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Abstract 
 

This project aims to investigate various ways in which leaves in Ifrane can be 

valorized. We chose to focus on leaves since there is an abundance of this type of biomass 

throughout the fall season, yet it remains largely underutilized.  

 In order to reach this objective, an extensive literature review needs to be performed to 

know the chemical composition of leaves, and the types of leaves available in the region. We 

also need to quantify the amount of leaves that are shed from deciduous trees in Ifrane each 

autumn.  

 This capstone project explores a number of ways in which leaves can be utilized such 

as turning them into a fuel, as well as using them for composting purposes.  

 In order to gain a better understanding of our raw material and its potential uses, 

laboratory tests were performed on dry samples of Platanus acerifolia leaves, which is the 

type of leaves most commonly found in the area. These experiments will help us determine 

the leaves’ calorific value, their antibacterial properties, anti-oxidant capacity, as well as the 

minerals they contain.  

 

Keywords: Biomass Valorization, Platanus acerifolia Leaves, Composting, Fuel 
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Chapter I: Introduction and Literature Review 

 1.1 Introduction  
 

In efforts today to create circular economies worldwide, recycling and valorizing 

waste have gained traction and popularity. Disposing of waste is oftentimes costly and 

harmful to the environment. In Ifrane, local officials have long raised the issue of dealing with 

the large amount of leaves shed by trees each fall season. The town dedicates a budget and 

human resources for the collection of these leaves, which are disposed of in a forest outside of 

Ifrane, or mixed with residential waste and compacted in the provincial landfill. The 

motivation behind this project is to find a practical solution to this issue that is inexpensive 

and practical.  The scope of our project is broad, and it touches on different disciplines as we 

explore various potential uses of fallen leaves such as converting them into a fuel, and 

incorporating them into a composting protocol.    

 Composting is a common practice that enhances soil properties for agricultural 

purposes, and leaves are often used for this purpose. Hence, investigating various composting 

methods adopted by cities worldwide is important for our study.   

 Another focal point of our project is an inquiry into the use of leaves as a fuel. For this 

purpose, we need to quantify the amount of leaves available each fall season in Ifrane, and 

determine their calorific value, as well as compare it to that of other sources used for heating.  

In addition, a series of laboratory experiments will enable us to learn more about the 

chemical composition and properties of P. acerifolia leaves, which is important for our 

inquiry.   
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1.2 Literature Review  
 
 Given that leaves are the focus of this project, it is necessary to learn about the 

importance of biomass valorization, the structure and composition of leaves, the various uses 

of this type of biomass, as well as the specific types of leaves found in our region of interest, 

which is the town of Ifrane.  

1.2.1 Biomass Valorization 

 Biomass is increasingly being used as a source for energy generation. Lignocellulosic 

biomass, such as leaves shed from deciduous trees, is considered to be the greatest waste 

source of carbohydrates worldwide. The aforementioned type of biomass is increasingly 

prevalent, and amounts to over 2 × 10!! tons per year [1]. Some of the ways in which 

biomass is valorized are through the conversion of carbohydrate residues into biorenewable 

chemicals, and the utilization of protein-rich wastes in the food production industry [1]. With 

growing global interest in circular economy approaches, more research will likely be targeted 

towards creating greater value from biomass and other sorts of waste.   

1.2.2 The Structure and Composition of Leaves  

Two of the key constituents of leaves are cellulose and lignin. Cellulose is the most 

abundant organic matter found on earth. It accounts for about a third of plant material, and 

forms layers in the plant cell wall. It is a polysaccharide comprised of several chains of 

glucose. Unlike other carbohydrates, cellulose cannot be divided into its glucose units via 

enzymes secreted by animals due to its straight chain configuration, and its long and rod 

shaped molecules as shown in Figure 1 [2].  
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Figure 1.  The Chemical Structure of Cellulose [2] 

Lignin is a polymer that provides support to plant cell walls, and facilitates the transport 

of water. It also shields plants from insects, diseases, and the effects of cold climates. Lignin 

enables trees of large heights to remain firmly standing, and prevents them from toppling 

down [2]. It also inhibits microbial biodegradation in the cell wall, making it challenging to 

valorize biomass by converting it into biofuels [3]. 

1.2.3 Types of Leaves in Ifrane  

The flora found in the Ifrane region, and in the National Park in particular, is very diverse. 

It is largely comprised of Mediterranean species along with Euro-Siberian varieties such as 

Common Ivy (Hedera Helix). Other species found in the national park originate from the 

Irano-Turanian region, in addition to plants native to the Middle Atlas area. The flora in the 

National Park counts over 1015 types of vascular plants, constituting more than a fifth of all 

vascular species in Morocco. Aside from vascular flora, the National Park of Ifrane contains 

fungi, algae, lichens, and moss [4].  

Among the plant species introduced by the French to the region of Ifrane is the London 

Plane (P. acerifolia). It is among the deciduous trees that shed leaves in the fall season, and is 

widely available in the town of Ifrane. Its leaves are large, and form either three-lobed or five-

lobed shapes as shown in Figure 2 [5].  
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Figure 2. P. acerifolia Leaf Measuring over 15 Centimeters (Over 6 Inches) [6] 

1.2.4 Platanus acerifolia Leaves  

The Platanus acerifolia tree, commonly referred to as the London Plane, was thought to 

be a hybrid between the American sycamore (Platanus occidentalis) and the oriental plane 

(Platanus orientalis). This hypothesis was confirmed by molecular analysis of the species. 

The first such species was discovered in 1770, and was referred to as Platanus hispanica. In 

1804, the scientific community coined the tree specimen Platanus hybridus before settling on 

P. acerifolia in 1805. In recent literature, there is no consensus among experts as to the 

scientific name of the plant since some refer to it as P. × acerifolia (Ait.) Willd while others 

use P. × hispanica Mill. ex Münchh to describe it [7]. 

The P. acerifolia species is commonly used for decorative and medicinal purposes. 

Various components of the tree including leaves, buds, bark, and stems can be used to soothe 

toothaches, heal wounds or injuries, and treat eye inflammations. They have also been proven 

to have antiseptic, and anticancer properties. P. acerifolia leaves in particular have a wide 

range of useful chemical applications. For instance, a powder made from the leaves can serve 

as a biosorbent depleting industrial wastewater from its heavy metallic content. These leaves 

can also be utilized to investigate the efficiency of uranium extraction from aqueous 
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solutions. In addition, P. acerifolia leaves can be used in the chemical synthesis of silver 

nanoparticles [8]. 

A series of tests and laboratory experiments were conducted on specimens of P. acerifolia 

leaves at Gebze Technical University in Turkey in order to identify the biochemical 

components of this biomass. These samples were air-dried, rid of dust particles and cleaned 

using distilled water prior to conducting analysis using X-ray diffraction, Scanning Electron 

Microscopy (SEM), and Energy-dispersive X-ray Spectroscopy among other technologies. 

The results of the X-ray Spectroscopy and X-ray Diffraction can be found in Table 1 and 

Table 2 respectively. Due to their medicinal properties, P. acerifolia leaves were expected to 

contain the mineral constituents of proteins and enzymes that are found in the cells of living 

organisms. Calcium, zinc, and magnesium are among the minerals found in these leaves. Such 

minerals only make up a small percentage of plants’ total body weight, yet play a crucial role 

in the prevention and cure of diseases. Based on the biochemical composition of P. acerifolia 

leaves, this research highlights the possibility of using fine particle extracts of said leaves as 

nanomedicine against pathogens that infect living organisms as a replacement to synthetic and 

industrial chemicals [8]. 

Table 1. Results of Energy Dispersive X-Ray Spectroscopy Revealing the Elements 

Contained in the Leaf Samples [8] 

Element (K) Weight (%) Atomic 

C 29.06 51.26 
N 4.48 13.99 
O 11.36 15.16 

Mg 1.18 1.97 
Si 2.45 3.81 
P 0.51 0.71 
Cl 1.7 1.94 
K 1.78 1.85 
Ca 6.83 6.91 
Au 40.65 4.37 
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Table 2. Results of X-Ray Diffraction Revealing the Mineral Composition of P. acerifolia 

Leaves [8] 

Peak 
No 

Crystalline 
Formula 

Mineral 
Name 

Compound 
Groups 

1 C!CaOH!O Whewellite Oxalate 

2 Mg(NH!)!H!(PO!)!4H!O Schertelite Phosphate 

3 SiO! Silicon Oxide Silica 
4 C!"H!"N!O! Adenine Barbital Amide 

5 C!"H!"O! 
 

Tri(2,6-dimethylbicyclo [3.3.1] 
nonane-exo-2, exo-6-diol)- 

ethylacet 
Ester 

6 C!"H!"O!" 

2,3:17,18-dibenzo-
1,4,7,10,13,16,19,22,25,28,- 

decaoxocycylotriacon 
(Dibenzo-30-Crown-10) 

Benzene 
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Chapter II: Properties and Composition of P. acerifolia Leaves  
 

2.1 Antibacterial and Antioxidant tests  
 

2.1.1   Leaf Collection and Preparation  

Two truckloads of P. acerifolia leaves were collected from Ifrane in late December, and 

kept at Al Akhawayn University’s campus for subsequent experiments. Four samples from 

these leaves were gathered to investigate the impact of different storage conditions on test 

results. Sample A was collected from a batch of leaves that was kept covered under a tarp 

from late December to early March. Sample B was left exposed to air and sunlight throughout 

the same period. Sample C was retrieved from the same batch of leaves that sample A 

originated from, and was then manually shredded and dried in an oven for 20 hours at a 

temperature of 60°C. After drying, sample C was kept in a plastic desiccator with calcium 

chloride (CaCl!) as a desiccant in order to preserve the leaves’ dryness. Sample D represents a 

fresh sample of leaves as shown in Figure 3, which was collected the same morning in which 

we started our experiments. All four samples were grinded in a laboratory blender as seen in 

Figure 4, and weighed before performing solid phase extraction.  

 

 

Figure 3. Sample of Fresh Leaves 
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Figure 4. Shredded Leaf Samples Before Extraction 

 

2.1.2 Extraction and Separation 

Extraction was performed using alkaline water with pH between 9 and 11 at room 

temperature for 2 hours as seen in Figure 5. The aqueous phase was cleared using No.2 

filtration paper. The obtained filtrate is shown in Figure 6. The insoluble material in water 

was precipitated by acidifying the aqueous solution using methanol (CH!OH). The precipitate 

was then collected through filtration, dried, then solubilized in methanol, and filtered once 

again. The retrieved filtrate can be seen in Figure 7. The resulting filtrate was evaporated 

using the rotary evaporator in Figure 8 at a temperature of 40°C, and the extract was weighed 

and labeled Ext1. The filtrate retrieved after the previous precipitation was loaded into a non-

ionic adsorbent of type Amberlite XAD-4 as can be seen in Figure 9. The adsorbed organic 

material was then eluted using methanol. Here again, the obtained alcohol extract was 

evaporated using a rotary evaporator at 40°C, and the extract was weighed and labeled Ext2.  

 

Figure 5. Maceration of Leaf Samples in Alkaline Water  
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Figure 6. Filtrate Obtained after Maceration 

 

Figure 7. Filtrate Obtained after Methanol Extraction 

 

Figure 8. Concentration under Vacuum Using a Rotary Evaporator 
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Figure 9. Filtrate Adsorption Using Amberlite XAD-4 Resin 

  2.1.3   Antibacterial Assay 

Test bacteria were cultivated in the rich medium Luria- Bertani (LB), which was 

prepared at a temperature of 120°C for 20 minutes. The composition of 1 L of the culture 

medium is as follows: 

• 10 g of sodium chloride (NaCl) 

• 10 g of Tryptone 

• 5 g of yeast extract 

• 20 g of Agar 

A layer comprised of 5 mL of LB agar was poured into the petri dish, and left to 

solidify. 5 µL from each extract sample (0.5 mg) was then spotted on the surface. The tested 

bacteria were Escherichia coli (which can lead to diarrhea, pneumonia, and urinary tract 

infections in humans [9]), Staphylococcus aureus (which in some cases may lead to 

pneumonia, bone or heart infections [10]), and Bacillus subtilis (which has largely been found 
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to be harmless for humans except in rare cases in which it may contribute to the development 

of an oesophageal perforation [11]). Upon inspection of the petri dishes, a clear zone of 

inhibition around the covered sample was noticed as shown in Figure 10 indicating some 

antibacterial activity against Bacillus subtilis bacteria. There were no such observations for 

the E.coli and Staphylococcus aureus bacteria as seen in Figure 11 and Figure 12 below.  

 

 

Figure 10. Slight Antibacterial Activity Detected Against Bacillus subtilis  

 

Figure 11. No Discernable Antibacterial Activity Detected Against E.coli  
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Figure 12. No Discernable Antibacterial Activity Detected Against Staphylococcus 

aureus 

  2.1.4   Anti-oxidant Test 

Antioxidants play a crucial role in averting the harmful effects of free radicals in the body. 

One of the methods used to screen for the presence of antioxidant substances utilizes the free 

radical diphenylpicrylhydrazyl (DPPH). This technique is based on the principle that DPPH is 

identified as a stable free radical due to its delocalized free electron, which prevents a DPPH 

molecule from bonding with another unlike usual free radicals. This is also the origin of the 

violet color that is characteristic of DPPH, which disappears once DPPH is mixed with an 

antioxidant substance [12].  

For our experiment, 10 µL were collected from each of the four samples in order to 

perform an antioxidation assay using 2 mL of DPPH with 0.2 mM concentration. The tested 

samples revealed high antioxidant activity (>95 % antioxidant capacity). This is evidenced by 

the discoloration shown in Figure 13.  
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Figure 13. Residue Extracts before and after Antioxidation Assay Using DPPH 

2.2 Chemical Analysis  
 

  2.2.1 ICP-AES Analysis  

Leaf powder retrieved after shredding P. acerifolia leaves was used to analyze the 

mineral profile of our raw material using Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES). This technology is based on the principle that electrons release 

energy at a certain wavelength when they reach a higher state due to excitement, and return to 

their ground state. Each element emits energy at a particular wavelength based on its chemical 

composition, which enables us to distinguish one element from another. These wavelengths 

are indicative of the concentrations of each element. Hence, by identifying the emitted 

wavelengths, and determining the concentrations, we are able to describe the chemical 

composition of our sample [13]. In our case, the six elements that were quantified are the 

following: Mercury, cadmium, potassium, phosphorus, zinc, and copper. These elements were 

chosen since they are the most relevant to the applications we are discussing in this report, 

particularly the possibility of using the leaves as a natural fertilizer. These samples were sent 



 14 

for analysis to the Centre Universitaire Régional d’Interface (CURI) affiliated with Sidi 

Mohamed Ben Abdellah University in Fes. As of this version of the report, we are still 

awaiting the results of the chemical analysis.  

  2.2.2 Kjeldahl Method for Nitrogen Estimation  

We decided to quantify the amount of nitrogen contained in our leaf samples, which 

would be a useful piece of information for composting purposes. We used the Kjeldahl 

method to determine the concentration of nitrogen in the P. acerifolia powder extract.  

The Kjeldahl mineralization technique is based on the concept of destroying the test 

sample through oxidation with concentrated sulfuric acid (H!SO!). Through this process, 

Nitrogen is detached and transformed into inorganic ammonium NH!!.  

The first step of the mineralization process consists of digestion in which sulfuric acid, 

hydrogen and carbon react and form water and carbon dioxide according to Eq.(1) [14]:  

Protein (-N)  +   H!SO!                           (NH!)!SO!  +  CO! +  H!O       Eq.(1) 

The digestion procedure consisted of weighing 1 g of our leaf sample, placing it into a 

digestion tube, and adding 8 g of Kjeldahl catalyst, 15 mL of concentrated sulfuric acid, and a 

few grains of pumice stone. Throughout the digestion process, temperature was increased 

gradually in three stages:  

• Stage 1: 150°C for 250 min  

• Stage 2: 300°C for 30 min  

• Stage 3: 400°C for 90 min  

The sample is then left to cool to room temperature. At this stage, it is important to maintain 

stirring to avoid the formation of a precipitate.  
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The second step of the Kjeldahl method involves distillation in which ammonium ions 

are transformed into ammonia gas due to the addition of sodium hydroxide (NaOH) according 

to Eq.(2) [14]: 

(NH!)!SO!  +  2 NaOH                                2 NH! +  Na!SO! + 2 H!O       Eq.(2) 

In order to retrieve the dissolved ammonia NH!, boric acid B(OH)! is added, which 

leads to the formation of ammonium ions NH!+. This reaction is described by Eq.(3) [14]:  

NH! +  B(OH)! +   H!O                                  NH!+      +     B(OH)!
!           Eq.(3) 

This process consisted of adding 50 mL of boric acid in an Erlenmeyer flask with a few 

droplets of mixed indicator. 50 mL of sodium hydroxide is then added prior to distillation. A 

blank solution is also prepared using the same method with 5 mL of distilled water.  

  The final step of the Kjeldahl method requires the addition of an acid-base mixture in 

order to determine the concentration of ammonium ions [14]. In our case, hydrochloric acid 

was being added at a concentration of 0.25 N until a change of color in the solution was 

observed. The amount of nitrogen in our sample was determined using Eq.(4):  

               % of nitrogen = 1.40 x (v! − v!) x N/w             Eq.(4) 

 

Where:  

𝐯𝟏 represents the volume of hydrochloric acid consumed in the titration process (mL) 

𝐯𝟎 represents the volume of hydrochloric acid consumed in the blank solution (mL) 

N is the normality of hydrochloric acid  

w is the weight of the test sample (g) 

                                    % of nitrogen = 1.40 x (4.20− 0.30) x 0.25/1.00                     Eq.(5) 

% of nitrogen = 1.36% 
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2.3 Results and Discussion  
 
 Measurements from our sample preparation, antibacterial, and antioxidant tests are 

summarized in Table 3:  

Table 3. Measurements from Sample Preparation and Experiments 

 Covered 
Leaves 

Exposed 
Leaves 

Desiccated 
Leaves 

Fresh 
Leaves 

Mass Retrieved after Maceration (g) 51.57 35.55 10.78 27.80 

Volume of Distilled Water Added (mL) 400.00 200.00 100.00 400.00 

Volume of Aqueous Extract Processed (mL) 67.00 178.00 45.00 84.00 

Mass of the extract 1 (Ext1) 0.36 0.41 0.29 0.26 

Mass of the extract 2 (Ext2) 0.93 1.21 0.86 0.62 

Amount Tested for Antioxidant Properties (µL) 10.00 10.00 10.00 10.00 

Antioxdiant Activity Using DPPH (%) > 95% > 95% > 95% > 95% 

Amount Tested for Antibacterial Activity (µL) 5.00 - 5.00 5.00 

Extraction Yield (%) 14.93 5.12 23.71 15.07 

 
Our anti-bacterial test revealed slight activity against B. subtilis bacteria indicating 

some capacity of our leaves to impede this bacteria’ activity. Our experiments on P. acerifolia 

leaf extracts showed high anti-oxidant properties (above 95%) signifying a range of potential 

applications in the medical field. Results from the Kjeldahl method revealed 1.36% of 

nitrogen content by weight in our leaf samples, which is to be expected since fallen leaves are 

usually low in nitrogen content.  
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Chapter III: Using Leaves as a Fuel 

3.1 Leaf Density 

 We manually measured the density of leaves collected from Ifrane by entirely filling a 

cardboard box, and weighing it empty at first and then full of leaves using a digital luggage 

scale. After three trials, the average weight of the box was of 5820 g, and the average weight 

of it containing leaves was of 12513 g making the weight of leaves approximately 6693 g. 

The dimensions of the cardboard box were retrieved using a measuring tape, and were found 

to be 73 x 66 x 87 cm resulting in a volume of 0.419 m!.  

Thus the density of our leaves is given by Eq.(6) and Eq.(7):  

                             ρ = !
!

          Eq.(6) 

           ρ = 
!!"#
!.!"#

 = 15974 g/m! ≈ 15.97 kg/m!                                  Eq.(7) 

 The low density obtained is not surprising due to the nature and texture of this type of 

biomass. We were also interested in evaluating how much the volume would be reduced once 

we manually tried to compact the pile of leaves as much as possible. The dimensions obtained 

this time were 73 x 66 x 42 cm leading to a volume of 0.202 m!.  

Thus, the volume was reduced by:   

                                          !.!"#!!.!"!
!.!"#

  x 100 = 51.8 %                                 Eq.(8) 

 

The reduction in volume by slightly more than half through manual compaction 

reveals the material’s ability to easily be compressed.  
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3.2 Calorific Value  
 

We were interested in determining the calorific value of leaves as well as that of 

various binding agents, which can be used to keep the leaves compacted. For this, the oxygen 

bomb calorimeter experiment was conducted on our samples.  

  3.2.1   Sample Preparation  

 10 samples were prepared for the oxygen bomb calorimeter experiment, which 

included both shredded and powdered leaves. Several pastes were made to keep the leaves 

compacted by mixing water with cornstarch and flour, as well as adding melted wax to the 

leaves. The measurements collected are shown in Table 4:   

 

Table 4. Leaf Samples Combined with Different Binding Agents  

Sample # Binding Agent 
Weight of 

Leaves Used (g) 

Weight of Binding 

Agent Used (g) 

Shredded Leaves  

1 Cornstarch 0.41 1.61 

2 Cornstarch 0.41 1.68 

3 Flour 0.43 0.34 

4 Wax 0.22 1.16 

Powdered Leaves  

5 Cornstarch 0.43 1.28 

6 Cornstarch 0.42 0.25 

7 Wax 0.40 1.47 

8 Wax 0.39 1.4 

9 Flour 0.42 0.78 

10 Flour 0.40 0.73  
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  3.2.2 Bomb Calorimeter Experiment  

The bomb calorimeter experiment is used to determine the heat associated with 

combustion reactions. It consists of a robust metallic bomb that can resist high pressure and 

temperature. The apparatus also includes a container filled with a predetermined volume of 

water, and a probe that measures the change in water temperature. The heat capacity of the 

apparatus used must be determined through a trial performed on a substance of known 

calorific value, typically calorific grade benzoic acid [15]. 

 

Figure 14. Typical Bomb Calorimeter Apparatus [15] 
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In this experiment, we used a fuse wire that is 13 cm long, a container filled with 2000 

g of water, 1 mL of distilled water inside the bomb, which was filled with oxygen at 25 bars. 

To measure temperature, a temperature probe of a digital pH meter was used. Once the 

temperature is stabilized, the bomb is removed from the water bath and cleaned before the 

next sample is inserted. The experiment needed to be repeated if the pellet inside the capsule 

was found intact after combustion, indicating that the test had failed. Traces of carbon in the 

capsule after combustion signaled an incomplete combustion, and if significant carbon was 

left behind, the experiment had to be repeated for that sample in this case as well. 

The following formula is used to determine the calorific value of our tested samples:  

                                            ∆H =  !!"# ! ∆!
!

                     Eq.(9) 

A benzoic acid pellet of 1 g was used as a reference. Its calorific value is known to be 26.453 

kJ/g. The change in temperature recorded was: 

                      ∆T = T!"#$% −  T!"#$#%& = 15°C – 12.7°C = 2.3°C                           Eq.(10) 

Therefore the calorimeter’s heat capacity is: 

            C!"# =  ∆! ! !
∆!

  =  !".!"# ! !.!!
!.!

 =  11.5 kJ/ °C                               Eq.(11) 

Table 5 summarizes the results of our trials, and the calorific value of our tested samples. It is 

important to mention that during these experiments, the 2000 g of water was not measured 

before every trial, with the exception of the first and the last two trials. This means that the 

calorific values obtained, which are shaded in grey in the table below may not be very 

accurate.  Due to the large variation in calorific values, the results retrieved are inconclusive. 

The samples would have to be prepared on a kilogram scale to ascertain the real leaf to 

binding agent ratios.  
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Table 5. Calorific Values of Tested Samples 
 

 
 

 

 

 

 

 

 

 

 

 

 

We were interested in comparing the calorific values obtained experimentally with 

those of materials traditionally used for heating such as wood, coal, and charcoal. Another 

interesting value for comparison is the calorific value of leaf logs made by a UK company 

named Bio-Leaf International.  

 

Table 6. Calorific Values of Various Heating Sources 

Material Heating Capacity (kJ/g) 

Birch Wood  17.9 [16] 

Maple Wood  18.5 [16] 

Santos Rosewood  20.5 [16] 

Gas Flame Coal  29.3 [17] 

Carbonized Charcoal  29.89 [18] 

Leaf Log  27.84 [19] 

Sample 
# 

Binding 
Agent 

% Leaf / 
%Binding 

Agent 

Temperature 
Difference 

(°C) 

Calorific 
Value 
(kJ/g) 

Shredded Leaves 
1 Cornstarch 20/80 1.2 14.08 
2 Cornstarch 20/80 1.4 16.43 
3 Flour 56/44 1.3 19.42 
4 Wax 16/84 4.4 50.6 

Powdered Leaves  
5 Cornstarch 25/75 1.3 15.74 
6 Cornstarch 63/37 4 68.66 
7 Wax 21/79 4.2 51.94 
8 Wax 22/78 1.3 15.26 
9 Flour 35/65 1.3 14.95 
10 Flour 35/65 2.3 26.45 

11 
None 

(Leaves 
Only) 

- 1 14.02 
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 For subsequent calculations, the only calorific value used was that of leaves by 

themselves, and not with binding agents. The reason for that is that the laboratory-scale 

samples were very small (none of them was heavier than 2.09 grams), and thus we are not 

confident that the leaves-to-binding-agent ratio is scalable to bigger sized lumps. For 

example, in some of our samples, the binding agent weighed 4 times as much as the leaves, 

which is very untenable from a sustainability point of view. We think that when making 

bigger samples (in the kilogram scale), the true ratios will be evident based on how much 

binding agent is truly needed to hold the shredded or powdered leaves mass together. 

  3.2.3 Estimating the Amount of Leaves Available in Ifrane  

A key piece of information in this context is the volume of leaves shed by deciduous 

trees every fall in Ifrane. The estimated amount of leaves shed in Ifrane was calculated based 

on cities of known areas and yard waste volume as indicated in Table 7.                               

The average volume per area is calculated based on Eq.(12):  

                                       (
!""#$
!"!.!

 + !!"#$
!".!

) /2 = 232.6 m!/Km!                         Eq.(12) 

Based on an estimated area of 5 Km! for the town of Ifrane using Google Maps, the volume 

of yard waste is evaluated using Eq.(13): 

                                                 232.6 x 5 = 1163 m!                                         Eq.(13) 

 

Table 7. Indirect Estimation of Yard Waste in Ifrane 

City Area (𝐊𝐦𝟐) Amount of Leaves Shed 
Per year (𝐦𝟑) 

Naperville, Illinois 101.6 [20] 34405 
Manchester, New 

Hampshire 
90.6 [20] 11468 

Ifrane, Morocco 5 1163 
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Using our density measurement, and our volume approximation, we can estimate the 

amount of leaves to be:  

                    m = ρ v = 15.97 x 1163 = 18573 kg ≈ 18.57 tons/ year               Eq.(14) 

We were later able to obtain more accurate estimates of yard waste, particularly leaves 

in Ifrane, thanks to an engineer at the Ifrane province, who contacted the waste collection 

company Derichebourg on our behalf. They indicated that the amount of leaves collected 

varies from 3 tons to more than 15 tons per month throughout the year, and mentioned that an 

estimated average of roughly 10 tons per month can be used, leading to a yearly amount of 

120 tons.  

Using the calorific value of leaves only, which is 14.02 kJ/g, and that of oak, which is 

14.8 kJ/g [21], we would be replacing the following amount of wood for heating:  

                             (120 x 14.02)/14.8 = 114 tons of wood/year                         Eq.(15) 

Based on conversations with local residents, each family needs about 4 tons of wood 

for heating each fall season. Therefore, using leaves as a fuel could be enough to provide 

heating for about 28 families each year.  
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Chapter IV:  Composting Using Leaves 
 
 Leaves are commonly used for composting purposes. Hence, it was important to learn 

about the fundamentals of this practice, as well as important variables that could affect this 

activity such as the type of climate, as well as the nature of the leaves in question. We were 

interested in learning about existing protocols implemented by cities or municipalities around 

the world to be able to formulate a recommendation for a composting protocol that is suitable 

for the town of Ifrane.  

4.1 Basics of Composting    
 
 The composting process consists of the decomposition of organic materials due to the 

activity of microorganisms under monitored conditions. A variety of waste including manure, 

leaves, food remains, grass clippings, as well as some industrial waste, constitute a fertilizing 

source for soils. These natural fertilizers enhance soil fertility, and improve the quality of 

agricultural products. Composting practices can contribute to protecting soil from being 

infected with disease and drought in addition to promoting the absorption of nutrients from 

the soil by crops [22].   

  4.1.1 Aerobic and Anaerobic Composting  

 There are two main types of composting: Composting under aerobic conditions in 

which oxygen is sufficiently present, and that under anaerobic conditions where there is little 

to no oxygen. Aerobic composting results in products such as carbon dioxide, water, and 

ammonia, along with heat generation. This heat accelerates the decomposition of organic 

matter contained in the compost pile, and facilitates the breakdown of cellulose and other 

carbohydrates. Composting under aerobic conditions also plays a role in eliminating 

pathogens, and yielding better agricultural produce. In anaerobic composting, microorganisms 

that exist in an environment that lacks oxygen are unable to fully break down organic matter. 
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This method takes place at low temperature, and leads to strong odors released from the 

compost heap [22].  

4.1.2 Parameters to Monitor in a Compost Pile 

In any compost pile, there a number of factors to keep in mind in order to obtain an 

optimal result. The most important parameters to monitor are the following:  

Nutrient Balance in the Pile 
 
 When making a composting pile, it is necessary to balance components that are rich in 

nitrogen such as food and animal waste, and grass, with constituents of high carbon content 

such as fallen leaves, tree branches, and wood residues. Determining the right balance of 

organic matter in the compost remains largely a trial and error process [23].  

 In addition to elements that microbes feed on to conduct the decomposition of organic 

matter contained in the compost such as potassium and phosphorus, the main nutrients to be 

balanced are nitrogen and carbon found in the organic materials mentioned above. Carbon 

represents a key source of energy for microbes, while nitrogen is found in enzymes and 

proteins, which are essential for the growth of microbial cells. An ideal carbon to nitrogen 

ratio by weight in a compost pile is 30:1. If the ratio is much higher, there is little nitrogen 

available for the growth of microorganisms, and the decomposition will occur at a lower 

temperature; thus taking a longer amount of time. If the C: N ratio is much smaller than 30:1, 

the surplus in nitrogen will lead to additional release of ammonia gas leading to foul smells 

[24].  

The Size of Particles  

 Using fine particles increases the surface area they cover in the compost pile, which 

will enhance microbial activity and degradation of organic matter. However, if the size of the 
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particles is too small, the airflow is obstructed. Hence, microorganisms do not have access to 

enough oxygen, which hinders decomposition [24].  

Air Flow 

The presence of oxygen in the compost pile is essential for living microorganisms 

tasked with the decomposition of organic materials. At the beginning of the degradation, the 

amount of O! present usually ranges from 15% to 20% while carbon dioxide does not exceed 

5%. Over the course of the decomposition process, the amount of O! naturally declines since 

microbes consume it, while CO! increases, creating an anaerobic environment. As long as the 

oxygen in the compost does not fall below a threshold of 5%, the pile behaves as a bio-filter 

containing and preventing the emission of undesired smells. There are numerous ways to 

ensure that there is enough oxygen circulating in the compost including turning and mixing 

the pile to create space for pores to form, and introducing aeration pipes [25].   

Moisture Content  

 It is generally advised to maintain the moisture content of the compost pile between 

50% and 60%. Too much moisture -exceeding 65%- could lead to the development of 

anaerobic conditions, which is synonymous with the release of unpleasant smells. Not enough 

moisture- below 30%- could restrain microbes’ ability to decompose organic matter. Each 

component contains a different amount of moisture, which is another reason why it is 

important to balance elements rich in carbon with those rich in nitrogen since the former tend 

to have little moisture content while the latter usually have high moisture content [25]. 

Temperature  

  Temperature generation is a natural result of the composting process. The amount of 

heat released largely depends on the aforementioned parameters. Decomposition is the fastest 

during the thermophilic phase in which the pile temperature ranges from 40°C to 60°C. In 

order to eliminate the maximum amount possible of harmful bacteria from the compost, the 
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U.S. Environmental Protection Agency (EPA) recommends keeping the pile at a temperature 

of 40°C for at least five days, while letting the temperature exceed 55°C for 4 hours each day. 

It is important to periodically monitor the temperature to prevent it from exceeding 65°C 

since microorganisms are generally not able to withstand such high temperatures. The 

temperature can be lowered by turning the pile and creating airflow within the compost [25].  

4.2 Establishing a Composting Program 

  The state of New Hampshire offers an interesting model of a composting program, 

which could be adapted to the town or province of Ifrane. The program outlines various 

factors that need to be considered when undertaking such a project, and offers guidelines to 

that end. The most critical steps to follow are summarized below:  

  4.2.1 Quantifying Yard Waste 

 In order to establish a composting program in Ifrane, it would first be essential to 

determine the exact amount of yard waste available every year. This quantity fluctuates 

throughout the seasons, so it would need to be monitored in order to obtain an accurate 

estimation [26].  

  4.2.2 Equipment Needed 

 Among the factors to be considered when it comes to the equipment needed for such a 

composting program is the ease of movement, turning, and watering. Special equipment 

adapted to windrow composting systems usually helps ensure a cohesive size of particles in 

the compost pile [26]. 

  4.2.3 Yard Waste Collection  

 The town of Ifrane could decide to either collect the leaves in bulk or foster a culture 

curbside pick up by engaging citizens in this activity. It is also necessary to identify the 
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material in which yard waste will be collected. Biodegradable materials are preferred since 

they can readily be added to the compost pile [26].  

  4.2.4. Composting Facility 

 The size of the composting facility would depend on the volume of yard waste to sift 

through as well as the machinery purchased for the composting program. It is important to 

choose an adequate location that can be dedicated to this activity taking into account its 

topography, accessibility, and size [26].  

  4.2.5 Hiring Staff 

 It would be necessary to hire staff or reallocate existing human resources and 

potentially train them to carry out the demands of such as program. This includes collecting 

leaves, monitoring the compost pile, and the quality of the product [26].  

  4.2.6 Composting Method  

 New Hampshire implements the windrow method of composting, which relies on 

affordable technology. This composting method requires turning the heap every 4 to 8 weeks, 

and leads to a finished product in 6 to 12 months. Figure 15 gives a description of this 

windrow. This model could be adapted to the town of Ifrane based on the volume of yard 

waste, and the size of the facility to be dedicated to the composting program [26].  
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Figure 15. Example of Windrow Compost [26] 

4.3 City Composting Programs  
 
 Many cities in the United States and Canada have established composting programs in 

which they collect yard waste, prepare composts, and either sell compost piles to residents or 

give them away for free.  

 An example of such composting programs is the one launched by the city of Boise in 

Idaho in summer 2017. They have been able to collect over 40 000 tons of useful materials 

for composting since the start of the program. The city conducts weekly curbside pick up of 

compost materials, and does not set a limit on the amount disposed of by each resident. 

Acceptable materials include branches, leaves, grass clippings, and any other form of yard 

waste. They also allow residents to add vegetable and fruit peels or leftovers and other 

organic waste to the pile. Plastic bags are not to be used since they are not biodegradable. 

Residents are each entitled 1 cubic yard of compost material per year for free [27].  

 The composting program implemented by the city of Allen in Texas is another 

interesting model to consider. Yard waste and trash are collected on the same day. Residents 

are given clear guidelines regarding the quantity of yard waste to be disposed of as well as the 

placement of their yard waste bags. This waste may include plant material, leaves, and tree 
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trimmings. Residents are urged to place their waste in paper bags that are not to exceed 4 feet 

and 40 pounds. The maximum pick up capacity per residence is set at 15 yard waste bags. 

Residents are instructed to place their yard waste 2 yards away from the curb for collection. 

The city has an agreement with the North Texas Municipal Water District, which allows it to 

receive 150 cubic yards of compost per year for free. The city then provides these compost 

piles for free to organizations in Allen dedicated to landscaping [28].  

  Currently the town of Ifrane collects fallen leaves and either disposes of them in a 

forest near Ifrane, or mixes them with residential waste, and compacts them in the designated 

landfill located 40 km from town. Typically, in autumn, trucks toss the collected leaves in the 

forest 4 to 6 times a month according to an engineer specialized in waste collection and 

treatment at the Ifrane province. It would be interesting for the town to consider giving away 

composted piles of collected leaves and twigs for free to farmers in the outskirts of town to 

help them enrich their soil, or selling it to residents interested in enhancing their yards.  
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Chapter V: Steeple Analysis 
 
 The idea chosen for this capstone project was selected for a number of considerations, 

some of which are summarized below.  

Socially, a potential application of this project’s findings could enable residents of 

nearby villages to use fire logs made from leaves as a source of heating. Many of these people 

usually struggle due to harsh weather conditions, poor insulation in the construction of 

houses, and little access to heating. This project could provide a cheap and pragmatic solution 

to their problem.  

Technologically, with further research and investigation, a possible outcome of this 

project could be a scalable design for the compaction of leaves so they can be used as a fuel. 

Building on the calorific value measurements performed and the binding agents tested, an 

optimal amount of adhesive could be determined to keep the leaves compacted.  

Environmentally, the use of biomass to generate energy and heating, and improve soil 

properties represents a significant effort to protect the environment from the polluting effects 

of traditional sources used for heating purposes such as oil, coal, and natural gas. Thus, this 

project’s outcomes could help reduce carbon emissions, and reduce the reliance on firewood.  

Economically, this study could have financial benefits for the town of Ifrane as long 

as the approach adopted is cheap and efficient. The town of Ifrane could reap economic 

benefits from investing in such a project to resolve the issues of household heating, and 

making soils more fertile.  

Politically, this project joins the country’s efforts in producing innovative clean and 

renewable sources of energy as it is one of the nation’s major strategies. These initiatives 

contribute to making Morocco less reliant on external sources to meet its energy needs. All of 

this reinforces the country’s growth and stability.  
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Legally, such a project adds to Morocco’s resolve to honor its commitments in the 

environmental field put forth during the COP 22 conference. The implementation of this 

project must also take into account the established legal framework governing such activities 

in the environmental sector.  

 Ethically, it is our moral responsibility to invest time, energy, and resources in 

projects that are environmentally friendly and sustainable in nature. It is also our obligation to 

honestly report the pros and cons of our proposed solutions.  
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Figure 16. STEEPLE Analysis  

 
 

•  Enable residents of villages in the outskirts of Ifrane to use leaves for 
heating. 

Social  

• Design a scalable system for the compaction of leaves. 
• Develop an efficient drying mechanism.  

Technological 

• Use biomass instead of fossil fuels for heating purposes. 
•  Reduce carbon emissions.  

Environmental 

•  Enhance the fertility of top soils.  
•  Create new job opportunities.  

Economical 

•  Join the country's commitment to environmental causes.  
•  Reinforce the country's stability and reduce energy dependence.  

Political 

• Honor resolutions of the COP 22 conference.  
•  Respect the legal framework around environmental projects.  

Legal 

•  Invest in environmentally friendly projects.  
• Honestly report results and limitations.  

Ethical 
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Chapter VI: Final Remarks 
 

6.1 Challenges and Limitations 
 
 This project revealed a large field of examination due to the broad nature of the topic, 

which is the valorization of leaves. We explored different paths from various disciplines 

ranging from microbiology to composting, and fuels. This led us to conduct multiple 

laboratory experiments to find the optimal use for the biomass in question. Therefore, we 

decided to investigate the antimicrobial and antioxidant capacities of P. acerifolia leaves, 

which are found in abundance in the town of Ifrane. Over the course of the project, we 

discovered numerous parameters that can be investigated. If we were to do this project again, 

we would instead focus our research on one of the aspects we tackled, and delve deeper in our 

study in order to reach more solid conclusions.  

 Laboratory experiments naturally take time, trial and error, and require repeating the 

experiment if it fails or if the proper equipment is not readily available. In addition, this was a 

field of research that we were unfamiliar with, which rendered it a challenging undertaking.  

6.2 Future Work 
  
 Among the future work required for the implementation of such a project would be to 

gather more detailed information from the town of Ifrane regarding the volume of leaves shed 

every fall season, and the current ways in which they are being dealt with.  

 When it comes to composting, a specific method needs to be determined that utilizes 

leaves as a main component for the composting pile. The cost of preparing the compost, the 

equipment, facilities, and staff required for this activity should be investigated.  

 For the use of leaves as a fuel, a variety of binding agents should be tested with leaves 

at a larger scale (kilogram scale) to determine the minimum amount of adhesive required to 
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keep the leaves compacted. A potential design for a compacting system, as well as a drying 

mechanism and a storage protocol could be developed.  

 A detailed financial analysis would also enable the town of Ifrane to determine which 

approach would be the most feasible when it comes to the valorization of leaves in the area.  

6.3 Conclusions 
 
 Based on the accomplished work in this project, it seems that composting and 

valorizing leaves as a fuel are the most promising paths to be further investigated. Either one 

of the two would require investment from the town of Ifrane, training, new equipment to be 

purchased, and appropriate facilities for such activities. Both would have a beneficial 

environmental impact on the region, and would solve the issue the town faces with such large 

amounts of leaves that are underutilized, and simply disposed of in a local landfill.  
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Appendices 

Appendix A- P. acerifolia Leaf and Storage Conditions  
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Appendix B- Samples of Leaves Combined with Binding Agents 
 
In each of the samples below, the top weigh boat is comprised of shredded leaves while the 
bottom two are comprised of powdered leaves.   
 

                                           
  Binding Agent: Cornstarch             Binding Agent: Flour 
     

 
Binding Agent: Wax  
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Appendix C- Oxygen Bomb Calorimeter Apparatus  
 
 
 

                         
 
 
 


