board 

Figure 2.4.3.1. Fiberglass Roll Insulation 

Figure 2.4.4.1. Wood Shavings 

Figure 2.4.5.1. Cellulose Insulation 

Figure 2.4.6.1. Expanded Polystyrene Rigid Panel 

Figure 2.4.7.1. Extruded Polystyrene Foam 

Figure 4.1.1. Plan of the Basement       

Figure 4.1.2. Plan of the Ground Floor 

Figure 5.1.1. Visualization of the House Design 

Figure 5.1.2. View from the Top of the House 

Figure 5.3.1.1. Simulation Result for the Basement 

Figure 5.3.1.2. Simulation Result for the Ground Floor 



vi 

 

Figure 5.3.2.1. Visualization of the House’s Light View at Midday 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

List of Tables 

Table 1. Table of the Thermal Properties of Air and Argon 

Table 2. Table of the Conductivities and Resistances of the Materials used 

Table 3. Table of the Theoretical and Experimental U-values  

Table 4. Table of the total U-value of Windows with Double Glazing 

Table 5. Table of the Total Wall Heat Losses with Different Glazing and Frames 

Table 6. Table of the total U-value of Windows with Triple Glazing 

Table 7. Table of the Necessary Illuminance and Luminous Flux Across the House 

Table 8. Table of the Illuminance and Uniformity Results for the System Suggested in the 

Basement 

Table 9. Table of the Illuminance and Uniformity Results for the System Suggested in the 

Ground Floor 

Table 10. Table of the Characteristics of the Luminaires Used Across the House 

Table 11. Prices per Square Meter for Construction and Insulation Materials 

Table 12. Total Purchasing Cost for Each Combination 

Table 13. Total Cost for Double Glazing and Window Frames 

Table 14. Total Cost for the Luminaires Used 

Table 15. Thermal Performance and Cost of the Envelope Designs 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

Abstract 

In our quest to achieving sustainability, optimization of energy consumption has become a 

critical issue. The goal of this capstone project is to design a wall envelope and a lighting system 

that would provide efficient and sustainable insulation for the house, which would reduce its 

energy consumption. To do so, this report will introduce the current research and findings 

available in the various methods of sustainable housing design, as well as the possible 

construction and insulation materials to be used. A comparative study based on simulations of 

the wall layers will be instrumental in understanding the thermal behavior of the materials in 

context of the wall and the house in general. Simultaneously, the work will combine the 

efficiency results to the economic study of each material and layer in order to come out with the 

most cost-efficient design of the wall envelope. I found three dimensions on which to select the 

best design: thermal performance, cost, and impact on the environment. Ultimately, the best 

design based on thermal performances is using concrete as a construction material, with a 0.10 m 

layer of extruded polystyrene as insulation, along with double glazed windows using a 12 mm 

layer of argon and UPVC frame. This system provided a wall U-value of 0.244 W/K.m and heat 

losses of 0.630 kW, and a window U-value of 2.68 W/K.m and total heat losses of around 0.44 

kW. The total system cost is around 12104.554 MAD. On the other hand, a system that is nearly 

as efficient in terms of thermal performance, but is slightly more expensive is one composed of 

clay and rock wool insulation, which provided a U-value of 0.259 W/K.m and heat losses of 0.63 

kW, using the same type of windows. This system costs 12312.874 MAD, but is more 

environmentally friendly. Finally, the best envelope cost-wise is one composed of clay and 

extruded polystyrene, at a total cost of 11833.738 MAD. However, the envelope has slightly 

lower thermal properties with a u-value of 0.266 W/K.m, and heat losses of around 0.65 kW. As 

a continuation on the external wall envelope design, this capstone will tackle the issue of indoor 

environmental quality through a design of indoor lighting following specific quality standards. 

The system designed costs around 821 MAD, and is expected to consume 64.8 kWh/month. 
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1. Introduction 

1.1. Background 

Residential buildings are major consumers of energy, taking up nearly 20% of the overall 

electrical energy distributed in Morocco [9]. In most cases, there is a possibility to reduce the 

energy consumption by integrating methods of energy efficiency. Combining that with 

environmental considerations and concerns, the need for energy savings in housing has increased 

tremendously, which has paved the way for building efficiency strategies to develop and be 

applied on a large scale. These sustainable buildings are constructed with considerable regards to 

energy, water, land, and material conservation issues, while maintaining the importance of 

fighting environmental degradation. Nowadays, buildings are capable of being energy efficient 

and environmentally friendly, while being aesthetically pleasing and providing comfort as well. 

Indeed, no compromise on any component of human life is made in such housing structures, as 

they are carefully designed to provide a quality of life that would be comparable to traditional 

constructions, with the additional dimension of energy efficiency and sustainability. [3] 

An important aspect of building construction is the indoor environmental quality, which refers to 

the comfort of the residents or users of the space 

1.2. Project Description 

This capstone project aims at designing an optimal wall envelope to improve the energy 

efficiency of a house. It will include a study of the properties and thermal behavior of wall 

envelopes using different materials, theoretically and experimentally, to find the optimal 

combination of materials for improved energy efficiency. The first section of the project will 

consist of an analysis and literature review to introduce the issue, and study the existing methods 

and materials used in wall envelopes, by studying and analyzing the properties and 

characteristics that need to be considered when designing the envelope. In this section, the 

combinations of construction and insulation materials to be used will be determined to form 

different layers of the wall envelope, to be simulated in the following section. Additionally, a 

discussion of window glazing and coating will be done in order to understand how windows can 

affect the energy efficiency of the house, and how to improve it. Following the analysis section, 

simulations of the performance of the previously determined wall layers, external and internal, 
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will be conducted to try to find the optimal material or combination of materials to guarantee an 

efficient energy usage in the house. This will include simulating the layers on a software, Design 

Builder, which computes the previously determined properties, such as the U value, and thermal 

conductivity. Then, window glazing will be included in the analysis and simulation in order to 

combat the energy losses that are incurred in those sections of the house. The results will then be 

combined with as an economic comparison between the materials to find the most cost efficient 

one, as well as the window glazing and framing. The project is within the scope of a larger one 

of building a sustainable village, which is meant to provide positive impact for the local 

community, by creating aesthetically pleasing energy efficient houses that are easy to construct, 

affordable, as well as environmentally friendly. The main goal of good insulation is to reduce 

heat losses, which will improve the comfort inside the house. Another way of improving what is 

known as the indoor environmental quality is to design indoor lighting following a set of 

standards and specifications. Following the LEED standards, I will design a lighting system in 

the house that improves the indoor environmental quality, while being cost-efficient as well. 

1.3. Methodology 

The project will be divided into three major sections. The first one is research related, as I will be 

looking up the methods and strategies of sustainable home design, and its current developments, 

especially in Morocco. That will include a literature review about methods of passive heating 

home design and state of the art building, as well as an overview of the critical properties to be 

used in the analysis section. Then, I will begin my analysis of possible materials to use in the 

construction and insulation of the walls, by looking at their individual thermal properties, as well 

as their price and availability. Finally, I will introduce the materials into a software, Design 

Builder, through which I will be able to simulate the behavior of the materials in the context of 

the house. The output of the simulations will be values of the heat losses from the external walls, 

as well as the U-value of the house, which will be indicators of the overall thermal performance 

of the building. Following that, I will integrate window glazing into the study, and study the 

changes in the thermal behavior of the houses when including insulation glazing and/or window 

coating, as well as the impact of the different frames possible. Simultaneously, I will be doing an 

economic study to find the optimal combination of construction and insulation material along 

with window glazing and framing. Ultimately, the goal is to end up with a wall envelope that is 

sustainable and cost-efficient, and that increases the energy efficiency of the overall construction. 
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After finishing the design of the wall envelope (wall insulation and windows), I was asked by my 

supervisor to design a lighting system that will have minimal electricity consumption. To do so, I 

will use a simulation software, Dialux evo, on which I will design the house, and simulate the 

performance of various lighting systems, mainly composed of LED luminaires, to find the 

optimal one in terms of electricity consumption and cost. The design will be conducted through 

various steps, starting with building the house and indoor environment in the software, and 

determining the expected standards and output to be respected. The software will provide an 

overview of the required light values in each defined activity zone, which will guide the selection 

and design of the system, by trial and error. Once the luminaires are selected and installed, the 

results can be analyzed with respect to the expected standards. If it satisfies them, an economic 

study of the costs of the luminaires and the expected consumption prices will be done.  
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2. Literature Review 

2.1. Methods of Housing Design 

2.1.1. What is a Wall Envelope 

A wall envelope describes the physical boundary between the exterior and interior of a 

construction, including walls, roofs, windows, doors. Its main purpose is to create a separation 

between the inside of the building and the unconditioned outside environment, namely the 

weather conditions (wind, precipitations, solar radiation…). Among its functions is to support 

the foundation and guarantee strength, to control the flow of air, water, heat, and energy with the 

external environment, as well as be aesthetically pleasing. [1] 

In this project, the focus will be on the external walls, the windows, as well as the internal 

partitions, although they are not part of the wall envelope in order to counter the effects of 

thermal bridging especially in the intersections between the internal and external walls.  

2.1.2. State of the Art Building Insulation 

In State of the art in thermal insulation materials and aims for future developments, 

Papadopoulos discusses the principles of state of the art insulation, and the different materials 

used in such constructions. The author begins by introducing the increasing importance of 

insulation and the growth of research in developing insulating materials, and determined the 

various types of such materials, as seen in Fig.2.1.2.1 below. There are five main groups of 

materials: glass wool, stone wool, expanded polystyrene, extruded polystyrene, and polyurethane 

foam. 

The composition of glass wool consists of quartz sand, dolomite, resovit and limestone. 

Additionally, water-repellent oils and adhesive materials are used to improve the mechanical 

properties of the material, while helping improve its fire resistance [20]. The core materials 

composing stone wool are the same as glass wool, with the main differences being the higher 

melting temperature during the production process of stone wool. Consequently, stone wool is 

heavier and suits high temperature uses better. The composition of Expanded polystyrene is 

around 2% of polymerised polystyrol and 98% of air. In the process of expansion, the propelland 

gas employed is Pentane, and considering the fire conducing properties of polystyrene, 

Hexanbromcyclododecan is used to enhance its fire-resisting abilities. Another polymerize 

polystyrol ased material is extruded polystyrene. The propellant gas used is Carbon dioxide is, as 

well as fire-resistance additives.  Polyurethane foam is “based on poly-isocyanic associations”. 
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Initially, there was a propellant gas used, R11, but due to its banning in the 1980s, Carbone 

dioxide replaced it. As a result, polyurethane foam gained in thermal conductivity.  [20] 

 

Figure 2.1.2.1. Classification of Commonly Used Insulation Materials [20] 

The article then goes on to present the thermal properties of the aforementioned insulation 

materials, which will be mentioned later in this report, and determines the criteria of comparison 

between them to select which one fits the application best. Indeed, the comparative evaluation of 

the state of the art materials involves multiple criteria, namely physical properties, health and 

environmental properties, applicability in the specific structural problem, and cost dependent of 

the previously mentioned properties. The most important aspect of the judgment of the materials 

includes testing how they perform in the specific setting, which is measured using the U-value by 

setting a threshold of the value desired in the structure. The table in Fig.2.1.2.2 below is a 

representation of the results and comparative evaluation of the materials. Based on this table and 

the criteria, we can characterize a material as “state-of-the art” when “one or more of its features 

are significantly better than other materials”[20].  
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Figure 2.1.2.2. Ranking of State of the Art Insulation Materials [20] 

2.1.3. Passive Heating House Design 

In Passive building energy savings: A review of building envelope components, Sadineni, 

Madala, and Boehm provide a detailed review and analysis of how a building envelope can be 

designed with the goal of implementing a passive heating building design to save energy. Indeed, 

the article is a detailed overview of all building envelope components, from walls, to 

fenestration, to roofs, with pertinent methods of design and maintenance. The authors begin by 

introducing various wall building designs aimed at improving the overall energy efficiency of the 

construction. Such designs include passive solar walls, which are walls that capture and spred 

solar energy throughout the building [3]. They were initially created in the 1800s by E.S Morse, 

but experienced a major overhaul in design by Trombe et al. The general design includes a 

concrete wall 12 inches in thickness placed conveniently in the southern façade to capture solar 

radiation. In order to guarantee the greenhouse effect, a glazing covers the wall on the outside. 

Over time, there have been multiple improvements on the classical Trombe wall, one of the 

earliest ones for instance used polystyrene insulation on the south façade to counter cold 

conditions, thus improving the efficiency of the classical Trombe wall by 56% [3]. 

The latest innovation in the Trombe wall system is shown in Fig.2.1.2.1, in which low density 

particles are introduced inside the gap separating the Trombe wall and the glass cover, thus 

making it more fluid. The particles are highly absorptive of solar energy, the latter is then 

transmitted through air using fan circulation. Additionally, the particles are stopped from 

entering the indoor space by installing a filter at the top of the air channel. When compared with 

the classical Trombe wall design, this novel design has a much higher overall efficiency [3]. 
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Figure 2.1.3.1. A Cross-Sectional View of Fluidized Trombe Wall System with Part Details 

[21]. 

Another type of passive building design methods is using lightweight concrete walls. Such walls 

are constructed using a specific type of concrete, with a density of less than 2000 kg/m3, 

generally between 1600-2000 kg/m3 in structural applications and under 1450 kg/m3 for thermal 

insulation purposes. Though lightweight concrete offers a good thermal resistance, it can be 

further improved by combining it with aggregates, generally from natural materials such as 

expanded clay, or diatomite, though they can come from processed by-products, such as 

pulverized fuel ash [3]. However, there have been some recent research concerning low-

conductivity aggregates, such as polystyrene beads. Lightweight concrete walls are especially 

beneficial in regions where wall insulation is uncommon, and the emphasis is on concrete 

construction. Another benefit of such walls is that they do not require highly skilled workers to 

construct them quickly [3]. 

Ventilated or double skin walls are also a method through which passive cooling is enhanced in 

the building. They refer to a type of wall that have an air gap between two layers of masonry, 

with metal ties. Two types of ventilated walls are commonly used, one that used forced 

ventilation in the air gap, and one with natural ventilation, also known as “stack effect”. It is 
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important to consider that for these types of wall, increasing the width of the air gap may 

increase the energy savings, but there is a threshold (.15m) beyond which the savings are in fact 

reduced. Intelligent and efficient construction quality is necessary to reach the typical summer 

energy savings of 40%, otherwise thermal bridge issue arise [3]. 

The final wall design method that the article introduced is walls with latent heat storage, which 

means incorporating phase change materials in the lightweight wall with the purpose of 

enhancing the thermal storage capacity of the wall. Generally, PCM materials are incorporated in 

concrete or gypsum walls [3]. The weight percentage of PCM material in the wall is the main 

factor affecting the thermal heat storage in the wall. Researchers aim to continuously increase the 

microencapsulation of PCM material in the wall material, which has reached almost 30% in 

gypsum, and up to 60% in some composite materials. According to research, a PCM gypsum 

wall reduces the maximum room temperature by about 4°C, while PCM based composite walls 

have been shown to decrease that temperature by almost 4.2°C [3]. 

2.2. Critical Thermal Properties 

2.2.1. Thermal Conductivity 

Thermal conductivity (k) refers to the ability of a material to conduct heat. It is the quantity of 

heat in calories per second that passes through 1 cm thickness of a cross sectional area of 1 cm² 

when the temperature differential between the surfaces perpendicular to the heat flow of the 

specimen is 1° C [8]. Its unit is Watts per meter-Kelvin (W/m-K) in SI, and is a property of mass 

(m), length (d), time (t), and temperature (T). Its formula based on Fourier’s law of heat 

conduction is as follows: 

 

Such that: 

“k: thermal conductivity in Watts per meter-Kelvin (W/m-K) 

Q: the amount of heat transfer in joules (J) 

t: time in seconds (s) 

A: surface area in squared meters (m²) 

d: length of the surface in meters (m) 

ΔT: temperature differential in Kelvins (K)” [8] 
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Figure 2.2.1.1. Thermal Conductivity of a solid material (a), between two components (b), and 

of a thin film material (c) [19] 

Thermal conductivity of a solid-phase material varies over large orders of magnitude, from a 

minimum (measured) value of  ~0.015 W/m · K in the case of aerogels, to upwards of ~2000 

W/m·K in the case of diamons and ~3000 W/m·K for single-layer graphene at room temperature.  

Thermal conductivity can be measured in a number of possible methods, each depending on the 

material’s thermal properties and medium temperature. There are two distinguishable types of 

methods: steady-state and non-steady-state [19]. 

Using the steady-state method, we can determine both thermal conductivity and interfacial 

thermal conductance (between two materials) by measuring the temperature differential ∆T at a 

distance under the steady-state heat flow Q through the sample [19]. There are various steady-

state methods, with the most commonly used ones being the Absolute technique and the 

Comparative technique. We will focus on the Absolute Technique, as it is more used in such 

applications. This technique is reserved for rectangular or cylindrical materials. As shown in 

Figure 2.2.1.2, the sample to be tested is put between a heat sink and a heat source.[19] The latter 

heats the material with at a constant power, and temperature sensors, often thermocouples, 

measure the temperature drop ΔT after the temperature is distributed steadily across the sample. 

The temperature drop is measured across the length of the sample, and using that value, we can 

find the thermal conductivity using Fourier’s law [19]. 

     

Such that: 

“k Thermal Conductivity (W/m-K)  

Q The amount of heat flowing through the sample (J) 

L the distance difference between temperature sensors (m) 
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A the cross-sectional area of the sample (m²) 

p the heating power applied at heat source side (J) 

𝐐𝐥𝐨𝐬𝐬 the radiation, conduction and convection heat losses (J)” [19] 

 

Figure 2.2.1.2. Steady-state Absolute Method [19] 

There are, however, some limitations to this method, as it is difficult to accurately measure the 

heat flow rate, the heat losses, as well as the temperature differential. Considering the heat losses 

can occur in ambient air, this method is generally done in vacuum in order to minimize the losses 

from convection and radiation [19]. 

2.2.2. Thermal Diffusivity 

Thermal diffusivity (α) measures the rate at which the material reacts to a change in temperature. 

It’s a rate of the spread of heat (Q) through the material. In the case of the wall envelope, a low 

thermal diffusivity means that the exchange of heat between the surroundings and the interior of 

the house is low [8]. 

Its formula is as follows: 

 

Such that 

“α is the thermal diffusivity  
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k is the thermal conductivity (W/(m·K)) 

𝑪𝒑 is the specific heat capacity (J/(kg·K)) 

𝝆 is the density (kg/m³)” [22] 

To measure diffusivity, the method most often used in the Flash Method. This method’s main 

principle is heating a parallel-plane sample on the bottom side using an energy pulse and 

measuring the temperature change with respect to time on the top side. Thermal diffusivity 

describes how fast the energy reaches the top side of the sample. Ideal conditions for the 

measurements include: a homogeneous material, homogeneous energy input, and time dependent 

energy pulse [22]. 

The apparatus used to measure diffusivity is the Laser Flash Apparatus, shown in Fig. 2.2.2.1. 

The sample is placed in the furnace to be heated, while the detector measures the change in 

temperature.  

 

Figure 2.2.2.1. Laser Flash Apparatus [22] 

 

2.2.3. Thermal Effusivity 

Thermal effusivity is used to describe the capacity of a material to exchange thermal energy with 

its surroundings. Similarly to thermal diffusivity, it is a parameter related to conductivity, 

specific heat capacity, and density. Low thermal effusivity means that the material has a good 

thermal insulation. Its formula is as follows [8].  
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Such that  

“e is the thermal effusivity  

k is the thermal conductivity (W/(m·K)) 

𝑪𝒑 is the specific heat capacity (J/(kg·K)) 

𝝆 is the density (kg/m³)” [8] 

As far as measurements of effusivity are concerned, they are generally done using sensors 

specifically made for such measurements [8]. 

2.2.4. Thermal Resistance 

Thermal resistance is a property that describes the difference in temperature by which a material 

resists heat flow. It is the reciprocal of the thermal conductivity, and relates it to the area of the 

material. It is measured by the R-value, and the higher it is the better insulator the material is [8]: 

𝑅 =
𝐿

𝑘
 

Such that  

“R is the thermal resistance ((m².K)/W) 

L is the thickness of the material (m) 

k is the thermal conductivity (W/(m·K))” [8] 

2.2.5. Specific Heat Capacity 

Specific heat is the amount of heat needed to raise the temperature of one kilogram of mass by 1 

kelvin. Specific heat capacity is the heat capacity per unit mass of a material. Low specific heat 

capacity is important in thermal insulation. The specific heat capacity of a material is:  

 

In the absence of phase transitions, it becomes: 

 

Such that 

     “C is the heat capacity of a body made of the material in question, 
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    m is the mass of the body, 

    V is the volume of the body , 

    ρ is the density of the material” [8]. 

We distinguish between two different heat capacities depending on which parameter is constant 

(volume or pressure), Cp and Cv, which allows for a more accurate study of the thermal behavior 

of the materials, as we both volume and pressure have distinct impact on it [8].  

2.2.6. Density 

The density of a substance is the concentration of mass in a material, as in “its mass per unit 

volume”. Different materials usually have different densities, as it is dependent on many 

variables such as buoyancy and packaging, as well as temperature and pressure. Though the 

margin of difference is generally minimal in the case of solids, it is more considerable for gases, 

for which a slight increase of pressure increases density by way of decreasing the volume. In 

contrast, an increase in temperature typically deceases the density [7]. Its formula is as follows: 

 

Such that 

“𝝆 is the density (kg/m³) 

m is the mass (kg) 

V is the volume (m²)” [7] 

As seen previously, the density is an important property in terms of describing the thermal 

behavior of a material, as it affects the thermal conductivity, effusivity, and diffusivity. 

Therefore, it is crucial to consider the density of the insulating and construction materials when 

conducting the simulations, and how it will impact the performance of the wall envelope [7]. 

2.2.7. U-Value 

The U value of a building element is the ultimate measure of the effectiveness of the insulating 

performance of the element, and is described using (W/m²K). It measures how much heat is lost 

through a thickness of a specific material over or under standardized values, and can describe the 

performance of a building element that has many different components and materials. The 

standard values are a temperature gradient of 24 °C, 50% humidity with no wind. Considering it 

describes the amount of heat lost, high U-value mean that the thermal performance of the 

building envelope is not good [18]. 
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In order to calculate the U-value of a building, we must include various properties of all 

components (walls, floors, roofs), such as thickness, and thermal conductivity and resistance. 

The general formula of the U-value is the “reciprocal of the sum of all resistances of all the 

materials of the building”. The resistance is, as previously mentioned, the thickness of the 

material divided by its thermal conductivity [24]. 

 

Figure 2.2.7.1. Calculations of the U-value [24] 

The U-value is extremely effective because it allows to study and predict the thermal behavior of 

an entire construction element rather than only individual material properties, and it is more 

descriptive than the previously mentioned properties as it includes all major ways in which heat 

is lost, which are conduction, convection and radiation [18]. 

2.3.Construction Materials 

2.3.1. Concrete 

Concrete is one of the most widely applied materials, as it is a versatile material that can easily 

be modified and engineered to serve different purposes and functions. Concrete is a composite 

material that is made of a binding material, general cement mixed with water, and an aggregate. 

The latter is mostly composed of a mixture of fine and coarse aggregate, while the cement used 

is mostly Portland cement. The latter is a hydraulic cement that acts as a glue due to its 

hardening when in contact with water, and is mostly composed of minerals such as the 

“tricalcium silicate, dicalcium silicate, tricalcium aluminate, and tetracalcium aluminoferrite”. It 

is easy to control the properties of the cement, and thus of the concrete, by modifying the relative 

proportions of those minerals. The aggregate, however, is a “granular material”, such as sand or 
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crushed stone, and makes up about 75% of the density of the concrete, thus, the properties of the 

concrete are highly dependent on the properties of the aggregate. In order to have the best quality 

of concrete, the aggregate must be free of any organic materials or oils, strong, and long-lasting 

[23]. 

   

 

 

 

 

 

 

Figure 2.3.1.1. Application of Lightweight Concrete in Residential Construction [23] 

 

Figure 2.3.1.2.  Application of Heavyweight Concrete in Nuclear Construction [49] 

Depending on the density of the aggregate used, there are two different types of concrete: 

lightweight and heavyweight (dense). Lightweight concrete is a   result mixing a highly porous, 

and thus low in density (generally around 1000 kg / m3 for structural concrete), aggregate and 

cement. Another property that makes the difference is the high absorption of the lightweight 

concrete due to the many air spaces inside the aggregate. Its thermal conductivity is around 0.4 

W/m.K, and specific heat capacity is 1200 J /kg.K. The advantages of lightweight concrete are 

numerous, such as its good thermal insulation, as seen through its low thermal conductivity, fire 

resistance, acoustic insulation, and low cost [23]. As far as heavyweight concrete is concerned, it 

is much heavier in density than the lightweight, as the density ranges from 2100 to 4485 kg/m3. 

The aggregate in this material is less porous, and exhibits less extreme absorbing properties, but 

it provides a much higher ratio of mass to volume, and is much stronger than lightweight. Its 

thermal insulation is around 1.4 W/m.K , and specific heat capacity is 840 J /kg.K Generally, due 
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to the lightness and good insulating properties of lightweight concrete, it is the most commonly 

used in construction as masonry, while the main applications of heavyweight concrete include 

shielding in radiation applications, such as nuclear plants and medical buildings [23]. 

2.3.2. Clay 

As a durable material that is readily available in most areas, clay has become a widespread 

construction material in the form of clay bricks and loam. Clay is an organic earthy material 

composed of many small particles of diameter less than 4 μm (micrometers). Following the 

weathering and erosion of “Feldspar rocks”, which refer to the family of mineral rocks that 

compose the majority of the Earth’s crust [26]. The formation of clay is mostly done by the 

reaction of the rocks with water, thus producing clay minerals such as Kaolinite and Smectite, 

which are the main components of the most widely used clays (kaolin clays and montmorillonite-

smectite clays). The two other main groups of clays are “illite and chlorite”, with chlorites 

sometimes being considered as part of the silicate mineral group of “Phyllisilicate”. [26] 

Clay minerals’ structure is in the form of a sheet of silicate and aluminate groups bonded. The 

silicates, composed of silicone and oxygen, are in a “tetrahedral structure”, while the aluminates, 

composed of aluminum, oxygen, and hydroxyl, are in an “octahedral structure” [26]. The main 

difference between “kaolinite” and “montmorillonite” clay is in bonding, as it is relatively weak 

in the former (by Hydrogen bonding), which makes it shrink when dry and expand when wet, 

while the latter enjoys tight bonds (Van der Waal bonding), thus making its shape constant no 

matter the amount of water it holds. Additionally, kaolinite is larger in size, and has a 1:1 silica-

aluminum ratio, compared to the 2:1 ratio that montmorillonite clay has [26]. 

 

 

 

 

 

 

 

Figure 2.3.2.1. Structure of Kaolinite Clay [26] Figure 2.3.2.2. Structure of Montmorillonite 

Clay [26] 
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Due to the spaces in the structure of clays, they are generally highly absorbent, and have flexible 

shape. Clay minerals have high plasticity as a result of the high concentration of water in them, 

but they become brittle when they dry or when under fire. The thermal conductivity of clay is 

quite good for a construction material, as it ranges between 0.15-1.2 W/m. K depending on the 

type of clay and level of dryness. [25] 

We will focus on the application of clay in construction, especially clay bricks. The process of 

making the clay bricks is quite straightforward and simple, beginning with forming and shaping 

the raw material by mixing it with water, then drying it, before glazing its surface and firing it at 

a temperature of above 950°C. Finally, the bricks are cooled down to reduce extreme brittleness, 

and defective bricks are re-used in the process. All of these steps allow for the formation of 

bricks that are durable, absorbent, and high in compressive strength, and with a texture that fits 

the demands of housing construction [25]. 

 

Figure 2.3.2.3. Clay Bricks [26] 

2.3.3. Stone  

Along with clay, stone is one of the most ancient building materials used by humans, due to its 

availability. Similarly to clay, stone is extracted from the sedimentary rock components of the 

Earth’s crust, and is composed of two or more minerals, rather than one chemically 

homogeneous unit. It is known for being durable and having great strength, which makes it an 

ideal building material in all conditions no matter the harshness (windy, cold, rainy, snowy...) 

[27].  

The types of stones include the igneous, sedimentary, and the metamorphic. The igneous stones, 

such as basalt and granite, are made from molten lava, and are strong and durable primary rocks. 

As far as the sedimentary stone are concerned, they differ from the igneous in the process of their 

formation, which is through the deposition of existing rocks, thus, making them secondary. That 
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deposition is generally done by way of rain and river movement which carries the rocks. Such 

stones include limestone and sandstone. Finally, the metamorphic stones are formed as a result of 

pressure or heat on existing rocks that change their structure. These include schist and marble 

[27].  

   

Figure 2.3.3.1. Limestone Rock [27]  Figure 2.3.3.2. Sandstone Rock [27] 

Limestone is a sedimentary rock that is commonly used as a building material, as it is long 

lasting and strong. It is composed of mineral calcite, and balanced with silica, clay, sand, and 

flint. It is easily molded, and comes in various colors, which add to its aesthetic value, especially 

in residential architecture. However, it is vulnerable to acid rain, as it deteriorates when exposed 

to it regularly, and, thus, requires maintenance on a regular basis. Its thermal conductivity is 

around 1.26 W/m. K [28]. 

Sandstone is also a widely used building material, as it has similar properties to limestone 

considering they are both sedimentary rocks [11]. It is soft and easily molded, and as durable as 

limestone, but is less vulnerable to acid rain and requires less maintenance. It thermal 

conductivity is about 1.7 W/m. K [29]. 

2.4.Insulation Materials 

2.4.1. Cork 

Cork is a material extracted from cork trees, and is often used in insulation. It is found 

abundantly in Morocco, especially in the Maâmora forest, and is recyclable considering it is an 

organic material. It is composed of millions of small air pockets, making up around 50% of its 

density. As a result, cork is an elastic material with high buoyancy and compressibility [31]. 

Cork has a relatively low thermal conductivity of around 0.07 W/ m.K, which makes it a good 

insulator, in addition to being a good acoustic insulator. Additionally, cork generally has very 

good resistance to fire, as is not combustible, which makes its applications in residential 
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insulation with little risks, and is not prone to humidity as it is permeable to water vapor, which 

makes its maintenance nearly unnecessary [30]. 

Cork insulation is usually in the form of boards that are installed as a layer between the two 

construction layers, as shown in the following figure. 

 

Figure 2.4.1.1. Cork Insulation Board [30] 

2.4.2. Rock wool/ Stone wool 

Mineral wools are materials generated from the “spinning or drawing of molten minerals”, and 

are generally used in thermal insulation due to their extensive thermal properties. The one I will 

focus on is rock wool, or stone wool, which is formed from blowing a stream of air in a molten 

mineral rock in a furnace at temperature 1600°C. Usually, the end product comes out in the form 

of many fine fibers of diameter 2 to 6 μm [13].   

 

Figure 2.4.2.1. Stone wool Insulation Board [13] 

Stone wool is an interesting material, as it exhibits the strength found in rocks, yet performs as 

efficiently as the other mineral wools in terms of thermal insulation. Its heat resistance is quite 
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high, as it can resist temperatures as high as 700 to 850°C, and its thermal conductivity is 

between 0.034-0.042 W/m.K. In addition to its thermal properties, stone wool’s strengths lie in 

its fire resistance ability, acoustic insulation, durability, high resistance to water, and ability to be 

reused and reshaped to serve other purposes [13]. 

2.4.3. Fiberglass 

Similarly to stone wool, fiberglass is a mineral wool, also known as glass wool. Generally, glass 

wool is produced in the form of rolls or slabs, as it can be produced as a spray. It is composed of 

plastic strengthened by small fibers of glass, by mixing and heating sand and recycled glass at a 

very high temperature (1450°C). This process results in the creating of air pockets, which gives it 

high thermal properties. These high thermal properties are a low thermal conductivity of around 

0.038 W/m.K, and R-value of 2.63 at 100mm K.m/W. Glass wool slabs can be used in external 

wall insulation, as well as internal wall insulation as they are effective in countering the effects 

of thermal bridging [14]. 

 

Figure 2.4.3.1. Fiberglass Roll Insulation [47] 

It is relatively cheap and easy to install, but can be problematic for the residents, as it causes 

allergies and irritations if one comes in contact with it [14]. 

2.4.4. Wood Shavings 

Wood shavings stem from the waste of woodworking, such as drilling, sanding, or sawing. The 

main usage of this material is in fuel, such as biofuel, but there is still an enormous amount that 

goes to waste. A new application for them as insulation materials has emerged, as it is 

sustainable and cost-efficient. A layer of wood shavings would have many properties that makes 

it a good thermal insulator, such as its thermal conductivity, which is about 0.04 W/m.K, and a 

density of around 60 kg/m³. They are also highly absorbent of water, which reduces risks of 

humidity and fungi formation inside the wall [9]. 
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Figure 2.4.4.1. Wood Shavings [9] 

One of the disadvantages of wood shavings in insulation is that their thermal conductivity 

decreases over time as they settle. Additionally, wood shavings may present a risk to human life 

with their high flammability, which may cause safety concerns to arise. Nonetheless, with the 

necessary safety measures, they can be used effectively as part of the external wall insulation 

with little to no risks [9]. 

2.4.5. Cellulose 

Cellulose is an “organic compound polymer”, and is present in various forms, such as in cotton 

fiber (90% cellulose), or wood (4% cellulose). The main usage of cellulose is producing paper, 

however, it is also applied in textile, in creating biofuels, as well as building and insulation. As 

far as the latter is concerned, cellulose is a great insulator due to its tightness and ability to stop 

air infiltration and, thus, increase the thermal efficiency of the structure [15]. 

 

Figure 2.4.5.1. Cellulose Insulation [15] 

Cellulose insulation is widely used, as the thermal conductivity of the material is around 0.04-

0.045 W/m.K. Additionally, it is a good acoustic insulator, and is resistant to humidity, as it 

absorbs water, as well as resistant to fire. One of the main advantages of such insulation is the 

ease of installation and subsequent maintenance, as well as its comparatively low price [30]. 
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2.4.6. Expanded Polystyrene Foam  

Expanded polystyrene is a prefabricated polymer that is often used in insulation due to its 

thermal properties. The following figure shows an example of the EPS layers used in insulation. 

 

Figure 2.4.6.1. Expanded Polystyrene Rigid Panel [30] 

It is used in the form of a foam, or a rigid panel that sticks to the external layers of the wall. 

Indeed, its thermal conductivity is around 0.032-0.050 W/m.K, and is quite light due to its low 

density, which is between 10 to 35 kg/m³. Though its thermal properties and low cost are 

essential, its disadvantages and risks are considerable. One of the main risks being its high 

flammability and vulnerability to humidity, as it loses its thermal efficiency over time due to its 

tendency to absorb water. Another risk that arises when using EPS the fact that it often releases 

smoke and toxic gases over time, if not protected by molding prior to its installation [30]. 

2.4.7. Extruded Polystyrene Foam 

Extruded Polystyrene is a polymer made from polystyrene resin, which is extruded, melted, and 

molded to produce a foam that is known for its closed-cell structure [30]. The following figure 

shows an example of the XPS layers used in insulation. 
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Figure 2.4.7.1. Extruded Polystyrene Foam [30] 

Similarly to EPS, XPS is used in the form of a foam, or a rigid panel that sticks to the external 

layers of the wall. Its thermal properties are slightly better than those of EPS, as its thermal 

conductivity is around 0.025-0.033 W/m.K, and can handle humidity and fire better than EPS. 

Indeed, XPS is not absorbent of water, so it does not lose its thermal capabilities like EPS, and 

resists fire better [30]. 

2.5. Wall Envelope Design 

2.5.1. External Wall Insulation 

One of the essential components of the external wall envelope is the external walls, and their 

insulation, as they contribute the most to energy losses at around 25-30%. Evidently, the main 

issue with the walls is their insulation and thermal behavior, as it is related to many different 

variables and properties, such as thermal conductivity, resistance and others as previously 

mentioned [32]. 

However, having looked at the thermal properties of the generally employed construction 

materials, they seemed to be lackluster and not sufficient to improve the energy efficiency of the 

house. Therefore, the focus will be on the insulation materials, as that layer will be the one to 

make a substantial difference in the thermal performance of the wall envelope, and, thus, of the 

entire house.  

2.5.2. Window Design and Glazing   

2.5.2.1.Window Glass and Glazing 

As an important component of the external wall envelope, windows are crucial to include in our 

design and analysis. Indeed, designing the wall envelope does not only encompass selecting the 
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optimal construction and insulation materials for the external walls, it also involves the design of 

the windows, selecting the glazing that will improve the energy efficiency of the house. Indeed, 

the thermal insulation properties of windows are dependent on three elements: “glazing, frame, 

and specification and installation” [32]. 

Glazing refers to the glass part of a wall or a window. In our case, we are concerned with glazing 

in the windows, in the sense that we need to select a type of glass and its properties so as to 

minimize energy losses through them, or even offer additional energy production alternatives 

such as the usage of die-sensitized solar cells. The main types of glass used in windows are float 

glass, tempered glass, and laminated glass. Generally, these heat treated glasses are used because 

they offer more alternatives in terms of thermal and mechanical behavior, as well as safety and 

flexibility. Tempered glass is highly performing in terms of mechanical and thermal strength, 

which are over four times higher than those of annealed glass, while maintaining its hardness and 

chemical resistance. Additionally, unlike other non-treated glass, tempered glass does not shatter 

into pieces under high pressures. Instead, its small particles break into patterns, and, therefore, do 

not cause any harm to humans nearby. Considering these characteristics, tempered glass is ideal 

in safety and emergency exits, and windows in areas with strong winds, snow, and generally 

harsh conditions, which is the case in Zaouiat Sidi Abdessalam, where the house is located [33]. 

As far as float glass is concerned, it is the most commonly used type of glass in residential 

buildings. It is known for having a high light transmittance, hardness and durability, as well as 

resistance to abrasion [34]. Laminated glass is a specific kind of the previously mentioned 

architectural glasses, as it is one unit composed of two layers of glass attached together with 

pressure and heat. Similarly to tempered glass, it provides an additional safety dimension, as the 

layer separating the two glass pieces, generally 0.38 mm in thickness,  stops the spread of any 

glass shards in case a piece shatters [33]. 

The traditional window design is a single glazing, as in a single layer of glass, with no coating, 

which provides good light transmittance, but has lackluster thermal properties, which leads to 

additional heat losses. In order to achieve thermal insulation, it is not necessary to completely 

give up single glazing, as using low-emittence coating (e-coating) can increase the insulation of 

the glass without having to add more layers. However, single glazing is not extremely useful in 

harsh weather conditions, which are the norm in the region. Therefore, we need to apply at least 

double glazing as protection from the cold and strong winds and snow [33]. 
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As far as double glazing is concerned, it describes two layers of glass separated by a vacuum or a 

layer of gas, usually air or argon. Such glazing allows for protection against the outside 

temperatures, due to the gas layer’s high density which allows it to stop a lot of heat from 

escaping. Using double glazing improves the insulation of the wall, as it reduces heat losses 

thanks to the gas layer, and in summer, reduces the gains of radiated heat entering the house, thus 

keeping the indoor temperature lower than the outside one. Generally, the optimal thickness for 

the gas layer is between 16 and 20 mm, but 12 mm can be efficient enough in case of limitations 

due to the frame and wall thickness [33].  

In the following table is an overview of the two available gas used in the separating layer in 

double glazed windows. In my experiment, I will use both gases and study their impact on the 

thermal insulation, mostly by looking at U-values and heat losses from the walls, to decide which 

one to use.  

Table 1. Table of the Thermal Properties of Air and Argon [33] 

Gas Density 

(kg/m³) 

Thermal Conductivity 

(W/m.K) 

Specific Heat Capacity 

(J/kg.K) 

Air 1.232 0.0249 1008 

Argon 1.699 0.0168 519 

 

Similarly, triple glazing is also composed of layers of glass with gases in between, only it has 

three layers of glass pane and 2 gas separation layers. Evidently, due to the additional high 

density gas layer, it is normal that the triple glazed window would have a lower U-value, and 

thus provide better thermal insulation than a double glazed one. Additionally, they provide more 

security and noise isolation, and improve the overall energy efficiency of the house. However, 

such windows are heavier and thicker, which makes their implementation sensitive considering 

the impact they could have on the structure of the building, especially the wall foundations. It is 

possible to have double glazed windows perform just as good as triple glazed, so we may not 

need to install triple glazing, though its performance is objectively better. Since our goal is to 

design a wall envelope that is cost-efficient, I will try to determine if double glazing would be 

enough to minimize heat losses and satisfy the energy efficiency we want, which would be 

cheaper than using triple glazing.  
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2.5.2.2.Window Frames 

Not only does the type of glass used in the window impactful on its thermal performance, the 

type of frame chosen is as well. Indeed, there are various types of materials used in window 

framing, mostly wood, plastics, and aluminum. Though each of them offers different properties 

and serves a purpose in certain applications, my main focus is choosing a frame that is strong 

enough to withstand strong winds, frequent and heavy precipitations in winter especially, and 

reduces thermal losses as much as possible.  

The most commonly used materials in frames are wood, aluminum, and PVC. The two latter are 

the most efficient of them, as they not only provide high thermal properties, they are also strong, 

durable, and light, and can easily be molded to the shape desired [37].UPVC (unplasticized 

polyvinyl chloride) is also resistant to corrosion, and has been known to resist pressures as high 

as 6300 Pa and wind speeds of 300 km/h [38]. 

2.6. Basics of Lighting Design 

2.6.1. Properties and Procedure 

One of the goals of this project is to better understand the workings of lighting design, in order to 

reach the finality of designing a sustainable and economical lighting system in an indoor setting 

that is compliant to human comfort standards. When designing an efficient lighting system, 

choosing the right light bulbs is not the only decision to be made, as there are various criteria 

needed to achieve optimum consumption. Indeed, though a certain type of lighting system may 

initially seem efficient, it may not be in the long term, or it may have non-satisfactory features, 

that harm human health. The properties that must be considered are as follow: light efficiency, 

light distribution, luminaire position, the color rendering of the luminaire, and its luminous flux. 

The latter is extremely important, as it determines how much light the luminaire provides, which 

is essential in knowing its capacity, and in selecting the right luminaire to satisfy the required 

amount of light in the house.  

The properties that will guide this analysis are mostly illuminance and uniformity. Illuminance 

refers to quantity of luminous flux per unit surface. It measures the effective incident light 

illuminating the surface, as in how much the incident light illuminates the surface. Its unit is the 

Lux, which is equivalent to Lumens/m². [40]  

It is defined by the formula  



27 

 

 

The uniformity represents the relative illuminance, which is the ratio of the maximum 

illuminance over the average illuminance, which describes the variance of the average 

illuminance from the maximum value. These two properties combined with the light view 

generated by the software will be essential in my system design [40].  

2.6.2. LEED Certification Standards and Lighting Psychology 

Considering I am trying to design a lighting system that would maintain the comfort value of the 

house, and improve the quality of the indoor environment, I had to follow a set of standards by 

which illuminance, glare, and luminaire positioning are regulated. I chose to apply the LEED 

reference of building and construction, which only regulated the positioning, lamp life, and glare, 

combined with European lighting standards for illuminance and uniformity. The LEED 

framework is one that is based on the development, implementation, and maintenance of green 

buildings, by way of optimizing the usage of natural resources, and encouraging methods and 

technologies in building and construction that present little harm to the environment and 

humans’ health. Considering my project is within the scope of a much larger project of building 

a model sustainable house, with hopes of expanding it to the whole village, comfort is an 

important factor in the design process, as we are trying to maintain that such houses offer no less 

in quality of living than regular houses [41].  

It was important for me to recognize the impact of lighting on the comfort of the person as well 

as his or her social behavior and interaction. In the comfort of a person’s home, he or she needs 

to have lighting that allows him or her to feel at ease, relax, and rest physically and emotionally. 

Indeed, the quality of light, in the form of the amount of light, its color, and glare are highly 

influential of the mood in the space, as it is a considered a “cognitive map and psychophysical 

driver of human perception” [42]. Additionally, I found that lighting conditions are directly 

correlated to human hormonal reactions, such as the secretion of melatonin, which is responsible 

for a person’s sleeping patterns and comfort. Indeed, according to Tomassoni, Galetta, and 

Treglia, a person’s biological clock can be disoriented, their stress levels can increase, and their 

comfort in sleep can be disturbed if the lighting is too strong and too close [42]. The conclusion 

they had reached was that humans are extremely sensitive to light, which is why it is important to 
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consider that when designing lighting systems for home usage, as it is where comfort is 

primordial. 

Human perception is highly related to the lighting environment, a person’s mood, feelings, and 

general behaviors are a direct result of the light stimuli he or she receives [42]. Color of light is 

an important component of light stimuli, which includes brightness, hue, and saturation. 

Brightness refers to the illuminance in lux, or the amount of light that a light source gives off. It 

can also described using the luminous flux in lumens. It has been proven that brighter light 

results in more intensified emotions, while low brightness light serves in stabilizing emotions. 

Hue describes the shade of light, while the saturation refers to “the light intensity” [50]. Colors 

are very impactful on the emotional situation of a person, as blue, for instance, is known for 

reducing blood pressure and is used to communicate trust, calmness, and ease. On the other 

hand, other colors such as green can be used to stimulate a person’s growth and motivation, 

while orange is shown to enhance the creativity of a person and their general feeling of joy. As 

far as saturation is concerned, it is mostly used to control the effect of the color on the emotion, 

as more saturated hues can intensify emotions, while less saturated colors can mute emotions, 

and reduce the intensity of a person’s behavior and reactions [50]. 

As a result, the psychological and social dimension of lighting is one to consider in the design 

process in order to guarantee a high quality living environment in the house. I will use properties 

such as the light intensity, hues, and glare of the luminaires to design a system that would 

theoretically provide a space of calm, peace, and trust, which is expected of a household. I will 

focus on soft colored luminaires, with low temperature and glare in order to reduce discomfort to 

the human eye. I will also try to place them in a way that allows for less concentrated light on 

specific areas, and rather a more distributed light that creates a sense of openness to the spaces 

and reduce the feeling of tightness in the rooms.  
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3. STEEPLE Analysis 

3.1. Societal Implications 

The societal implications of the project include introducing the villagers of the positive impact of 

environmental friendly buildings that use the riches of the region, thus providing cheap 

alternatives for energy for the locals. Additionally, such buildings serve to revive the region, and 

bring exciting endeavours that will ultimately help the local economy as more outsiders will be 

interested in visiting the area. The social factors that impact the project include the level of 

education of the locals, who may not completely understand the technical implications of the 

project, and the importance of energy efficient house design in the larger scope of sustainability.  

3.2.Technological Implications 

The technological factors include the possible advancements in measurement equipment, as well 

as the most recent technologies in passive heating design and insulation methods. The 

availability of such technologies affects the progress of the project, as it makes some tasks easier 

and faster to do. The usage of software such as Dialux and Design Builder is essential in the 

project, as it makes simulating real life behavior of static objects possible, which allows the 

analysis and design to be accurate. 

3.3. Economic Implications 

During this project, it is important to keep in mind the locals’ ability to afford to buy or construct 

such sustainable houses. It is important to consider economic factors when selecting the 

materials, and integrating them into the construction in order to make sure that the final product 

can be consumed by the locals. The goal of the project is to minimize the energy consumption of 

the house, and thus, its energy bill, but at a price as cheap as possible.  

3.4. Environmental Implications 

The environmental factors are the most crucial, since the project is based on designing a wall 

envelope that would reduce energy consumption of the house, thus reducing waste of non-

renewable energies. The goal of the project is to integrate sustainability into housing design and 

construction, and to encourage the usage of natural and organic materials. As a result, damage to 

the environment will be minimized, and appreciation of the functions of natural materials will be 

greater. 

3.5. Political Implications 
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The political external factors mostly include agreements with the local authorities for 

construction. Indeed, construction cannot be done unless permits from the local governing body 

are given. Additionally, continuous progress communications with them is important, 

considering they are investing in this project. Additionally, it is important to be aware of the 

existing laws and regulations controlling residential constructions, in order to respect the 

standards of materials and strength of structure before beginning our work. 

3.6. Legal Implications 

The legal factors that impact the project are various. They include the laws that regulate housing 

construction, such as standards of structure and material selection in order to have robust 

constructions. Additionally, there may be legal restrictions on some materials, such as quantity 

purchase limitations. We may not find all the materials we need in Morocco, so importing them 

may be an option, which entails a number of legal implications, mostly tax and quantity related. 

3.7. Ethical Implications 

Ethical factors are mostly linked with honest communication with the supervisor as well as the 

locals who are directly affected by the house construction. Looking at it from another 

perspective, it is important that I am aware of the ethical implications of my research, which 

include research that gives credit to the owners of the information, mostly through referencing, 

and using legal sources available through library databases, for instance.  
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4. Simulations and Experimental Study 

4.1. Building Studied 

The building that my study revolves around is a residential home in Zaouiat Sidi Abdessalam, 

whose construction is not complete. The ground floor is not built yet, and will be the focus of 

this experiment. 

The plans of the house are shown in the following figures 

   

Figure 4.1.1. Plan of the Basement      Figure 4.1.2. Plan of the Ground Floor 

4.2. Combinations Used 

After doing research on the possible materials to use as both the building block and the insulation 

in the external walls, I decided on three building materials and seven insulation materials. The 

selection was based on the thermal properties of each material, and its availability in the 
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Moroccan market, as importing materials from abroad would bring about more issues and 

challenges, as well as expenses. The construction materials are: concrete, clay, and limestone, as 

they are defined in the literature review. As for the insulation materials, I chose to use: extruded 

polystyrene (XPS, expanded polystyrene (ESP) , fiberglass, rock wool, cellulose, wood shavings, 

and cork. In each wall, there will be a 0.02 layer of gypsum plaster as the last internal layer.  

As a result, the experiment will be divided into three sub-experiments using the three 

construction materials, in which I will change the insulation material and run the simulations. 

Therefore, there will be 21 combinations tested.   

Since I will be using thermal data about the mentioned materials, the following table displays the 

thermal conductivity and resistances of the materials to be used. 

Table 2. Table of the Conductivities and Resistances of the Materials used [30] 

 Thermal Conductivity (W / 

m . K) 

Thermal Resistance 

((m².K)/W) 

Concrete- Lightweight 0.4 0.100 

Clay- Dry Bricks 0.82 0.049 

Limestone 1.7 0.024 

XPS 0.025 4.000 

EPS 0.033 3.636 

Rock wool 0.034 3.529 

Fiberglass 0.045 2.667 

Cellulose 0.038 3.158 

Wood Shavings 0.04 3.000 

Cork 0.07 1.714 

Gypsum Plaster 0.18 0.111 

 

Based on the information from this table, I will be able to calculate the U-value of the walls for 

each combination of materials. 

4.3. Procedure 

The experimental study is structured as a comparative study, in which I design and build the 

house in Design Builder following the plans I was given by my supervisor. Then, I will do an 
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initial simulation with no insulation in the walls and windows, which will be a reference to 

which I will be able to compare the performance of the subsequent envelope designs.  

Then, I will begin by creating the combinations of construction and insulation materials, which 

as stated previously, include three construction materials and seven insulation ones. The 

procedure is to change the building material, and test the thermal performance for each insulation 

material. However, one obstacle that I faced early on was determining the thickness of the layers. 

Since I had decided to use only three layers to avoid additional expenses and losing surface area 

with unnecessary extra wall thickness, I had to choose thicknesses for the insulation layer. I read 

and studied various papers that discussed the optimal thicknesses for each insulation material, 

but none were compatible with the wall thickness we had, which was only about 0.2m. 

Therefore, I decided to conduct my simulation for various thicknesses, starting from 0.06m, with 

increments of 0.02 all the way up to 0.14m, in order to have a thickness of at least 0.03m for the 

internal and external layers. I first tried it with increments of 0.01m, but found the changes to be 

minimal and hardly observable, so I used increments of 0.02m in order to have comparable 

values. Finally, with the results of the U-values and heat losses for each combination of 

construction and insulation material at various thicknesses, I was able to find the optimal 

thickness for each combination. Considering there are no official U-value regulations or 

standards in Morocco, I had to use standards from other countries, so I searched for ones that 

took into consideration harsh winter conditions similar to Ifrane. For this reason, I chose to use 

the standards given by the European Insulation Manufacturers Association in Cardiff, Wales, as 

it was the closest to Ifrane in terms of winter conditions. The standard is that the wall U-value 

had to be between 0.24-0.30 W/m²K [35]. With these standards in mind, I tried to determine the 

best combination of materials with the optimal thickness, so as to have U-values close to 0.24 

W/m²K.  

After determining the best insulation material and its thickness for each construction material, I 

integrated glazing in the external windows, and repeated the simulations on the four chosen 

designs, in order to observe the impact of applying double and triple glazing on the thermal 

performances of the walls and the building overall. I also made changes in the framing of the 

window, from UPVC to aluminum, though it will appear to have negligible effect, so the main 

difference will come from the price and ability to withstand low temperatures and difficult 

winters of the region. 
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Finally, after determining the composition of each of the external wall envelope designs, I will 

compile the prices of each component, from the materials to the window glass and frame, in 

order to eventually calculate the overall cost of each design.  

The experimental procedure for the lighting design will be a design of the house and its existing 

lighting system on Dialux, and continuous testing of various luminaires based on the lighting and 

comfort requirements provided by the software. Finally, the software will generate power 

consumption and lighting data, which will allow me to determine whether or not the system 

satisfies the lighting standards and consumes less electrical energy than the average lighting 

system.  
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5. Results and Discussion 

5.1. External Wall Insulation Experiments 

The first part of doing the simulations of the thermal behavior of the house is to design and build 

it. The following figures represent the construction as a whole, including windows, doors, and 

openings. It is important that the design in the software is nearly identical to the actual house 

plan, as every single detail in the structure will have an impact on the wall envelope, as well as 

other components, such as the flooring and roofing.  

 

Figure 5.1.1. Visualization of the House Design 

 

Figure 5.1.2. View from the Top of the House 
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In the images, we can see the intricacies of the house, such as the opening made to have an open 

space for light. This is certainly going to affect the thermal behavior of the walls and house in 

general, as it will have additional walls of impact with the external environment, though they are 

considered internal partitions in the software.  

After building the house, I ran the simulation for walls with no insulation, and reference flooring, 

roofing, and internal partitions. The results that I got are as follows: 

U-value= 2.547 W/m²K 

Wall Heat Losses= 2.69 kW 

Now that I have my reference wall, I had to create the combinations of materials mentioned 

previously, with two layers of construction and a layer of insulation in between. For each 

construction material, I installed a layer of insulation, varied its thickness, and tried to find the 

best suited material and thicknesses based on which ones provide the lowest heat losses and U-

values that are within the previously mentioned standards. The general conclusion that I wound 

up with is that for all insulation materials, thicknesses below 0.1m lead to a sharp increase in 

heat losses and decrease in U-value, which corresponds to a decrease in thermal conductivity. 

Therefore, I found that all the thicknesses that I chose to work with are equal to or greater than 

0.1m. I will summarize the results that I got, with detailed tables and graphs of my results in the 

appendices, below.  

Concrete: Based on the simulations, the best insulation in terms of heat losses is Extruded 

Polystyrene (XPS), which can be as low as 0.58 kW when the insulation is 0.14 m thick. 

However, since the U-value at this thickness is 0.193 W/m²K, it is not compliant to the standard, 

so we need lower thickness of the insulation layer. The optimal one appears to be 0.10 m, as it 

has a good U-value of 0.244 W/m²K, and heat losses of only 0.630 kW, lower than any other 

insulation material at that thickness. A relatively low thickness is good because it not only allows 

for a stronger wall structure since the construction material will be thicker, it is also cheaper, as 

insulation costs more than concrete. Evidently, it seems that combining a 0.10 m layer of XPS 

with concrete is efficient for the house   

Clay: Based on the simulations, the best insulation with clay in terms of heat losses is Extruded 

Polystyrene (XPS) again, which can be as low as 0.6 kW when the insulation is 0.14 m thick. 

However, the same issue of the U-value not being compliant to the standards arises, as it is equal 

to 0.231 W/m²K. The optimal one appears to be 0.12 m, with a U-value of 0.266 W/m²K, and 
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heat losses of only 0.650 kW. In contrast with concrete, there are actually other insulation 

material at 0.12m that provide the same or a lower heat loss, such as rock wool and fiberglass. 

Indeed, a rock wool layer of 0.12m has heat losses equal to 0.640 kW, which is lower than that 

of XPS, while fiberglass’ heat losses are equal to 0.650 kW. Therefore, I decided to keep XPS, 

rock wool, and fiberglass, all at a thickness of 0.12m, as possible options for insulation with clay 

bricks. 

Limestone: Finally, the best insulation with limestone in terms of heat losses is rock wool, with 

losses of about 0.600 kW at a thickness of 0.14m, followed by XPS at 0.61 kW of losses. 

However, at 0.14 m of thickness, neither of them is compliant with the U-value standards, as 

they are all under 0.24 W/m²K. Similarly to mortar, a 0.12m layer of rock wool provides the 

optimal heat losses and U-value, the latter being around 0.261 W/m²K while the former only 

increases to 0.64 kW. XPS is also effective in this case, as its heat losses increases to 0.650 kW 

when its thickness decreases to 0.12m, but the U-value is compliant to the standards at a value of 

0.268 W/m²K. Both insulations will be studied later on in comparison to the previously selected 

combinations. 

After creating the combinations of materials in the software, and taking note of the measured U-

values, I had to calculate the U-values for the walls, in order to compare them with the 

experimental results from the software. Using the following formula and the data from Table 2 

𝑈 =  
1

𝑅𝑠𝑒 + ∑ 𝑅𝑖 + 𝑅𝑠𝑖
𝑖=𝑛
𝑖=1

 

Such that Ri represents the resistance of each wall layer, while Rse and Rsi represent the external 

surface resistance and the internal surface resistance respectively. The two values are for normal 

construction materials, according to EN ISO 6946, are given in all directions, horizontal (walls), 

vertical upwards (roof), and vertical downwards (floor), as shown in Appendix B. For our case, 

we will use the values for horizontal direction.  

Rse = 0.04 m²K / W, and Rsi = 0.13 m²K / W. [43] 

This calculation will allow me to determine if the simulations from the software are conform to 

the theoretical method of calculating U-values. The following table summarizes the results of the 

theoretical calculations and compares them with the experimental results from Design Builder. 
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Table 3. Table of the Theoretical and Experimental U-values  

 Concrete Clay Bricks Limestone 

U-values Experimental Theoretical Experimental Theoretical Experimental Theoretical 

XPS 0.244 0.229 0.266 0.238 0.268 0.239 

EPS 0.307 0.257 0.310 0.260 0.313 0.262 

Rockwool 0.347 0.342 0.259 0.267 0.261 0.269 

Cellulose 0.307 0.292 0.325 0.312 0.327 0.319 

Fiberglass 0.277 0.264 0.274 0.297 0.276 0.299 

Wood 

Sawdust 
0.368 0.307 0.388 0.348 0.392 0.351 

Cork 0.305 0.283 0.310 0.283 0.313 0.290 

Based on the calculations, it is evident that the U-value results of the simulations are almost 

equal to the theoretical calculations, which means that the simulations are an accurate description 

of the thermal behavior of the walls, and house as a whole.  

After my initial simulations, I chose a number of material combinations that will be used later on 

when including window glazing and shading, and the ensuing economic study of the costs of the 

possible systems. The selected combinations are as follows: 

 Concrete with a 0.10 m layer of XPS 

 Clay with a 0.12 m layer of XPS 

 Clay with a 0.12 m layer of rock wool 

 Clay with a 0.12 m layer of fiberglass 

 Limestone with a 0.12 m layer of XPS 

 Limestone with a 0.12 m layer of rock wool 

Though it is expected that the construction materials make a difference in the thermal behavior 

of the wall, I found that the differences were not very significant. The differences in 

performance, especially in terms of heat losses, of the same layer of insulation did not differ 

greatly from one construction material to the other.  

5.2. Window Glazing  

Now that I have a shortlist of the best combinations of materials in terms of thermal 

performance, I can integrate window glazing and various frames in order to observe their impact 

on the performances. As mentioned previously, window glazing is an important component of 
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construction, as glazing affects heat losses depending on what type is used. The usual type is 

single glazing, which offers little to no benefits in thermal insulation, so I will use it as a 

reference. Then, I will insert double glazing with either air or argon as the separating gas, as I 

have found that they are the most efficient in such applications. Considering the harsh weather 

conditions during winter, double glazing is extremely useful and seems to be sufficient to 

withstand such conditions. However, I will try to test the efficiency of triple glazing to observe 

its performance, as it is better suited to cold climates than double glazing.  

Based on the simulation results, I generated the U-value of both the window after glazing, and 

that of the frame, changing it from wood to UPVC. The following formula will be used to 

calculate the overall U-value of the window. 

𝑈𝑤 =  
𝐴𝑔 ∗ 𝑈𝑔 + 𝐴𝑓 ∗ 𝑈𝑓 + 𝐼𝑔 ∗ 𝜓𝑔

𝐴𝑔 + 𝐴𝑓
 

Such that: 

𝐴𝑔: Surface area of the glass (m²) 

𝑈𝑔: U-value of the glazing 

𝐴𝑓: Surface area of the frame (m²) 

𝑈𝑓: U-value of the frame 

𝐼𝑔: Length of the inside glass (m) 

𝜓𝑔: “linear U-value of the insulated glazing edge seal” 

In our case the window is 1.2 m wide and 1m high, while the frame is 0.04 m wide and high. 

Therefore, the area of the glass is: 

𝐴𝑔 = (1.2 − 0.08) ∗ (1 − 0.08) = 1.0304 𝑚² 

The area of the frame is:  𝐴𝑓 = (1.2 ∗ 1.0) − 1.0304 = 0.1696 𝑚² 

When installing double glazing, I had to use two different gases in the separating layer, air and 

argon. Using the U-values of both the glazing and the frames following the formula, I found the 

total U-value of the window, as presented in the following table: 

 

 

 

 

 



40 

 

Table 4. Table of the total U-value of Windows with Double Glazing 

 Air Layer (12 mm) Argon Layer (12 mm) 

Aluminum Frame 2.992 2.817 

UPVC Frame 2.856 2.68 

Wood Frame 2.839 2.709 

 

I integrated the double glazing and frames in the shortlist of combinations of materials, and 

observed the total heat losses of the walls. For all the materials, I found that they decreased to 

almost the same range of values, so the effect of double glazing on the thermal insulation of the 

wall can be said to be nearly independent of the structure and composition of the wall. The table 

below displays the results  

Table 5. Table of the Total Wall Heat Losses with Different Glazing and Frames 

 Air Layer  Argon Layer 

 Wood Aluminum UPVC Wood Aluminum UPVC 

Concrete-XPS 0.44 0.43 0.43 0.44 0.43 0.43 

Clay- XPS 0.44 0.46 0.44 0.44 0.44 0.44 

Clay- Rockwool 0.43 0.44 0.43 0.43 0.43 0.43 

Clay- Fiberglass 0.46 0.46 0.44 0.46 0.46 0.46 

Stone- XPS 0.45 0.46 0.44 0.44 0.45 0.45 

Stone- Rockwool 0.44 0.45 0.44 0.45 0.44 0.44 

 

As shown by the table, using different glazing and framing affects heat losses very little 

proportionally to the materials used in the wall construction. Indeed, the effect of double glazing 

with a layer of air and an aluminum frame stays within the range of 0.43-0.46 kW.  

The layer of gas has little impact on the heat losses, as they remain the same, in most cases, when 

using the same frame material but a different gas layer. The heat losses are nearly equal in a 

specific wall for all types of glazing and framing, as we can see that the heat losses in concrete 

with a layer of XPS is equal to 0.43 kW when using double glazing no matter if we use air or 

argon, and a UPVC or aluminum or wooden frame. There are some minor differences, such as in 

the stone with XPS insulation, in which the heat losses are higher when using double glazing 

with air and an aluminum frame than when using a UPVC frame by about 0.02 kW. Evidently, 
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this is a negligible difference in the grand scheme of the wall, so the observation that the impact 

glazing and framing is not dependent on the material remains.  

Since heat losses are too close in value to be significant factors in the selection of glazing and 

framing, I will use the U-values and costs of each component to decide which one to use in our 

project, considering they will provide more distinct observations and conclusion. Looking at U-

value data, it seems that using double glazing with argon in the separating layer, with UPVC 

framing, provides the lowest U-value.  

When using triple glazing, the main conclusion that I reached is that the U-value changes, but the 

heat losses are not minimized any more than when using double glazing.  

Table 6. Table of the total U-value of Windows with Triple Glazing 

 Air Layer (3mm, 13 mm) Argon Layer (3mm, 13 mm) 

Aluminum Frame 1.707 2.071 

UPVC Frame 1.531 1.895 

Wood Frame 1.553 1.917 

Based on the simulation results, triple glazing does not offer more benefits to our project than 

double glazing, while being more expensive, as will be shown later. Though it provides more 

protection in low temperatures and harsh weather conditions, triple glazing is not necessary in 

our situation, as double glazing is enough to reduce the reduce the heat losses 

5.3.Lighting Design 

5.3.1. Indoor Lighting Design 

After finishing the design of the wall envelope, I was asked to design a lighting system for the 

house, with the goal of minimizing the electrical consumption of lighting. To do so, I first 

designed the house on Dialux evo 4, before proceeding to install the luminaires and test them. As 

mentioned previously, the process will mostly be trial and error, as there is no currently existing 

system, through which I will determine the luminaires best satisfy the lighting standards that 

must be respected. The standards will the European lighting standards for residential use, and are 

explained in Appendix .The image below represents the light view showing the situation of 

lighting with no luminaires at all, with the main source of light being the open yard and the 

windows. The colors on the wall describe the amount of light incident on it, with the lighter blue 

and green being between 30 and 120 lux, while the darker purple and black mean that the 

illuminance is below 1 lux. The software also provides the requirements of light in each 
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assessment zone (rooms), which will guide the selection of the luminaires and their positioning. 

The latter is also related to the luminaire’s polar curve, which shows the direction of propagation 

of light. Through the trial and error stage, I will try to satisfy the lighting standards by using 

luminaires that are available in Morocco, and that have low consumption.  

Based on the light view generated by the software, I was able to know the necessary illuminance 

as well as the luminous flux required in each room, which helped me select the luminaires. The 

following table summarizes these results for both the basement and ground floor. 

Table 7. Table of the Necessary Illuminance and Luminous Flux Across the House 

 Room Illuminance 

Required (lux) 

Luminous Flux 

Required (lm) 

 

Basement 

Kitchen 650 7200 

Bedroom 500 6500 

Yard 75 3200 

Hallway  250 4200 

Living Room 500 6200 

Ground Floor Hallway 1 250 4200 

Hallway 2 250 4200 

Living Room 500 6500 

Bedroom 500 6500 

 

Using the software’s function to generate and place luminaires according to the required 

luminance and flux, I was able to determine a good lighting system that satisfied the lighting 

standards of indoor environmental quality, while keeping the energy consumption low. 

The following figures show the results of the simulations, which include the illuminance and 

uniformity in each activity space, which are the rooms in this case.  
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Figure 5.3.1.1. Simulation Result for the Basement 

In the basement, the lighting was satisfied using 7 TCS649 1xTL5-73W HFP A_835 luminaires, 

which are fluorescent, in the living room, kitchen, and bedroom, 5 RC660B W60L60 

1xLED35S/840 MO-PC in the hallway, and 3 WL484W 1xLED40S/830 in the yard. 

The following table displays how the system satisfied lighting standards in each room. 

Table 8. Table of the Illuminance and Uniformity Results for the System Suggested in the 

Basement 

Visual Task Areas Eavg (lux) Emin/Eavg 

 Desired Suggested 

System 

Desired Suggested System 

Kitchen >650 693 >0.6 0.71 

Bedroom >500 538 >0.4 0.58 

Yard >75 189 >0.4 0.58 

Hallway  >250 389 >0.4 0.59 

Living Room >500 625 >0.6 0.23 
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Figure 5.3.1.2. Simulation Result for the Ground Floor 

In the ground floor, the lighting was satisfied using 7 TMS028 1xTL-D36W 

HFP_451luminaires, which are fluorescent, in the living room and hallways, and 1 BY120P G3 

1xLED105S/840 WB in the bedroom.  

The following table displays how the system satisfied lighting standards in each room. 

Table 9. Table of the Illuminance and Uniformity Results for the System Suggested in the 

Ground Floor 

Visual Task Areas Eavg (lux) Emin/Eavg 

 Desired Suggested 

System  

Desired Suggested 

System 

Living Room >500 514 >0.6 0.82 

Bedroom >500 741 >0.4 0.43 

Hallway 1 >250 275 >0.4 0.56 

Hallway 2 >250 352 >0.4 0.71 

The following table summarizes the luminaires selected, as well as their characteristics. All the 

luminaires used are Philips products available in Morocco. 
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Table 10. Table of the Characteristics of the Luminaires Used Across the House  

Types of 

Luminaires 

Number of 

Devices 

Luminous 

Flux (lm) 

Power of 

Each Device 

(W) 

CCT (K) 

TCS649 1xTL5-

73W HFP A_835 

7 6550 81 3000 

RC660B W60L60 

1xLED35S/840 

MO-PC 

5 3500 30.5 3000 

WL484W 

1xLED40S/830 

3 4000 24.5 3000 

TMS028 1xTL-

D36W HFP_451 

7 3100 36 3000 

BY120P G3 

1xLED105S/840 

WB 

1 6400 85 3000 

The software assumes that all luminaires are working for 8 hours a day, so the generated energy 

consumption is a very high estimate. Based on the results of the simulation, the estimated yearly 

energy consumption would amount to almost 4450 kWh/year, which is on average 371 

kWh/month. Following the prices set by ONE for electrical consumption, the unit price would be 

equal to 1.31 MAD/kWh [39]. Therefore, the amount to be paid for the lighting electricity bill 

would be around:  

Price of Lighting Electricity Bill= 485.8 MAD/month. 

However, this seems slightly exaggerated, which is normal considering that the software assumes 

a daily luminaire usage of 8 hours. Therefore, I will have to estimate consumption myself at a 

more realistic assumption. I assume that the luminaires in the living room are lit for about 5 

hours a day, while the ones in the hallways would be used for about 4 hours, from sunset to 

around midnight, assumed to be the latest time to turn off al lights. For the bedrooms, I assume 

that the luminaires are on for about 2 hours a day. Based on these assumptions, the overall daily 

consumption would be estimated to : 

Energy Consumed= 2.16 kWh/day= 64.8kWh/month. 
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Therefore, the cost of electricity would be reduced to 0.9010 MAD/kWh [39]. 

Price of Lighting Electricity Bill= 58.38 MAD/month 

In the following section, I will do an economic study of the installation and purchasing cost of 

the wall envelope systems selected previously, as well as window glazing and frames, and the 

cost of the lighting system selected.  

5.3.2. Harvesting Daylight  

After completing the design of the indoor lighting, I found that it could be possible to harvest 

daylight considering the house has a yard that is not roofed. Indeed, there are many applications 

possible for this yard, namely daylighting, which is a strategy that harvests the light from the 

sun. We can use passive heating design methods to make use of daylight in order to reduce 

dependence on artificial light, mostly by avoiding using them before the sun comes down.  

Based on the light view generated by Dialux at midday, the amount of light received by the walls 

in the yard (cour) ranges between 100 to 250 lux, with the ground receiving the most amount of 

light, and only the upper corner of the walls in the basement and the center of the walls in the 

first floor receiving the most light. Therefore, this is light that can be used through redirection 

and reflection of the light using glass for it to be incident on the windows and reach the rooms. 

[44] 

 

Figure 5.3.2.1. Visualization of the House’s Light View at Midday 

To make use of this light, we must install a glass ceiling above the area at the height that receives 

the most amount of light, which form the software is the level of the ground of the first floor. 

Therefore, we can install a ‘roof’ made of reflective glass so that it reflects and reaches the 

windows looking on the indoor. Using an inclined glass roof could also be a possibility to 
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distribute the lighting flux more efficiently and evenly across the surfaces on one hand, or be 

solely used to diffuse it mostly to the windows to the rooms [45]. 

5.4. Total Costs 

Now that the simulation and experimental part of the project is concluded, and the most efficient 

designs of the wall envelope, as well as the lighting design, are chosen, I will conduct an 

economic comparison of the costs of each design. The results of this study will be crucial in 

deciding the design to recommend and, ultimately, apply.  

The following table breaks down the purchasing cost per square meter for each construction and 

insulation material, and calculates the total price for each material. The total wall area to be 

constructed is 𝐴𝑤 =  20.832 𝑚². 

Table 11. Prices per Square Meter for Construction and Insulation Materials. [46] 

Material Cost Per Square Meter 

(MAD/m²) 

Total Cost (m²) 

Concrete 432 8999.424 

Clay 419 8728.608 

Limestone 420 8749.44 

XPS 65 1354.08 

Rock Wool 88 1833.216 

Fiberglass 75 1562.4 

 

The total cost for each building and insulation combination is as follows: 

Table 12. Total Purchasing Cost for Each Combination 

 XPS Rockwool Fiberglass 

Concrete 10353.504 - - 

Clay 10082.688 10561.824 10291.008 

Limestone 10103.52 10582.656 - 

Based on the purchasing cost, it seems that the best combination of materials is using clay in 

construction with a layer of XPS.  

Next, I will study the approximate cost of installation and purchase for the window glazing and 

frames. The window area is 𝐴𝑤𝑖 = 1.0304 𝑚², while the frame area is 𝐴𝑓𝑟 = 0.1696 𝑚². 

 



48 

 

Table 13. Total Cost for Double Glazing and Window Frames. [47] 

 Cost Per Square Meter 

(MAD/m²) 

Total Cost (m²) 

Double Glazing 320 1318.91 

Wood Frame 395 267.97 

Aluminum Frame 750 508.8 

UPVC Frame 637 432.14 

Although the cost analysis shows that using a wood frame is the cheapest option, it offers very 

little thermal insulation and protection, therefore, the next best option is using UPVC, as it is a 

better insulator than aluminum, and is much cheaper. As a result, the suggestion is to use double 

glazing with a UPVC frame in the windows, which would cost around 1751.05 MAD, including 

all windows installed. 

As far as lighting is concerned, I will use the individual prices provided by Philips, the producing 

company, in order to calculate the approximate cost of the total lighting system. [40] 

Table 14. Total Cost for the Luminaires Used [40] 

Types of Luminaires Number of 

Devices 

Total Price (MAD) 

TCS649 1xTL5-73W 

HFP A_835 

7 217 

 

RC660B W60L60 

1xLED35S/840 MO-

PC 

5 130 

 

WL484W 

1xLED40S/830 

3 60 

 

TMS028 1xTL-D36W 

HFP_451 

7 315 

 

BY120P G3 

1xLED105S/840 WB 

1 99 

 

 

In total, the lighting system suggested would cost around 821 MAD.  

5.5.  Synthesis 
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Based on the previous experimental procedure’s results, and the economic study, I will be able to 

select the most cost-efficient design for the wall envelope. Using the following, table I 

synthesized the results of my simulations and calculations. 

Table 15. Thermal Performance and Cost of the Envelope Designs  

 U-Value (W/K.m) Heat Losses (kW) Total Cost (MAD) 

Concrete-XPS 0.244 0.630 10353.504 

Clay- XPS 0.266 0.650 10082.688 

Clay- Rockwool 0.259 0.640 10561.824 

Clay- Fiberglass 0.274 0.650 10291.008 

Stone- XPS 0.268 0.650 10103.52 

Stone- Rockwool 0.261 0.640 10582.656 

Based on the table, the best combination in terms of thermal performance is Concrete and XPS, 

but is not the cheapest option. The latter is Clay combined with XPS, with a price of 10082.688 

MAD. However, it is important to consider the most environmentally friendly combination, 

which clay and rock wool, although it is the second most expensive with a price of 10561.824 

MAD, although the difference is not very high. Therefore, I think the selection of the wall 

envelope should depend on the priority of the project. Considering the difference is quite low, 

and that the project budget is quite high, we can spend the additional money on the most “green” 

wall envelope design, which is clay and rock wool insulation, as the environmental impact of 

clay and rock wool is much less dangerous than XPS, considering both are organic materials that 

are available in the region.  

Adding to that the double glazing in the windows and the UPVC frame (1751.05 MAD), the total 

cost of implementing the wall envelope amounts to:  

Total Cost of Clay-XPS Envelope= 11833.738 MAD 

Total Cost of Clay-Rock wool Envelope= 12312.874 MAD 

Total Cost of Concrete-XPS Envelope= 12104.554 MAD 

Total Cost of Lighting= 821 MAD 

5.6. Summary of the Ethical and Environmental Implications 

Ethics are an important aspect of this project, especially since it is a real life project that has 

external funding. As a result, there are many dimensions to ethical work in this capstone. On one 

hand, there were ethical concerns in my work and research. Indeed, the work itself required a 
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considerable amount of research that I had to conduct in an honest manner, through using legal 

sources of information, and properly referencing information and ideas. 

On the other hand, there was the communication between us, the people working on the project, 

and the home owners. Transparency in sharing information about the progress of the project was 

crucial in maintaining a good relationship with all the parties involved. With the home owners, 

we had to be aware of and acknowledge their needs and concerns about the project, and try as 

best as we could to meet them without losing the essence of our work, which is creating a 

sustainable model house for people to see and grasp the impact of such applications on their 

energy consumption, and on the environment. 

As far as the environmental concerns go, they have been taken into account throughout the entire 

project, as the main goal is to reduce energy consumption to avoid using depleting resources. 

This has been mostly clear in the material selection step, and the selection of the wall envelope. 

The choice of the latter has been contingent on the risks that the materials chosen posed to 

humans and their comfort, as part of our focus on improving the indoor environmental quality, 

which continued in the lighting design as well. Although I could not avoid using polymers in the 

window frame, as wood was much less effective, I tried to be conscious of the environmental 

impact of luminaires in my design of the lighting system. Indeed, in addition to being a criteria in 

the LEED certification standards, choosing luminaires with long lamp life was important in my 

selection. With the exception of two types of luminaries, which were used in a limited fashion, I 

mostly selected LED luminaires due to their long life (nearly 25 times that of incandescent 

luminaires), and their low power consumption.  
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6. Conclusion and Future Work 

This project has enabled a complete and thorough analysis of a wall envelope design, in which I 

analyzed the thermal properties of many construction and insulation materials in order to select 

the ones that could be best suited for our house envelope. That led into choosing three 

construction materials, lightweight concrete, clay bricks, and limestone, as well as seven 

insulation materials, extruded polystyrene, expanded polystyrene, rock wool, fiberglass, cork, 

wood shavings, and cellulose. After setting the wall layers and combinations of materials, a set 

of theoretical calculations of the materials’ thermal resistance and wall U-value, simulations 

were conducted, which generated U-values. The latter were compared to the theoretical values, 

in order to ensure the quality and validity of the results, which were found to be nearly identical, 

with at most an error of 10%. Such minimal errors are to be expected in calculations and 

rounding. Finally, based on thermal performance alone, the best performing materials were 

extruded polystyrene, rock wool, and fiberglass. Then, glazing and window frames were 

analyzed in their impact on the wall’s thermal behavior. The conclusion reached is that using 

double glazing and UPVC frames reduce the heat losses by almost 31%.  

Eventually, the economic study’s results of the materials and glazing costs was crucial in 

determining the best option for the house. Indeed, following a combination of the cost analysis 

and thermal behavior, the option suggested wound up being concrete with a 0.10 layer of XPS, 

double glazing with a 13 mm layer of argon and UPVC framing. The total heat losses of this 

system are only about 0.43 kW, and costs 12104.554 MAD. However, we can have a wall 

envelope that is nearly as efficient, but is more environmentally friendly, using natural organic 

materials. That envelope is composed of a layer of clay bricks, and rock wool insulation at a 

thickness of 0.12 m, and uses the same windows and frames. The envelope has a total heat loss 

of about 0.44 kW, and costs 12312.874 MAD, which is slightly higher than the previously 

mentioned system. Keeping in mind the environmental aspect, which is essential in our project, 

choosing the second envelope seems to be a better option than using traditionally used man-made 

insulation, which impedes the creation of a high quality indoor environment. If we looked at the 

cost only, the choice of wall envelope would be a combination of clay and XPS, at a total cost of 

11833.738 MAD, which has slightly lower thermal properties with a u-value of 0.266 W/K.m, 

and heat losses of around 0.65 kW. But, similarly to the best envelope in terms of performance, 

the usage of XPS can prove to be risky for humans, and for their comfort over the course of time. 
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Therefore, the cheapest option is clay with XPS, the best in terms of performance is concrete 

with XPS, while the most environmentally friendly one is clay with rock wool.  

As a way of improving the indoor environmental quality of the house, lighting design was 

conducted, starting from understanding the properties of light, to the specifications of luminaires 

to be utilized. Eventually, I was able to design a lighting system that is cost efficient and 

sustainable, using various optimization methods and modern technologies. Using Dialux-evo, I 

was able to reproduce the indoor space in which the lighting system is to be installed, and later 

conduct my design and testing of different alternatives using the values of illuminance, 

uniformity and other critical properties generated by the software. I have mostly used LED 

luminaires, which are more efficient, and cost much less in the long run, since they consume less 

energy than fluorescent bulbs. Evidently, the results show that a well-studied and proper design 

of lighting systems can not only provide the right amount of light to respect ergonomic 

standards, but it also considerably decreases energy consumption while making lighting 

sustainable and environmentally sound. 

Due to time constraints, I was not able to design two different lighting systems and compare their 

performance, but that can be done in the future as a way of continuously optimizing the results of 

the work. Further, there is a potential of improving this project, which would include a more 

holistic approach to improving the environmental quality of the house. Indeed, if we apply these 

considerations following the LEED standards on the roof and flooring design, it would be 

possible to have a house that is LEED certified, and thus, compliant to sustainability and comfort 

standards, while being economically sound. Additionally, in light of our aim to improve the 

quality of the indoor environment, maximizing the usage of daylight is one approach that I 

briefly mentioned in the report. Due to the limited time I had, I could not delve deeper into the 

analysis and design of a possible glass roof and shading, but more work on this could be done in 

the future in order to develop the project in the direction of a well-rounded energy efficient 

house, with integrated environmental and quality considerations. Additionally, windows can be 

used to produce energy by coating them to create small solar arrays that absorb solar energy, to 

be used to heat the house or converted to electrical energy. 
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8. Appendices 

Appendix A 

Visualization of the House on Design Builder 
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Appendix B 

Values of Surface Thermal resistances According to EN ISO 6946 
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Appendix C 

Graphs Generated by Design Builder 

Heat Balance Graph for Concrete with a layer of XPS 

 

Heat Balance Graph for Clay with a layer of XPS 

 

 

Heat Balance Graph for Clay with a layer of Rockwool 

 

Heat Balance Graph for Clay with a layer of Fiberglass 
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Heat Balance Graph for Limestone with a layer of XPS 

 

Heat Balance Graph for Limestone with a layer of Rockwool 
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Appendix D 

Color code for luminanc in luxe in Dialux 

 


