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Abstract: 
 

 

The scope of this capstone project is to renovate the roof of a house in Zaouiat Sidi-

Abdessalam using the most appropriate and low-cost material in order to lower the energy 

consumption during winter and avoid heat gain during summer. There would be four phases 

that will consist on comparing different eco-friendly methods and techniques of re-roofing to 

choose the best alternative for the house. First, a renovation of the house would be done to 

change the shape of the roof that is flat and proper for a mild climate to a roof that is more 

appropriate for cold weather and snow. Hence, the first part of the analysis would consist of 

choosing the best design for the roof. The second phase is regarding studying the materials 

and their properties to make the roof an insulating system that helps achieve a decrease in the 

energy consumption and avoid heat exchange. The next phase will be about the analysis of the 

actual consumption compared to the estimated-reduced one in every alternative using Design 

Builder as software. The third part is a cost analysis of the different alternatives in order to 

pick the most affordable since people of that region cannot afford big construction costs. The 

results showed that building with straw clay as insulation is the most eco-friendly, for it 

reduces the energy losses by almost 22% and it’s cheaper than building a normal roof. 
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1. Introduction: 
 

1.1. General context: 
 

In the cold areas, especially in the region of Ifrane, the main issue people face with their 

houses is heating.  Heating can be very expensive; hence, people with limited budget tend to 

design their homes to have small rooms because they are easier to reach comfortable 

temperature. Besides, people have a tendency to omit the insulation part when building their 

houses either for financial reasons or solely because insulation isn’t very significantly present 

or used in Morocco. Generally, the weather is mild and thermal insulation is not necessary in 

most Moroccan cities. Also, because of snowfall, roof are designed as pitched in order for the 

precipitations to slide off.  

 

1.2. Project Objectives: 
 

Overall, the project is a renovation of a ruined house to be energy efficient in the region of 

Ifrane. People owning the house are financially limited, they cannot afford renovations to 

build a proper roof and fix the house problems let alone insulating the house or paying for 

additional heating expenses. Habitation is one of the basic human rights for this family and 

others in the region. Consequently, this project has emerged in order to help this people have 

a proper shelter. The project is regarding one house and is divided into two parts: the 

makeover of the house’s design, plan, and rebuilding, and the part this capstone is about the 

building of an energy efficient roof. The main objectives of this part of the project are:  

o Thermal efficiency and effectiveness of the roof to lower energy consumption 

o Minimum cost  because of the limited budget 

o Optimized design  

o The use of environmental friendly materials 
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1.3. STEEPLE Analysis 
 

STEEPLE analysis is a strategic analysis used to deal with seven external factors in a project. 

These factors are: Socio-demographic, technological, economic, environmental, political, 

legal, and ethical factors.  For this specific project the STEEPLE analysis is as follow:  

 

Figure1: Steeple Analysis 

Socio-Cultural: Habitation right and heating comfort 
for the owners of the house. The end result can be 
implemented by other households in order to save 
costs.

Technological: the use of simulation software 
DesignBuilder to estimate the energy losses.

Environmental: reducing the consumption of the wood 
or electricity when reducing the energy losses, and 
also CO2 emission

Economic: lower the enery consumption, therfore, 
heating expenses. This would help the family save 
money and afford other necessities.

Political: having an ambient home would procure 
well being and that is also the case for jobs created 
by this project. Which is less political problems 
related to jobs and comfort of the citizens

Legal: renovating a roof is legal as long as permits 
and construction permission are given by 
authorities.

Ethical: Safety measures and general regulations are 
to be taken into consideration in the roof building 
process.
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2. Methodology: 
 

The process followed to achieve the objective: 
 

 

The systematic approach to this project is in phases. The first phase consists of finding the 

most convenient design for the roof based on the design of the house and also the most 

convenient construction method in terms of cost and durability. Then, the second step consists 

of a literature review of the most convenient insulation materials along with the most effective 

insulation methods. Afterwards, using the software design builder, a simulation of the energy 

exchange after modifications will be done in different scenarios and will compare the results 

of each case to a normal and standard scenario with a typical roof. The fourth and last step is, 

a cost analysis for every alternative along with a payback period calculation for each in order 

to pick the most affordable one. However, it is more suitable to do a method by method 

analysis then compare the price and effectiveness of each one to choose the most appropriate 

conduct. 
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3. Theoretical Properties: 
 

3.1. Modes of heat transfer: 
 

- Conduction: 

This mode of energy transfer consists of heat energy passing through a material, solid, liquid, 

or gas. However, in order to have conduction, physical contact between materials and 

temperature difference is necessary. The transfer of energy is through the interaction of 

molecules by vibration, translation, and rotation. We use thermal conductivity as a measure to 

quantify conduction.  

 Thermal conductivity (k, λ): it is the property that a material has to 

conduct heat. Low values, mean the reduction of the total 

coefficient of heat transmission. Good insulation material should 

have the lowest thermal conductivity in order to reduce the amount 

of material used. its expressed as: 

�⃗�=-k �⃗⃗�T 

 R-Value: defines the ability of heat to transfer through materials. It 

is a measure of thermal resistance. The higher the value, the better 

thermal properties of the material (Prevents heat transfer). This 

value depends on different criteria such as the resistance to heat 

conduction, thickness, heat losses due to convection, and radiation. 

It is the inverse U thermal transmittance which is the thermal 

conductivity over the thickness 

U = 
1

𝑅 
 = 

𝑘

𝐿
(Where L is the thickness) 
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- Convection: 

This phenomenon occurs only in fluids. It is the transfer of heat by mixing a fluid with 

another.  However, this transfer is only limited to cases of laminar flow or flow through thin 

films. Convection can occur naturally as a result of change density due to temperature or 

induced by mechanical means for specific purposes. 

- Radiation: 

It represents the transfer of energy through electro-magnetic waves. If it is passing through 

vacuum, the energy doesn’t transform or deviate. The energy that strikes another body might 

be reflected, transmitted (diathermanous), or absorbed. Only the energy absorbed is 

quantitatively transformed into heat.  

3.2. Mechanical Properties: 

Mechanical properties of material define its behavior under certain conditions and applied 

forces. Knowing these properties provides the basics of predicting the behavior of these 

materials under load conditions. We can differentiate between many types of mechanical 

properties such as stiffness, brittleness, hardness, elasticity… however; we are more interested 

in this project of the strength (tensile and compressive) properties of the material in order to 

know if they can be used as construction materials for safety purposes. 

3.3. Density: 

 Density also called the volumetric mass density is the mass per volume of a substance and its 

symbol is ρ where: 

. ρ = 
𝑚

𝑉
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4. Roof Building types and designs: 

4.1. Classification: 

Roof is the most important part of any construction, either domestic or else. It serves the 

fundamental purpose of a house which provides protection and safety. This safety includes 

protection against the different weather like the Rain, Snow, heat, or cold. We can classify 

between mainly three roof types that are classified by their functional requirements such as 

 Pitched (Gable) or sloping (Shed)roof  

 Flat Roof or terrace Roof 

 Shell Roofs, curved, and artistic oof 

 

Figure 1: Types of roofs 
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Figure 2: Shell roof example (Sydney Opera House) 

 

4.2. Roof building Types 
 

- Timber roof truss 

- Collar beam roof 

- King post roof truss 

- Queen post roof truss 

4.3. Ifrane and snowy Regions of Morocco: 

A pitched roof is a roof that instead of having one surface, it has two surfaces meeting at an 

angle. The two surfaces of the roof should make an angle of more than 10° with the 

horizontal. In the Ifrane region, the angles (in red) are usually around 45° because it is optimal 

and defined as the norm. If it is more, a lot of material would be used, so it would be more 

expensive, and there would be unexploited space and a big gap between the room and the 

ceiling. Otherwise, if it is a lot smaller, the incline would be inconvenient for its purpose 

because snow won’t slide along the roof easily.  Therefore, an angle in the surroundings of 

45° is perfect.  
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Figure 1: A Pitched Roof 

 

1st step: the carpenter makes wood stick of length (depending on area of the house), width of 

15cms and a thickness of 2cms that are secured with screws and plates of wood that are 

placed vertically to the ground to make the sticks keep the triangle/angled shape. 

- These wood sticks are positioned such that there is no gap between them.  

- Each two wood sticks meeting at the top are cut at a chosen angle α in order to make a 

roof with an upper angle of:   β = (180 – 2α). 

 

2nd step: grid mesh is made by placing 10 millimeters of diameter cylindrical wires 

horizontally and 8 millimeters of diameter vertically right after and with each wire the corners 

(each overlap of the horizontal and vertical wire) are secured with a tiny wire. This mesh is to 

be placed above of the wood layer  

 

3rd step: as soon as the making of the grid and the wood layer that is used as a support for the 

actual roof is finished, a tick mixture of cement, sand and gravel between 6 and 12 

millimeters of diameter is layered to cover the wire mesh with a thickness of 15cm and left to 

dry between 15 and 20 days (depending on the weather and quality of the cement). It should 
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be noted that this step is most preferably done in good weather conditions, because the 

reinforced concrete needs to dry completely before moving to the other steps.   

 

4th step: a finishing touch is made using only cement to smooth and even out the surface of the 

roof. It takes 2 to 3 days to dry. 

 

5th step: a roll of bitumen that has thin gravel in it is layered on top of the reinforced concrete. 

The more gravel in the bitumen the better because bitumen melts easily with sun exposure and 

tiny gravel in the bitumen avoids the material to reach its melting temperature. Hence, the 

more the gravel the costlier is the roll. When it is put in place, it is melted in the sides using a 

torch to secure it in place. 

 

6th step: another layer of wood sticks is laid over the roll. Each stick is near each other layered 

vertically with a thickness and width of 4x4 centimeters and a length depending on the 

dimensions of two surfaces of the roof of the house. Then another layer of the same sticks is 

placed horizontally and secured with screws  

 

7th step: tiles are placed on top of each stick since they have a 4centimeters width a length and 

fit perfectly within the sticks. These tiles are sold by piece and there is only one type of tiles 

available in the region.  

 

The first and bottom layer of the roof that is made of wood is taken off because its sole 

purpose is to frame the reinforced concrete and support it to have an inclined angled shape. 

Between the 6th and 7th step external isolation can occur if desired or seen as necessary.  
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4.3. Design of The roof: 

In appendix A, you can find the plans of the house, and its orientation. These documents 

helped me build the house in design builder. The most important plan for my project is the 

upper floor and its design because it enabled me to know the area and perimeter of the roof in 

order to come up with the most efficient roof design. 

 

The figure down below on the left is a simplified sketch of the new plan of the upper floor of 

the house. Compared to the old design, it excluded one part to make it easier to build and 

avoid having joints that come with complicated roof shapes because if the roof and its sealing 

are not installed properly it will induce leakage during winter season. So now, the new design 

of the roof is only going to be on the dark grey built part, and the light grey part represents a 

terrace, while the white part is an opening that serves as a ground floor ventilation means, 

since on the opening side of the house the ground floor is underground.   
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Figure 3.2: Simple skecth of the upper floor design 

 

 

From the first picture of the appendix we can see that there are houses on the left and the right 

of the house. Hence, to have a pitched roof that is inclined to the side is not good idea   

because the snow will be trapped there. If we flip the roof to the main façade and the back of 

the building, it would be inclined to the terrace and that would lead to snow falling there, so it 

is acceptable as long as it is not trapped and can be removed. Even if this last roof design is 

acceptable and considered as a good alternative, the best design for the roof would be a shed 

roof which the downward slope would be oriented to the terrace. The reason behind that 

decision is mainly for safety, because snow falling from one story is safer than snow from two 

stories to the ground. Also, because one of the alternatives includes photovoltaic systems; 

thus, the orientation of the roof should be to the south. Lastly, a shed roof is easier than gable 

roof in terms of construction techniques. 
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As I said earlier the best alternative is the construction of a one side inclination roof because 

as the calculations shown below it will induce the use of less material and that means a 

cheaper roof  

If we calculate the area of the roof for the material to be used we find that 

Pitched Roof: 

The base is of 6.20m or 5.5m and the angle is 45°: 

A= 
6.20 𝑥 5.5

cos (45°)
= 48.21 m² or 49 m2 

Shed Roof: 

30°:  The base = 5.5 and the angle is: 30°:  

A= 
6.20 𝑥 5.5

cos (30°)
 = 39.37 m² or 40 m2 

20°:   The base = 5.5 and the angle is: 20°:  

A= 
6.20 𝑥 5.5

cos (20°)
 = 36.28 m² or 37 m2 

 

Thus, the use of Shed roof is less expensive because the smaller area is going to help the use 

of less construction and insulating material. The mean reason behind the shrinkage of area is 

that in a pitched roof we are obliged to keep it around 45° while in a shed roof it can start 

from 20°.  I choose an angle of specifically 30° to have the ability to add PV systems in the 

Future. 

 

The picture below shows the house built on design builder similar to the real one, and the roof 

as I designed it. However, for the simulations I only used the upper floor  
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Figure 3: Snapshot of the house in Design builder from the south side 
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5. State of the Art 

5.1. Conventional Insulation material: 

Thermal insulation is very advantageous for a residential building because its primal purpose 

is to prevent heat transmission between two mediums, and to optimize the energy efficacy of 

a space in order to reduce energy requirements and financial cost. 

 

Usually, people of the region of Ifrane tend to build their houses ignoring the importance of 

insulation and its worth. In the past, the method of construction was different; people used to 

construct their houses with very thick walls using rocks and stone that have low thermal 

conductivity which didn’t require the owners to have insulation since the temperature in the 

house was already ambient. However, by switching to the construction methods used now, it 

became a necessity since the thermal conductivity of the concrete and/or the bricks used are 

relatively high; hence, the transfer of energy is very easy especially in region with very low 

or/and high temperatures. Also, besides the unfamiliarity of people with insulation because it 

is not required in Morocco, the other reason behind the lack of usage of insulation is the cost 

that may seem unaffordable to some. 

Insulating Materials: 
 

 

Undoubtedly, the expense of insulation installation changes based on the type and method of 

insulation used. We can differentiate from different types of insulation materials such as:  
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 Cork:  

It consists of the outer layer of the cork oak which is the primary source of this raw material. 

It is one of the oldest and most commonly used insulation materials. However, due to the 

shortage of cork producing the trees, its price is relatively high compared with other insulating 

materials. 

 

Figure 4: Picture of cork 

 

 Fiber Glass: 

It is a reinforced plastic using glass fabric, and is divided into two types: the continuous used 

in textile and the discontinuous fibers (short) used as thermal and acoustic insulator. Fiber 

Glass has high resistance to fire, most chemicals, heat resistance, and low thermal 

conductivity. But it has also some technical limitations such as its compression resistance, 

complex and difficult installation because if it’s not properly done. 
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Figure 5: Picture of fiberglass 

 Rock Wool: 

It is a widely known and used insulation material made from molten rock usually basalt and 

chalk (melted at 1600°) then the lava is blown into a spinning machine that makes it into 

fibers. These fibers are, then compressed and cut into cubes, mats, or any desired shape. It is a 

very effective process, since 1ft3 makes 37 ft3 of Rockwool. 

 

Figure 6: Picture of Rockwool 
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 polystyrene: 

Meaning expanded polystyrene, it is made by mixing the polystyrene with a solvent and 

extruding the required thickness of the mixture by using gas under pressure. This act of 

extrusion improves the mechanical properties of the material. It is has good thermal insulation 

that increases with the increase in density; however, polystyrene has a fair amount of 

technical limitations such as: breaking down when exposed to direct sunlight, flammable, and 

react with organic or non-organic solvents (For instance, if used with fiberglass in 

installation). 

 

Figure 7: Picture of expanded polystyrene 

 Polyurethane Foam: 

Polyurethane is a leading member of polymers family. Polyurethane foam has an open 

cellular structure and can be either flexible or rigid. It is one of the best commercially 

available thermal insulators because of its high thermal insulation properties, resistance to 

water absorption, and mechanical absorption. Also, it has low moisture-vapor permeability, 

and low density.  Its installation is reasonably easy and economic; it only requires the spray of 

the product over the needed surface. It has a thermal conductivity of X and a density of X. 
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Figure 8: Polyurethane foam being added as an insulator to the ceiling 

 

These insulation materials have different properties; the two most important in this project are 

the thermal conductivity of the material compared to the price. Therefore, the effectiveness of 

the insulation varies with the material and also the quantity chosen.  

 

Insulation Material Cork Fiber Glass Rock Wool Glass Wool Polyurethane Foam Polystyrene 

Price expensive average average average expensive cheapest 

Thermal 

Conductivity 

0.07 0.04 0.045 0.04 0.028 0.03 

 

From the table we conclude that the best insulating material is polyurethane foam, for it has 

the lowest thermal conductivity. However, because of the financial constraint, we are 

restrained to choose the least expensive alternative with the lower thermal conductivity. 

Hence that would be the extruded Polystyrene. 
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5.2. Straw Clay as insulator 

The material: 

It is a byproduct of cereal grains plants. This agricultural waste is environmentally friendly, 

inexpensive, and studies have shown its effectiveness in insulation. Few years ago, a new 

method started being used for insulation and building purposes. This technique is called light 

straw clay (LSC) 

Regarding insulation using Straw clay, density and composition play a major role in defining 

the R value of Straw clay, a less-dense and straw rich mixture has a better R value than a very 

dense and clay-rich mixture. 

 

Figure 9: Straw 

 

 
Figure 10: Straw clay block 



26 

 

According to a study conducted by Design Coalition with the Forest Products Laboratory, US 

Department of Agriculture (USDA) Forest Service (FPL), in Madison, Wisconsin, the 

properties of light straw clay mixtures are as follow: 

 

 

Figure 11: Properties of light straw clay 

 

In our case, the lowest density of light straw clay will be used, since it has the lowest 

conductivity and it will only serve as insulation material. Hence, we are not worried about the 

mechanical properties of the straw clay. For this technique, the construction will be different 

from the previous one, because it will consist of a double layer of less thick reinforced 

concrete with a middle layer of straw clay. However, the thickness of both materials is not yet 

defined, and it will be obtained from the simulations by using a trial and error methods and 

plugging different measurements until satisfied with the result bearing in mind that the straw 

shouldn’t be heavy. In other words, the lower layer of the reinforced concrete should have 

mechanical properties able to hold the load on top of it.  
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5.3. Substituting concrete aggregates with less conductive materials: 

 

Concrete is a combination of materials, usually cement, water, and aggregates (sand and 

gravel). This concrete have great compressive strength, however to avoid the failure caused 

by its weak tensile strength it is reinforced by materials that can bear more tension, often steel 

(mesh or grid). This type of concrete is called ‘reinforced concrete’ or ‘concrete slab’; it is a 

very dense mixture, especially after the hydration where it gains strength to form a rock like 

mass. We know that the thermal conduction of most material gets higher with the density of 

the material because they are directly correlated. In other words, this means that this material 

has a very high thermal conductivity. Its thermal conductivity varies between 2.0 and 2.5 

depending on the density. Thus, in order to be used for the construction of an energy efficient 

roof, it would be very beneficial to lower the thermal conductivity of the construction material 

used. So, in this step we will try the substitution of cement aggregates with polymer ones but 

keeping the mechanical properties of the roof at its maximum and to omit the use of 

additional insulation. 

5.3.1. Overview of the types: 
 

Expanded Polystyrene Foam (EPS) 

 

 

For this first substitution, expanded polystyrene particles will be added to the concrete. For 

that matter, the table below shows the different mixes studied and the amount of each 

component in each mix: 
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Figure 12: Mixture of  each type 

 

After the testing has been made, the results obtained are given in the table below. As we can 

see, the mixture PF 600 has shown the lowest thermal conductivity which is of 0.134 W/m-K.  

the method applied in this research for measuring the thermal conductivity is “the hot wire 

method”  Though, we all know that as the thermal conductivity decreases the mechanical 

properties decrease also, which is the case for all these concrete polymer mixtures. 

Consequently, we will not be able to use them as construction materials. Hence, this concrete 

can only be used as a thermal insulator on both sides of the roof. 

 

Figure 13: Thermal Conductivity of concrete with EPS 
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Foamed concrete  

 

This is another technique that will be tried on the roof. This type of concrete is made using 

pore-forming agents. The low density of this material (and the other ones in this part) 

procures the ability to reduce the dead load in a structure which would be beneficial in a roof. 

 

There are different ways of making the foamed concrete and the table below shows the 

mixtures, their densities, volume of foam, mechanical strength, and ratios (water to cement, 

sand to cement, fly Ash to cement) 

 

Figure 14: Foamed concrete Materials 

 

Mainly the materials used to create the foaming concrete are divided into 2. Basics: cement, 

sand, water, and aggregates. Whilst, the supplementary elements are fly Ash, Plasticizers, and 

fibers. These last ones are added to improve the mix consistency.  
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According to the researchers, the most common foam agents are synthetic and protein based. 

The protein based foam agents result in a stronger and a more closed-cell bubble structure 

which permits the inclusion of greater amounts of air and also provides a more stable air void 

network while the synthetic ones yield greater expansion and thus lower density” 

The lowest conductivity observed is up to 0.66 W/m-K for 1600 kg/m3 density while normal 

concrete has on average a thermal conductivity of 1.7 W/m-K for a density of 2200kg/m3 

 

 

Figure 15: properties of foamed concrete 
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Figure 16: properties of AAC & Clay Bricks 

 

Figure 17: properties of concrete blocks and Conventional Concrete 
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Lightweight aggregate foamed geo-polymer concrete: 

 

Empty fruit bunches, palm oil clinker, oil palm shells (OPS) and palm oil fuel ash (POFA). 

These waste materials were used by researchers to develop a sustainable construction 

material. For the oil palm shell non-foamed geo-polymer concrete (OPSNFGC) and mining 

sand of 5mm was used as aggregates. However, for the oil palm shell foamed geo-polymer 

concrete (OPSFGC).sand of 2.36mm diameter was used. For both types crushes oil palm 

shells (OPS) of diameter 2.36 and 9.5 were used. 

For the alkaline activator, Sodium hydroxide in flake form and sodium silicate solution was 

used. The table below shows the proportions: 

 

Figure 18: Mixture proportions of the Materials 
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Figure 19: Density and compressive strength of OPSFGC 

 

Figure 20: Thermal conductivity of the specimens 
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For this alternative, we are going to use in the simulation OPSFGC which has a density of 

around 1300kg/m3 and the lowest thermal conductivity which is of 0.47W/m-K 

Thermedia 0.6  

This is a type of cement is available at Lafarge. They are presenting this type of cement with a 

conductivity of 0.54 W/m-K called ‘‘Thermedia 0.6’’ it has a structural compressive strength 

of 25MPa and a density of less than 1450 kg/m3. It is composed of lightweight aggregates 

including expanded clay and pumice stone, so, its low density makes it suitable for roof 

structures and building. Thus, it is safe for construction not just coating.  

5.3.2. Summary of the concrete aggregates findings: 
 

Material Density 

Kg/m3 

Thermal conductivity 

W/m-K 

Price Use it for 

simulation : 

PF600 EPS  0.132 average yes 

Foamed concrete 1600 0.66 average no 

Thermedia 1450 0.54 N/A yes 

AAC 700 0.08-0.25 expensive no 

OPSFGC 1291 0.47 Relatively 

cheap 

yes 

 

 

5.4. Ceramic tiles with Controlled porosity and thermal conductivity: 

 

This alternative will consist of avoiding the habitual tiles used in Ifrane region and instead 

roof tiles by using modified ceramic one that have been made using pore forming agents in 

order to incorporate porosity. This porous ceramic material has been used in many 

applications and now they are included to serve as roof tiles. 
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In principal, in order to make this porous ceramic material, organic particles are burnt during 

the heating process which leaves void in the body. However, since the structure of these voids 

depends entirely on the agent chosen, it can be controlled. 

From an article made by R.M. Novais, a research has been made for numerous pore-forming 

agents (starch, Graphite, lycopodium, sucrose …) to choose the most suitable one. Even 

though, usually starch is the most frequently used agent because of its availability and 

biological origin, it makes it difficult to have large pores when desired. For, the difficulties 

encountered to maintain the pore, and the narrow availability of large starch types. In that 

study, they used a starch effective alternative which is polymers because of many reasons 

such as exhibiting deflect-free burn out, environmental friendly, relatively low price, and they 

are easily mixed with ceramic. These tiles were designed to have a dense bottom with a 

porous bottom one which makes the tile less dense, therefore, less heavy than normal ones. 

The pore-forming agents used are: polypropylene that will be labeled as (PP) and polymethyl 

methacrylate that would be labeled as (PMMA) 

PP was chosen mainly because of its price, large scale of production, it decomposes very vast 

without leaving residues, and no hazardous gaseous emissions. 

PMMA was chosen because is it an already vastly used as pore-forming agent; it presents 

good thermal and mechanical properties for proposed application, and burns at high and 

steady rate. 
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Figure 21: Curves of temperatures vs. Weight loss 

 

 

 

 
Figure 22: Mechanical properties of the tiles 
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Figure 23: thermal conductivity of the porous tiles 

 

Open porosity are obtained by mercury intrusion, they are in good agreement with those 

reported by the Archimedes method. We know that when the porosity increases the 

mechanical properties decreases. Nevertheless, from the table, we can see that even though at 

the highest porosity level the attained mechanical strength values are still higher than the 

minimum required value which is of 35MPA. 

Hence, we can conclude from the table that the best tiles to be used are the ones made with 

PMMA/250 with a 15% content of polymer because they have a bending strength of 

54.7MPA and a thermal conductivity of 0.23 W/m-K 

 

5.5. Photovoltaic tiles: 

The last alternative is an active energy saving technology. It consists of implementing a 

photovoltaic system in the roof as a form of tiles.  
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Photovoltaic (PV) is a term for a technology that consists of converting light to electricity 

using semi-conducting materials where the photovoltaic effect occur naturally. Commonly, 

the material used to make PV cells is silicon. They are usually composed of a wafer that 

consists of a bottom thick layer of Boron doped (P-type) silicon topped by an ultra-thin layer 

of phosphorous-doped (N-type) silicon. As for the power generation, an electric field occurs 

due to the opposite poles of the two layers and is generated by photons from sun rays that hits 

the upper layer and frees electrons. These electrons are pushed out of the silicon junction 

because of the electric field, and then a metal conductive plate turns these electrons into 

usable power by collecting and transferring them to wires.  

 

Hence the tiles technology to be used includes a small solar panel topped with tempered glass. 

These tiles will be installed only in the middle of roof with normal tiles surrounding them. If 

the PV tiles were installed in the whole roof it won’t be very effective because it would cost 

more that it will save, and that is because of the surrounding of the house. The house is 

bounded by two buildings one from the east and the other one from the west which makes the 

roof have shadow in both sides throughout the day and the period during which the roof is 

clear is around 12PM and that only lasts for a couple of hours and it is not enough. We will 

not get sufficient energy from the tiles of the left and right sides; hence, they can be omitted. 

However, for the number of tiles to be installed it will be calculated depending on the amount 

of power needed to be generated. 
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6. Simulation/Efficiency Analysis: 

For the simulation purposes, I used design builder as the main software as stated in the 

methodology. I built the house in the software based on the measurements given by the 

architectural plans available; with the roof shaped as a single incline as discussed earlier to 

more optimal. I only used the part with the roof is summations in order to simplify the results.  

 

Figure 24: Simulation design of the house in DesignBuilder 

 

 The bellow simulations consist of changing the roofs materials based on each method 

discussed in the state of the art and keeping the other parameters (walls, doors and windows) 

normal as the ones usually used in Morocco. Moreover, a simulation of energy consumption 

of the house with normal parameters is conducted in order to serve as reference point.  

6.1. Normal Parameters: 

Regarding this first simulation, the parameters I used for the roof constructions are the ones 

used in Ifrane as follow: 

  The reinforced concrete is of thickness 0.200 m, and thermal conductivity of 

2.0W/m-K  

 The bitumen layer for sealing is of thickness 0.5cm and thermal conductivity of 

 0.5 W/m-K 
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 The Ceramic/Clay tiles used are of thickness 2cm and thermal conductivity of  

1.3 W/m-K  

 

The result of the simulation is in the figure bellow: 

 

Figure 25: heat losses of the house including normal roof 

 

The figure above shows the heat losses in KW occurring in different venues. However, we are 

interested only in the roof heat loss during winter which is of 2.14KW. We will keep this 

value and compare it to the other alternative in order to determine the amount of energy saved 

and choose from the different alternatives the most convenient one. 

 

6.2. Conventional Insulation: 

 

For this second simulation, the parameters I used for the roof constructions are the ones 

typically used in Ifrane and including an insulating material. Concerning the insulations I 
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choose among the different available alternative the one with the lowest thermal conductivity 

and the more affordable one with a reasonably low thermal conductivity. The first one being 

polyurethane foam is used as an inside insulation, while expanded polystyrene is used as an 

external insulation.  

 

Hence for the material used they are as follow: 

  The reinforced concrete is of thickness 0.200 m, and thermal conductivity of  

2.0W/m-K  

 The bitumen layer for sealing is of thickness 0.5cm and thermal conductivity of 

0.5 W/m-K 

 The Ceramic/Clay tiles used are of thickness 2cm and thermal conductivity of  

1.3 W/m-K  

 Polyurethane foam layer of thickness 4cm and thermal conductivity of  0.028 W/m-K 

 Expanded polystyrene used is of thickness 4cms,has a conductivity of 0.04 W/m-K 

and a density of 0.15 kg/m3 

6.2.1. Polyurethane foam results: 
 

 The result of the simulation is in the figure bellow: 
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Figure 26: heat losses of the roof after the polyurethane insulation 

Again, in the figure above, the bar in brown represents the heat losses occurring in the wall 

after installing the polyurethane insulation. As we can see, the energy dissipation dropped to 

0.43 KW which is almost a 1/5 of the normal heat loss. The percentage of energy saved is as 

follow: 

6.2.2. Extruded polystyrene Foam: 
 

The result of the simulation is in the figure bellow: 

 

 

Figure 27: Simulation of the extruded Polystyrene 
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As visible in the figure above, the heat losses occurring in the wall after installing the 

extruded polystyrene insulation dropped to 0.57 KW which is a quarter of the normal heat 

loss. The percentage of energy saved is as follow: 

 

6.3. Straw clay Insulation: 

 

In this simulation, as explained earlier, it will consist of choosing the thicknesses of three 

layers of reinforced concrete and straw clay and concrete, I choose randomly 3 thicknesses 

(10, 15, and 20 cm), I will run several simulations in Design Builder using these different 

thicknesses until we have the one with the lower energy dissipation. The straw clay has a 

density of 160kg/m3 and a thermal conductivity of 0.079 W/m-K 

1st trial: 

The use of 15cm reinforced concrete, 10cms straw-clay, and on top 5cm of concrete, and the 

results are as follow: 

 

Figure 28: Simulation of 10cm Straw-clay 
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The results of the heat losses occurring in the roof after installing the 10cm Straw clay 

insulation dropped to 0.46 KW 

 

2nd Trial: 

The use of 15cm reinforced concrete, 15 cm straw-clay, and on top 5cm of concrete, and the 

results are as follow: 

 

 

Figure 29: Simulation of 15cm Straw-clay 

The results of the heat loss are of: 0.34KW 

3rd trial: 

The use of 15cm reinforced concrete, 20 cm straw-clay, and on top 5cm of concrete, and the 

results are as follow: 
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Figure 30: Simulation of 20cm Straw-clay 

The results of the heat losses occurring in the roof after installing the 20cm Straw clay 

insulation show a drastic drop: 0.27 KW. 

 

6.4. Concrete aggregate substitution: 

First material to be used: 

In this part we will be used Thermedia as our cement instead of the normal one. We used it 

for coating as mortar. Regarding the layers, it is composed of 10 cm of reinforced concrete, 

then 10cm of mortar made out of Thermedia then the bitumen sheet of 0.5cms and finally 

normal clay tiles. 
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Figure 31: Thermedia simulation 

1.47KW are the losses in heat.  

Second material to be used: 

In this part we will be using OPSFGC as our cement instead of the normal one. We used it for 

coating as mortar. Regarding the layers, it is composed of 10 cm of reinforced concrete, then 

10cm of mortar made out of OPSFGC then the bitumen sheet of 0.5cms and finally normal 

clay tiles. 

 

Figure 32: Simulation of OPSFGC 
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6.5. Porous ceramic tiles: 

In this part we will be changing the ceramic tiles to use the Porous ones instead of the 

conventional. Regarding the layers, it is composed of 20 cm of reinforced concrete, then the 

bitumen sheet of 0.5cms and the tiles we want to test. 

 

Figure 33: Porous Ceramic tiles 

 

As we can see from the graph, the heat losses are reduced, and it is now of 1.74 KW. 

6.6. Summary of the passive energy saving methods: 

Alternatives   
Heat 

Loss in 
KW  

Heat loss of a 
typical roof in 

KW 

Reduction 
of Heat  

Loss 

Reduction in 
the whole 

house  

Normal Insulation 
Polyurethane 
Foam 

0,43 2,14 79,91% 19,98% 

  Polystyrene 0,57 2,14 73,36% 18,34% 

Straw Clay 10 cm thickness 0,46 2,14 78,50% 19,63% 

Straw Clay 15 cm Thickness 0,34 2,14 84,11% 21,03% 

Straw Clay 20 Cm thickness 0,27 2,14 87,38% 21,85% 

Lightweight Concrete  Thermedia 0,6 1,47 2,14 31,31% 7,83% 

Lightweight Concrete  OPSFGC 1,39 2,14 35,05% 8,76% 
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Porous Ceramic Tiles    1,74 2,14 18,69% 4,67% 

 

From this table, we can see that only the first 5 alternatives should be taken into consideration 

for they are having the best energy reduction (between 19.98 and 21.85%) excluding the 

polyurethane because it is somehow expensive. 

Manually Calculating the Heat Loss through the roof:  

Annual Heat Loss = 
𝐴𝑟𝑒𝑎(𝑅𝑜𝑜𝑓)

𝑅 𝑣𝑎𝑙𝑢𝑒
 x 24 x HDD = 

39.37

0.2

2.0
+ 

0.5 𝑥 10−2

0.5
+ 

0.02

1.2
+

 x 24 x 2590 = 19 320kW 

While HDD according to Ret-Screen is: 2590° 

Average daily = Annual Heat Loss /(24 x 365) = 2.2kW which is almost equal to the value we 

got from the simulation on Design builder (2.14 kW). 

 

6.7. Photovoltaic tiles 

 

Using the software Ret-Screen, I found that the solar radiation of the region varies between 

2.61kWh/m2 per day in January as the lowest and 7.94 kWh/m2as the highest in July. It means 

that the region is potentially good for photovoltaic system.  The annual average is of: 3.52 

 

Figure 34: daily solar radiation in Ifrane 

 

 



49 

 

 

The formula bellow enables us to estimate the electricity generated as an output of a PV 

system: 

E = A * r * H * PR 

Where:  

E =Energy (kWh) 

A =Total solar panel Area (m²) 

r =solar panel yield or efficiency (%) 

H =Annual average solar radiation on tilted panels (shadings not included) 

PR = Performance ratio, coefficient for losses (between 0.5 and 0.9, default value 0.75) 

 

Sun Tegra tiles have these dimensions 1.337m x 0.587m and once installed the dimensions of 

exposed area are 1.322 x 0.502 = 0.663644 m2 for around 20m2 of tiles we need 30 ones.  The 

exact exposed area would be of 19.90932 m2  

So, the amount of energy generated per day is:  

E= 19.90932 x 0.151 x 3.52 x 0.75 = 7.94 kWh

 

Figure 35: Picture of the photovoltaic tiles 
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7. Price Estimation of the material: 

7.1. Conventional roof: 

 For 8 m3 of reinforced concrete (40m2 and 20cm thickness) the material is in the table: 

materials  price in MAD amount used   Price of the amount used in MAD 

Cement (bag) 70 56 3920 

sand (m^3) 375 4,2 1575 

gravel(m^3) 250 5,6 1400 

steel (kg) 10 115 1150 

Total   Total 8045 

 

For the tiles they are of 35 by 25 cm and have a visible area of 0.0651 m2for a roof of 40 m2, 

615 tiles are needed. 

Price of tiles = 615 x 15dhs = 9225 MAD 

Bitumen roll is sold at 1500 MAD and it has an area of 20 x 1.2 = 24m2 so we will need 2 for 

40 m2  

Price of Bitumen roll = 1500 x 2 =3000 MAD 

Hence the total price will add up to be: 

Total =8045 + 9225 + 3000 = 20270 MAD 

 

7.2. Roof with Insulation 

For the price of this alternative, we will be adding the price of a normal roof to the price of 

insulation:  

Polystyrene costs around 40dhs m2  



51 

 

Polystyrene Price = 40 x 40 = 1600 MAD 

Total =8045 + 9225 + 3000 + 1600 = 21870 MAD 

 

7.3. Straw Clay insulation 

For 6 m3 of reinforced concrete (40m2 and 15cms thickness) the material is in the table: 

Cement (bag) 70 MAD 42 2940 MAD 

sand (m3) 375 MAD 3,15 1181,25 MAD 

gravel(m3) 250 MAD 4,2 1050 MAD 

steel (kg) 10 MAD 57,5 575 MAD 

Total   Total 5746,25 MAD 
 

For the tiles they are of 0.0651 m2 and for a roof of 40 m2, 250 tiles are needed. 

Price of tiles = 615 x 15dhs = 9225 MAD 

Bitumen roll is sold at 1500 MAD and it has an area of 20 x 1.2 = 24m2 so we will need 2 for 

40 m2  

Price of Bitumen roll = 1500 x 2 =3000 MAD 

 

The price before adding the straw = 5746 + 9225 + 3000 = 17971 MAD 

 

For straw we are using it has a density of 160kg/m3. Therefore: 

 

A rectangular bale of straw has 1m x 40 cm x 40 cm = 0.16 m3 and it retails for a price of 

20dhs, and 6.25 bales give 1m3 

 

For 10 cm Thickness: 

Volume needed = 40 m2 x 0.1 m = 4 m3 

For 15 cm Thickness:  
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Volume needed = 40 m2 x 0.15 m = 6m3 

For 20cm Thickness: 

Volume needed = 40 m2 x 0.2 m = 8m3 

So the price for each one is: 

10cm:  number of bales: 6.25 x6 = 25   => Price =25 x 20 = 500MAD 

Total = Total before straw + straw = 17971 + 500 = 18471 MAD 

 

15cm:   number of bales: 6.25 x6=37.5    =>  Price  38 x 20 = 760 MAD 

Total = Total before straw + straw = 17971 + 760 = 18731 MAD 

 

20cm:  number of bales: 6.25 x8 = 50   =>  Price  50 x 20 = 1000 MAD 

Total = Total before straw + straw = 17971 + 1000 = 18971 MAD 

 

The table below shows the prices of the alternatives vs. the actual price of the roof: 

Alternatives   Price  
 

Price per m2 Normal roof price 

Insulation Polystyrene 21870 MAD  546.75 MAD 20270 MAD  

Straw Clay 10 cm thickness 18471 MAD  461.775 MAD 20270 MAD  

Straw Clay 15 cm Thickness 18731 MAD  468.275 MAD 20270 MAD  

Straw Clay 20 Cm thickness 18971 MAD  474.275 MAD 20270 MAD  

 

And the price for m2 of a normal roof is: 506.75 MAD 

 From the table we see that the straw clay alternatives are cheaper than the normal roof 

construction and they provide a reduction in the heat losses. 
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7.4. Photovoltaic tiles 

So far, the service of photovoltaic tiles is not already available in Morocco. However, in the 

USA, the price of photovoltaic tiles is estimated to be  

6.40 Dollars per Watt for Tesla  

3.65 Dollars per Watt for Sun Tegra 

Price for 7.94kWh is:  Price = 7.94 x 1000 x 3.65 = 28 981$ 

 

Price in MAD: 28981 x 9.46 = 274 160.26 MAD 

Price of 1KWh of electricity is: 1.52 MAD/kWh 

Annual Production: 7.94 x 365 = 2898.1 kWh  

Money saved from the annual production: 1.52 x 2898.1 = 4405.112 MAD 

 

Payback Period: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
274160.26

4405.112
 = 62.24 years 

 

The Payback period is very high, over 62 years; hence, it is not considered as a good 

investment. 
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Conclusion: 

To conclude, we can see that the best alternatives to be used in order to reduce the energy 

consumption of the house are by far insulation using the straw clay.  The three thicknesses are 

cheaper than the conventional roof construction. From the three, the 20 cm provides the 

highest percentage of energy saving by reducing them up to 22% (21.85%). It sole downside 

is that it absorbs moisture, and if there is leakage in the roof, it will increase its thermal 

conductivity. 

For the PV solar tiles, they would generate a fair amount of energy. However, an efficiency of 

an average of 15% is lower than the efficiency normal photovoltaic panels which would 

generate more energy for the same area. For the price, it includes the installation, the 

converter, electricity storage unit, normal tiles for the rest of the roof, and installation fees. 

Nonetheless, the price is still relatively high compared to PV solar panels especially that they 

aren’t available yet in Morocco. Hence, I don’t believe that the PV system should be 

implemented.  
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