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Highlight 
To develop a front bumper system that will absorb more energy than the present bumper in the case of a frontal 
impact. 
 
Abstract 
The aim of the research is to develop a front bumper system that absorbs maximum impact energy as compared 
to the current bumper available in the market, Bumper design is based on increasing the area of the crumping 
zone to slow down the collision and observe the impacts taking place at the time of jerks and reduces the 
percentage of damage. To develop the system, the number of load cases tested numerically in passive safety 
simulation has increased significantly in recent years. The variety of applications may be divided into three main 
topics: structural crashworthiness of the whole car, passenger protection, and crashworthiness of components. 
Present theories and practices. To absorb impact, the front bumper of the car uses a spring-loaded system that 
is installed between the bumper and the support for the chassis structure. This system is made of metal 
and serves as the bumper's structural foundation. A honeycomb structure is being added to the bumper 
as a composite material together with a layer of galvanized iron as it is being created in this manner, which 
increases strength while weighing less. This arrangement design is suitable for psychoacoustics, varying velocity 
explicit analysis is performed with the approach of finite element analysis, experimental testing is carried out 
for the validation of the value and advanced manufacturing methods are implemented with statistical results, 
and one of the cheapest systems is developed as compared to the current bumper systems. 
 
Keywords 
Bumper system, crash analysis, composite material, CAD, experimental testing, FEA. 
 
Introduction  
In an automobile, both the front and rear elements consist of a bumper system to resist the impact taking place 
on the vehicle and a system that absorbs shock to reduce damage (as in a collision). In the bumper system, a grill 
is implemented for ventilation purposes for a projected lamp for visibility, headlamps, and the aesthetic look 
of the vehicle. The aim of this paper is to highlight a system that is more suitable for modern automobiles with 
better passenger safety aspects. To develop this system, we have to consider various kinds of materials used, 
such as Galvin sheets, ABS plastic sheets, Honeycomb aluminium panels, etc., which are combined and put into 
one combination to make a composite material. This composite material is very strong, with high strength 
and less weight. The design has an aerodynamic effect. Research mainly focuses on parameters such as materials, 
design, CAD, GD&T, CAM, CAE-Simulation, Programming, Hand Calculation, Advanced Manufacturing Process, 
Experimental Testing, Validation, and Comparison Depending on all these criteria and parameters, 
the development of energy observing systems is done. It observes the energy inside it and reduces the impact, 
which is beneficial for the passenger for safety purposes. In automotive assiduity, energy immersion capability 
is veritably important in adding safety for passengers as vehicles are used considerably. Structural 
crashworthiness is an essential requirement in the design of the automotive corridor. Crashworthiness alludes 
to the reaction of a vehicle when it is engaged with or goes through an effect. Crashworthiness performance 
is good when there is less damage to the vehicle and passengers after a crash. Crashworthiness for structural 
members needs to be dissected before being enforced in the factual field [1]. This system is very helpful for the 
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development of an automobile. It has a unique component system that reduces the impact. Jerks 
and the percentage of damage to the passenger are very low, and they are also in a safe zone with a safety factor, 
and the manufacturing cost is very low in comparison to others. Figure 1 highlights the basic representation 
of the energy-absorbing bumper system.  

 

 
 

Figure 1. Automobile Front Bumper (Energy Absorption System). Source: Own. 

 
Methods  
Research studies 
Objective is to study bumper system and design and development a bumper system which absorb maximum 
energy inside bumper system in the form of a crumping zone and more effective as comparing to the present 
bumper, According to the aforementioned literature research, an appropriate impact force distribution can 
enhance a bumper's performance in terms of a vehicle's and its occupants' safety. Additionally, there are 
methods for efficiently dispersing the energy that the bumper system absorbs in order to achieve safety with 
the least amount of damage. An investigation was conducted [2]. Found that balancing the weight of bumper 
system components by controlling their thickness may lead to lower stress levels, which indirectly protects 
the safety of the components. Since the energy from impacts is distributed equally among the components 
and we may fortify the components during assembly thanks to the properties of the material, the use of varied 
materials is justified. Also. For fenders that might devaluate further energy, design specifications must be 
determined. According to the experimental disquisition report and study trouble applicable to advancements 
in the frontal cushion design of a passenger auto, there are some significant factors that may be taken into 
consideration for enhancement and a gap in the literature. 

▪ The bumper's ability to absorb energy must be increased considering the friction damper. 
▪ A novel energy perception framework is required, which can notice the energy inside it and decrease 

the effect, like a spring-stacked framework or hydraulic cylinder. 
▪ Experimental data for analysis of passenger safety. 

 
Material Properties & Analysis  
The bumper system consists of two major component system one is the spring-loaded system which is connected 
inside the bumper to the chassis other is the body parts of the bumper system as shown in the Figure 2 both 
analyses is carried out for the selection of the better material, Proper alloy composition is made which contains 
different percentages of material properties. Also, proper solidification time is given to extract material 
properties at the time of manufacturing so it can sustain maximum impact on the materials. 
 

 
 

Figure 2. Different component systems used for the bumper. Source: Own.
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Diverse types of materials are used to build bumper systems and composite materials are also utilized, aver 
materials have different properties; with varied materials taken into consideration for the system's study, 
the goal is to analyse each of these materials in terms of low weight and high strength. The typical characteristics 
of the Guard are listed below, mainly consisting of the Chief Tomahawks of Dormancy and the Head Snapshots 
of Inactivity, etc. The mechanical characteristics of the guard plan framework for energy retention are displayed 
in Table 1 below. 
 
Table 1. Material Properties for the bumper system. Source: Own. 

 

Material 
Modulus of 
elasticity E (GPa) 

Poisson’s ratio 
µ 

Yield strength 
Sỵ (MPa) 

Density 
ρ (kg/m³) 

AISI 316 Stainless Steel 
Sheet (SS) 

211 0.265 170 8027 

Aluminium 1345 Alloy 59 0.33 28 2700 

S2 Glass 86.9 0.23 310 2460 

ABS Plastic 2.5 0.394 48 1050 

 
In the Solid Works tool mass properties analysis is done for the bumper system as shown in Table 2  
 
Table 2. Mechanical Properties for the Bumper Design Systems. Source: Own. 

  

Mass Volume Surface area Centre of mass: (inches) 

6202.89 grams 6202890.90 m3 3616.72 3 in 2 
X = -51.35 
Y = -1.14 
Z = -17.39 

 
A bumper design configuration and coordinate system are defined as shown in the Figure 3, the system diagram 
is obtained in CAD tool and analysed parameters.  
 

 
 

Figure 3. Bumper system configuration diagram. Source: Own. 

 
Following material analysis is carried AISI 316 Stainless Steel Sheet (SS), Aluminium, Glass and ABS plastic, for 
checking suitable material as shown in Table 3 
 
Table 3. Materials analysis for selecting suitable material and model outcomes for auto front guards. Source: Own. 
 

Parameters ABS Plastic S2 Glass 
AISI 316 Stainless 
Steel Sheet (SS) 

Aluminium 
1345 Alloy 

Absolute Disfigurement 0.31992 0.26661 0.74322 1.23211 

Stress 1.40e+09 1.17e+10 879083.88 877002.44 

Strain 1.5741 0.15533 0.000002 0.000001 

 
Consisting of material properties and bumper analysis we can predict S2 Glass fibre is a better material, Also 
implement steel sheet combined with polycarbonate which act as a honeycomb structure reinforcement as 
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 compared to the analysis point of view is stronger and light weight, Outright Deformation 0.2155, stress 
1.05e+10 N/m2. Different part is made of different material in the bumper which act as the composite material.  
 
The chemical properties of chromium-vanadium steel springs as shown in Table 4 are considered 
for the development of spring-loaded bumper system, a spring is a very critical element in this system. 
The chemical composition is very important at the time of the manufacturer's spring. If some percentage 
mismatch takes place, the breakdown of the spring occurs after a few intervals of time. Table 4 refers 
to the chemical properties for developing the energy absorption material [3,4]. 
 
Table 4. Chemical compositions considered for developing energy absorb system. Source: Own. 

 

Carbon Silicon 
Vanadium 
concentrations 

Magnesium 
Chromium 
(Cr) 

SAE Steel 
Grade 

0.4% to 0.5% (0.3 to 0.5% Si) 0.1 to 0.2%. 0.5 to 0.8% Mm 0.9 to 1.1% 6000 Series 

  
Deformation takes place when a load is applied to the spring in the energy absorbed, the spring will be returned 
to its original state by means of the oscillating motion when you quickly launch a weight from this position. With 
this technique, the spring builds strength through deflection when the load is applied [5,6]. When there 
is a crash, the energy is absorbed and transformed into a system's internal potential energy, the spring-loaded 
bumper system has 11493397.4 psi as material shear modulus. 
 
Energy absorption impacts fundamental and the bumper system’s-built structure. 
The equation below shows the impact analysis fundamentals that are used to solve impact elastic and plastic & 
available in two different varieties. Energy and momentum conservation equations can be expressed as follows. 
 

(1)   
1

2
𝔪𝑨𝒱A

2 =
1

2
𝔪𝑨𝒱A2

2 + 
1

2
𝔪𝐵𝒱B2

2   

 
 

(2) 𝔪𝐴𝒱A= (𝔪𝐴+mB) 𝒱0  
  

Where 𝔪𝐴is the mass of the impactor𝔪𝐵the mass of the vehicle, 𝒱𝒜  the haste of the impactor before impact, 
and 𝒱0 the final haste of the impactor and vehicle at the moment of highest deviation point. 
 
The coefficient of restitution (e) can be used to calculate the velocities following a collision. 
 

(3) 𝒱B2−𝒱A2

𝒱A−𝒱B
   

       
The impactor's kinetic energy prior to the impact 
 

(4) 𝐸plastic = 
1

2
𝔪𝐴𝒱A + 

1

2
𝔪𝐵𝒱B - 

1

2
𝔪𝐴2𝒱A2 - 

1

2
𝔪𝐵2𝒱B2  

 
The chassis serves as a supporting element for the bumper system; it is made of lighter carbon steel or aluminium 
alloy. At the rear and front end of the chassis, a bumper system is implemented on a horizontal beam in this same 
beam with a perpendicular formation. We have added a series of spring-loaded systems to observe the energy. 
A spring-stacked system is planned in such a manner to utilize a twist spring to store energy from contorting 
movement. It additionally notices the strain inside and delivers the energy the other way. Spring-loaded systems 
observe maximum energy inside them, and very little energy is transferred to the passengers. At the time 
of impact, the forced distribution takes place in a circular motion to reduce the impact. Also, we can implement 
a hydraulic cylinder inside the chassis at the vertical front of the chassis body. This is one type of suitable method 
that can be implemented in vehicles and is a very cost-effective method where the vehicle falls under a safety 
zone. This method can be used to make a vehicle five-star under the Global NCAP rating and is a more suitable 
method. Also, we can implement a crash box that can be fitted between the chassis and the bumper element. 
This type of method is adopted nowadays in vehicles. As compared to our system, a hydraulic cylinder for 
the vertical component has been installed at the front of the chassis. The horizontal front beam of the chassis 
part has a spring-loaded mechanism added to it to cushion the blow. This system is fitted between the vehicle  
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chassis and the inner element of the bumper. A series of springs are added in this system at the front frame 
of the chassis section. The formation of a collusion force takes place. Spring sustains the impact and bumper life 
is increased. This system is very suited for the off-roading area in its rigid condition, and for high to low ground 
clearance, it is very effective. Chrome strips were added for support and styling purposes and to enhance 
the look. This system is fitted between the front chassis section and the inner element of the front bumper. 
Further, the outer body of the bumper is made with a honeycomb structure in a natural hexagonal honeycomb 
formation. The structures are used to build the bumper system, which consists of a PVDF coating with rigidity 
and stability for the panel. They are fixed inside and outside of the bumper system with an inside honeycomb 
structure between them. They are also used for aerospace applications, known as ACP aluminium panel sheets. 
In this panel, we are using the pattern of an, I beam, which has the most strength with less weight, which 
enhances its efficacy to withstand extreme stress. They also act as heat and sound insulation, which reduces 
engine noise. The hexagonal structure of the sheets has a hollow space in the middle that inhibits airflow 
and prevents heat and sound from passing between the sheets. Once the honeycomb structure was completed 
according to the parameters, we added a Galvin sheet that acts as a composite material; galvanized metallic 
systems are widely used for exterior buildings in the current metropolitan society, including crash barriers, lamp 
poles, fences, buildings, facades, and roofs. A heat treatment process is used to increase its strength. 
An electroplating process has been applied to metal surfaces using warm dipping [7,8]. The first layer will be 
aluminium-coated, and the second layer will be I beam of honeycomb. The third layer will be aluminium, 
and the fourth layer will be a Galvin sheet. The combination is in such a way that it has high strength with less 
weight so that maximum strength will increase. In an automobile, both the front and rear elements consist 
of a bumper system to resist the impact taking place on the vehicle and a system to absorb shock to reduce 
damage (as in a collision). In the bumper system, a grill is implemented for ventilation purposes a projector lamp 
for visibility, and headlamps. The aesthetic look of the vehicle becomes good. It is the most advanced concept 
that can be implemented in an automobile front bumper system for passenger safety aspects. Low 
manufacturing costs with rapid advanced production [9]. Figure 4 highlights the bumper system different 
components and the built structure of it. 
 

 
 

Figure 4. Bumper System with exploited View. Source: Own. 

 
Results and discussion 
Bumper system simulation 
The most important thing to consider in the development of automobile front bumper systems is that we have 
defined the physical parameters such as thickness, length, height, different angles, angle of curvature, internal 
Di & external Do diameter, Ti-difference between two elements, Th-thickness of the supporting element, Ao-the 
difference between slot area and aesthetics look is created for the beauty of a bumper system. After designing, 
we implement the Pre-Processing, Processing, and Post-Processing Phases. We also implement Mat-Lab platform 
Programming supporting Simulation and Calculation. 
 
Base model evaluation  
We are provided a cushion assembly, as shown in Figure 5, whose component consistency is specified 
in the table.  
 
The automobile's front bumper panel consists of various parts. The thickness for the base model ranges between 
1.50 mm and 12 mm, and the chassis section is 10 mm. The analysis is divided into three parts: pre-processor, 
processor, and post-processor. Pre-Possessor – The process mainly consists of discretization into a number 
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of small parts, each part consisting of a node and an element they are properly connected to one another, 
allowing force to transfer from one side to the other and acquire static or dynamic loading conditions [10]. 
Mostly, this process is followed to convert an infinite into a finite for a higher thickness component; we use a top-
down approach where the mesh is created on the top face and extended to the bottom face. For the smallest 
thickness at midplane, the mesh is created by extruding on both faces. Since the third feature of a multitude of 
variables, consistency is negligible compared to the other two constraints, length, and range, we prefer 2D 
meshes or hulls. Furthermore, the conjunction provisions do not impose permanent limitations on the effective 
section. After recording, the model looks like Figure 6. The type of network, a fitted model, is also examined. 
Once the mesh is created, the model is assessed for quality and compliance to standards, allowing precise 
characterization of stress zones and mapping surrounding boundaries across material packages, similar 
to the modulus of plainness and venom rate [11,12]. 
 
 

 
Figure 5. Assembly of the Bumper System of the Base Model Analysed. Source: Own. 

 

 
Figure 6. Bumper system assembly mesh model (front view). Source: Own. 

 
The viscosity of the material, etc. we are handed a sword as an introductory material, whose parcels are 
described in Table 5 below. 
 
Table 5. Steel Material Characteristics. Source: Own. 

 

Material The elasticity modulus Density Poisson ratio 

Steel 215 kN/ 𝑚𝑚2 7.9e^-6 kg/ 𝑚𝑚2 0.3 

 
Soft steel is used to make the front panel and side panel of the car's front bumper, whereas the chassis portion 
and support bracket are composed of tough steel, and the impactor is stiff. In addition, this material is divided 
into two groups: mild steel and durable steel, which are allocated to components like these. Below are the values 
and angles of the stress vs. strain charts for the two materials. Figure7 highlights Stress-Strain for the soft & hard 
steel [13]. 
 
Soft & durable steel compression between Stress-Strain is highlight in Figure 8, the non-linear curve used 
to compare durable steel to soft steel; Boundary conditions refer to issues that arise during analysis. This has 
to do with fixing the model, operating the loads, providing the right connections, etc.  
 
Following that, we are given the restricted circumstances, the vehicle's mass, which is approximately 1000 kg, 
and the impact speed, which is 1.5 m/sec. Shafts provide bolt couplings, which are thus properly constrained. 
The processing stage is where FEA equations are used to solve the stages and compile the findings of the study.
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Figure 7. Data on the stress-strain axes for both soft and durable steel. Source: Own. 

 

 
 

Figure 8. Comparison graph between hard and soft steel. Source: Own. 

 
Post-Processor (Base Model) 
The Results of the analysis are displayed in the hyperview module after completion and validated with 
the corresponding method. Figure 9 and Sub Figure 9 A-B-C-D-E; highlight the Base model analysis for different 
components.  
 
For soft swords, the acceptable values for plastic deformation are 0.25 (25) and 0.33 (0.33), respectively. 
The support type (cushion type) is 0.33, which is higher than the allowed value. Because of this, the bumper side 
panel's design is dangerous, and the real amount of plastic deformation must be lowered to a reasonable level. 
The plastic strain value for the first swelling model is shown in Table 6. 
 
For components made of soft steel, the allowed values for plastic strain are 0.25 (25%) and 0.33 (33%) for those 
made of durable steel. We conclude that the bumper bracket exceeds the actual allowable strain value, 
as indicated in Table 2. Making the appropriate tweaks to the assembly process will help to secure the design by 
bringing the plastic strain values down to a manageable level. To make sure that all components enter the safe 
zone, a modified analysis of the basic model is carried out based on the findings. Therefore, the accompanying 
Table 4 [14,15], provides the fundamental model with the change in element thickness. 
 
Table 6. Displays the plastic strain values for each part of the original model in the complex model. Source: Own. 

 

The name of the component 
The model's original 
thickness 

Model original Plastic 
strain 

Body of the bumper's front panel 1.7 mm 0.26 (26%) 

Panel on the bumper's side 1.7 mm 0.08 (8%) 

Part of the bumper panel that supports 
the brackets 

4.0 mm 0.35 (35%) 

Component of the supporting bracket 11.0 mm 0.21 (21%) 

Body section 10.0 mm 0.01(1%) 
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A) Bumper Front Panel 

 

 
B) Side Panel Cushion 

 
C) Bumper Bracket 

 
D) Bumper Supporting Bracket 

 
E) Chassis Section 

Figure 9. Contour diagram analysis of the actual values of plastic deformations of various parts of the front bumper 
and chassis sections. Source: Own. 

 
Possible solutions are: 

▪ Redesigning components: To get the best results we can redesign the component. This results 
in the redesign of components, increasing costs by adding more ribs or changing calculations.  

▪ Material modifications: Component materials can be modified to ensure appropriate pressure 
distribution. We can use additional composite materials to avoid poor design.  

▪ The thickness of each component can be varied to determine the correct plastic strain values for each 
component. The promotion process is expensive and time-consuming. To determine plastic strain 
values and create a safe strategy, we choose the third option from the list above. 

 
Changed Guard front board and skeleton area examination. 
As a result, the new front bumper panel of the car had a thickness ranging from 2 to 12 mm and the chassis 
section had a thickness of 10 mm. This led to the creation of the upgraded model with the modified component 
thickness for the new bumper assembly. With the same limit circumstances after the thickness adjustments, 
the effects of the modified model are as follows: Figure 10 and sub-Figure 10 A-B-C-D-E display the component 
analysis of the improved bumper system for various sections. 
 
For the vehicle chassis and front bumper parts, the plastic deformation values are between 0.26 and 0.01, which 
is equal to or lower than the permissible limit. This makes the structure safe. If it is in a safe zone, we can take 
the changed value into account and run the project. Table 7 shows the modified plastic deformation 
of the model.
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Figure 10. Contour plot study of actual plastic strain values for chassis section and front bumper panel modifications. Source: 
Own. 

 
Table 7. Values for Plastic Strain in Changed Guard Get-together. Source: Own. 

 

Name of the part 
The thickness of the 
model has changed 

Altered model 

Panel in front 2.0 mm 0.18 (18%) 

Lateral panel 1.6 mm 0.12 (12%) 

Bracket 6.0 mm 0.25 (25%) 

Supporting Bracket 11.0 mm 0.26 (26%) 

Chassis 10.0 mm 0.0004 (0.04%) 

 
For mild steel, the permissible plastic deformation values are 0.25 (25%) and for durable steel 0.33 (33%). Table 
8 shows the compression between the original and modified models. 
 
Table 8. Compare the results of the original and revised models. Source: Own. 

 

Name of the 
part 

Model's original 
thicknesses 

The values of the 
initial model 
strain 

Model thicknesses 
have been 
modified 

Values for model 
strain have been 
changed. 

Panel in front 1.7 mm 0.26 (26%) 2.00 mm 0.18 (18%) 

Lateral panel 1.7 mm 0.08 (8%) 1.60 mm 0.12 (12%) 

Bracket 4.00 mm 0.35 (35%) 6.00 mm 0.25 (25%) 

Supporting 
Bracket 

11.00 mm 0.21 (21%) 11.00 mm 0.26 (26%) 

Chassis 10.00 mm 0.01 (1%) 10.00 mm 0.0004 (0.04%) 

 
The allowable plastic strain grades are 0.25 (25%) and 0.33 (33%) for components manufactured of strong steel 
and sensitive steel, respectively. All the components in Table 4's updated model piece are therefore within 
a reasonable distance [2,16]. To approve it, we have also defined the real boundary; we have computed each 
component design calculation using the traditional way of analysis (by hand), Explicit analysis in LS-DYNA R11.2.0 
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has been carried out for varying velocity as shown in Table 9; S2-Glass fibre combined with aluminium sheet 
is used as composite reinforcement material in the analysis as per analysis deformation is increases with 
increases the velocity comes in the contact of collision also Bumper design has perform under asymmetric 
loading and it is suitable for asymmetric loading condition.  
 
Table 9. Explicit analysis result carried in LS-DYNA. Source: Own. 

 

Part Material 
Speed 
Km/hr. 

𝒗final 
(m/s) 

Body 
Mass(kg) 

Collision 
Distances 
d(M) 

KE (J) F (N) 

Bumper 
System 

Composite  52 to 57  14.7222 1200 0.100 129654 1296540 

Composite  58 to 62 16.3889 1200 0.110 159414 1449218 

Composite  63 to 68  17.7778 1200 0.150 375948 2506320 

 
Experimental Testing 
The experimental testing method was adopted according to the standards of AIS-006, the test procedure 
is designed to violently impact a raised piston, vertically connected at the top centre, against the bumper system 
and use the impact to calculate the degree of destruction and rupture of the material. The results show that 
the material fracture on the vehicle occurs under the influence of the crack propagation generator at the time 
of impact of the settlement mechanism and considering the material damage. The Experimental set-up as shown 
in Figure 11 below is designed to test the vehicle bumper during impact conditions, ram angle is used at impact 
to test the sidewalls and calculate the impact of the anti-slip bumper system. The structure of the building is very 
simple and in a classic style [17,18]. 
 
Furthermore, we have shown the parameters and mathematical formation with expression. Impact testing 
is carried out to determine how much energy is absorbed or how much energy is required to destroy the unit 
under test (UUT). Engineers can reduce the impact force of a car by increasing the stopping distance by using 
"crumple zones," where the distance travelled matches the change in kinetic energy, according to the work-
energy principle, where the average impact force times the design., F = ma [N] to calculate the anticipated impact 
force. Using the final haste calculated from the discussion of energy Equation v = √ 2gh, [m/s)] we 
may cipher the performing impact acceleration. 
 
The network performed during an impact is equal to the average impact force times the impact's travel distance. 
 

(5) Wnet =  1
2⁄ 𝑚𝑓𝑖𝑛𝑎𝑙2 − 1

2⁄ 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙2   

 
In a drop test operation a drop, 
 

(6) Wnet =1
2⁄ 𝑚𝑓𝑖𝑛𝑎𝑙2   

 
Since the original haste (𝓥initial) is equal to zero. Assuming one could fluently estimate the impact distance, 
the average force, F, is calculated as follows. 
 

(7) F = 
Wnet

 d 
    

      
where d = distance travelled [mm] 
 
Results of the experiment: This was done to verify the impact performance of the various vehicle bumper system 
components using the Impact Pendulum Test Method. Values are displayed with a safety factor for modified 
bumper systems that meet the safe standards. We tried them with various strategies to approve them. 
The experimental results are highlighted in Table 10. 
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Figure 11. Experiment Setup with Specimen. Source: Own. 

 
Table 10. Experimental testing Data. Source: Own. 

 
 

 
A low-speed crash test was performed for experimental testing of the bumper system the parameters were set 
as 3km/h for the side and 5 km/h for the front panel testing, the vehicle hit with this speed to the rigid barrier 
and checked for the deformation, Table 11 below shows experimental testing results from a low speed. 
 
Table 11. Velocity version experimental testing of the bumper system. Source: Own.  

 

Mass of the 
vehicle 

Impact parameters 
Impact 
Velocity 

Average Impact 
Force (kN) 

Peak Impact 
Force (kN) 

Kinetic 
Energy (kJ) 

1000 Kg 
Front Panel 8 km/h 24.691 49.383  2.4691  

Side panel 4 Km/h 6.173 12.346  617.2840  
 
As per experimental testing result analysis, we can predict bumper design is under safe zone, design is succeeding 
in achieving crumple zone to absorb impact energy during a collision. 
 
Comparison & Validation 
The current market SUV standard model is compared with our base model of SUV. As per comparison, 
the standard method is followed. Further, we have validated the design as per ISO standards with a satisfying 
outcome. This framework is according to the direction of information and determinations of ARAI. The platform 
was designed and modified to support NCAP Global’ s standing. The platform is designed to withstand crashes 
and is suitable for all materials and amalgamations. We have also validated all the parameters such as Design 
CAD GD&T, CAM & Analysis, Testing, Simulation, and Programming with real-time performance data. Taking all 
these factors into account, we can conclude that the development of a machine front cushion system that 
observes energy and sustains impact at the time of the crash and keeps the passenger within the safety zone 
with a low-cost, high-performance outcome with continuity. Table 12 shows the comparison of experimental, 
analytical, and experimental testing reports [19,20].  
 
As a result, it was discovered that the trial tests agreed with the analytical values suggested. Consequently, 
the bumper assembly's design is secure. 
 
 

Part / component name 
Modified model 
thickness 

Modified model 
Plastic strain values 

Front panel 2.00 mm 0.21 

Side panel 1.6 mm 0.14 

Bracket 6.00 mm 0.20 

Supporting Bracket 12.00 mm 0.18 

Chassis 10 mm 0.02 
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Table 12. Correlation of exploratory and examination results for the base model and changed Calculation. Source: Own. 

 

Name of the 
component 

Strain values 
(existing geometry) 
by analysis 

Strain values (novel 
base geometry) by 
experimentation 

% difference 

Front panel 0.18 (18%) 0.21 +3 

Side panel 0.12 (12%) 0.14 +2 

Bracket 0.25 (25%) 0.20 -5 

Supporting bracket 0.26 (26%) 0.18 -8 

Chassis 0.0004 (0.04%) 0.02 +1.9 

 
Impact  
The bumper system analysis results can be developed to absorb maximum impact energy and enhance passenger 
safety. The use of composite materials and advanced manufacturing processes further contribute to the strength 
and durability of the bumper system. As technology continues to advance, it is important to continuously 
improve and innovate bumper systems to ensure the safety of vehicle occupants, When comparing the modified 
bumper system with the current market standard models, the performance and safety of the modified system 
are found to be superior, experimental testing is conducted using impact pendulum testing to verify the impact 
performance of the bumper system components. The results of the testing show that the modified bumper 
system meets the safe standards and effectively absorbs energy during a collision. Low-speed crash tests are also 
performed, and the results demonstrate that the bumper design is within the safe zone and successfully achieves 
crumple zones to absorb impact energy, this system can be implemented in automobile for better safety with 
cost effective.  
 
Conclusions 
A unique system has been developed to reduce the cost with a higher outcome. Cost-effective method that 
is 30% less expensive than the regular method Furthermore, we can implement this system in automobiles. 
Different material analyses were done & and investigated the suitable material for automobile bumper systems 
that absorb max impact energy with less weight strength, Several sensitivity analyses were conducted on a design 
that is better than the regular design. It observes the maximum impact and endures under it. In terms of energy 
absorption, it resists 50%, and the percentage of damage to passengers is reduced. Also, the design is aesthetic 
and eye-catching. By comparing standard models with modified and new innovation-generated versions 
of the models, we can predict the above results. This system can be preferred for hatchback sedans and SUVs 
to achieve a better Global N-Cap rating.  
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Abstract 
The world experience of neutralization and disposal of excess sludge of urban sewage is considered. The sludge 
generated during the technical treatment of municipal wastewater is dangerous, has low dehydration, 
the percentage of moisture is more than 96%, contains some pathogenic and organic substances, as well as heavy 
metals. In the Mangystau region of Aktau (Kazakhstan) at a sewage treatment plant, sewage sludge is mainly 
accumulated on silt sites after minimal treatment. The main directions of neutralization and disposal of excess 
sludge used in Asian and European countries are generalized. For example, while authors from China conducted 
research on ultrasonic chemical treatment of urban sludge and drying by artificial methods, authors from Europe 
paid more attention to the disposal of excess sludge from municipal wastewater, in the form of road surface 
additives, cement strength additives or modified bentonite for further use. Sewage sludge as a safe fertilizer 
in the national economy. Their advantages and disadvantages are shown, considering environmental 
and economic efficiency. The advantages of many studies can be indicated by the efficiency of the secondary use 
of sewage sludge, as well as a significant reduction in the area allocated for the storage of precipitation data.  
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The disadvantages of these studies can indicate significant economic and time costs, which are ultimately 
compensated by the positive results of their secondary use. 
 
Keywords 
Excess sludge; disposal; neutralization technology; sludge maps; recovery. 

 
Introduction 
Excess municipal sewage sludge, an inevitable by-product of municipal wastewater treatment, is a major issue 
in many countries due to its increasing volume and the impact associated with its disposal. According 
to a European Commission report published in 2022, 36% of excess sewage sludge available in the countries 
of the European Union is applied to agricultural land. In the EU countries, the problems of recycling excess sludge 
from urban wastewater are regulated by the Sewage Sludge Directive 86/278/EEC1. This directive allows the use 
of sediment in agriculture, strictly monitors the issues of reducing the negative and harmful effects 
on environmental components and public health. This document establishes permissible concentrations of heavy 
metals in sediments and in the soil where they are introduced – cadmium, copper, nickel, lead, zinc and mercury. 
The requirements of the sludge directive have been implemented in the legislation of all EU countries, and many 
of them have more stringent conditions for their use. 
 
Despite the permissibility of applying sewage sludge to soils, many European countries use incineration methods. 
Sludge incineration is regulated by the EU Industrial Emissions Directive 2010/75/EU (IED), which sets fixed limits 
for emissions from waste incineration plants (including sewage sludge) [1]. Sludge incineration on the territory 
of the Republic of Kazakhstan, both separately and in combination with individual waste is not carried out. Due 
to the global demand for organic waste and renewable energy sources, sewage sludge can become one 
of the available and in-demand resources in achieving this goal. It can be used as an energy source to provide 
the population with energy and heat, using both traditional and new types of technologies. Also, the sediment 
can be used as fertilizer and land reclamation if an effective technology is used. In this case, the use of sediment 
is more economically rational compared to incineration, disinfection or burial. Potential environmental 
improvements to existing solutions include reducing greenhouse gas emissions, improving soil conditions, 
and reducing the use of fossil fuels. The economic potential is to compensate for the costs associated with 
traditional waste treatment methods. In order to achieve the goal of wastewater treatment, it is necessary 
to manage sewage sludge more carefully, not only during the process, but also after their removal from 
treatment facilities. The new strategies should fit into the trend of eco-innovations in order to fulfill the basic 
concept of the European Commission strategy "reduce, reuse, recycle", which is currently understood 
as the most preferred hierarchy of waste management. After cleaning, the sediments are a biological mixture 
containing organic substances (human waste, food waste), dead and living microorganisms, including 
pathogenic, inorganic and organic toxic pollutants (trace elements of metals, polycyclic aromatic hydrocarbons). 
 
A certain amount of sludge is regularly recycled in the process of treatment facilities in order to optimize 
operations. In the case when the raw sludge at the outlet of the treatment facilities contains approximately 95-
97% of water, various methods of disinfection and dehydration are necessary for their further use as a useful 
solid biomaterial. More modern and modernized types of technologies should ensure the processing of organic 
substances and reduce the potential risk, with the absence of pollutants. Sludge treatment costs account for 
more than 50-55% of all operating costs at wastewater treatment plants, despite the fact that sewage sludge 
accounts for several percent of the total volume of treated wastewater. According to the technological 
regulations 30.0 thousand m3/day of household, industrial and storm water wastewater are processed daily 
at the sewage treatment plant "Caspian zhylu arnasy" of the Mangystau region, which are supplied for cleaning 
by the general water disposal system, and the actual amount of sewage precipitation reaches almost 11 thousand 
tons/year [2]. 
 
Due to the annual increase in the population of the Mangystau region, the volume of waste generated, including 
excess activated sludge of urban wastewater, is also increasing. The resulting secondary sediments are divided 
into the following main categories: organic sediments of mineral structure and activated sludge. Before 
dehydration, organic sludge leads to normal fermentation or stabilization, as well as thermosetting effects. 
The technological scheme of preparation, processing and subsequent dewatering of organic sediments 
and activated sludge usually includes the following stages: preliminary pressing, dehydration, thermal drying 
(burning). To reduce the moisture content of the sludge, including active sludge it is pressed [3]. In Kazakhstan  
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with a warm climate and hot summers, natural drying can be successfully ap-plied for their dehydration, which 
is currently used at wastewater treatment plants (WTP) in Aktau (Figure 1). 

 

 
 

Figure 1. Photo of the general view of the sludge platform. Source: Own. 

 
In recent years, a large number of scientific works appeared on the analysis of the experience of neutralization 
and disposal of excess sludge accumulated to date. China, Malaysia, India and Europe pay close attention 
to the problem of neutralization and disposal of excess sludge. Zhang Zongge [4], Yuanjun [5], Li Aimin [6] studied 
the air temperature and flow rate on the rate of sludge drying, conducted research on the effect of sludge 
morphology on water separating properties. Yi et al. [7], through the influence of solar dryers, studied 
the intensity of solar radiation. When solar drying excess sludge, there are several factors that affect the drying 
rate of the sludge. It was concluded that with greater exposure to solar radiation, the residual moisture content 
of the sediment is much less. The test results are shown in Figure 2. 
 

 
 
Figure 2. Changes in the water content in the sediment at different solar radiation intensity in an open solar drying system. 
Source: Own. 

 
In this case, the results showed that the main factors in the solar greenhouse were the temperature and air 
humidity influencing the drying rate. There is no definite pattern between the change in drying rate and moisture 
content.  Lei Haiyan [8,9] carried out experiments on drying excess sludge using home-made mixed solar dryers 
conducted a pilot study on sludge drying. The results of the experiment indicate the main factors that 
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influenced the drying process of the sludge. These are sediment deformation, temperature, speed and intensity 
of solar radiation. According to the experiments carried out on the physical and mechanical properties 
and chemical composition of Zabelska-Adamska [10], they indicate the possibility of using ash residues from 
excess sludge from municipal wastewater as a material for environmentally friendly products in civil engineering. 
The ash formed during the experiment indicates compliance with the norms and sanitary requirements necessary 
for the composition of road embankments. 
 

 
Figure 3. Images of porous sewage sludge ashes obtained on a scanning electron microscope (SEM): (a) general view 
of smooth and porous surface 500×, (b) porous natural surface 1000×, (c) porous fracture surface 1000×, ( d) silica SiO2 5000×, 
(e) secondary hematite Fe2O3 5000×, (f) quartz glass SiO2. Source: Own. 

 
Researchers pay great attention to the processes of sludge dewatering, considering the reduction of moisture 
content as the leading element in its disposal. Dehydration can be carried out by extensive and intensive 
methods. The first includes the processes of natural compaction and drying, the second – hardware methods 
of dehydration with additional effects on the sediment: on centrifuges, chamber and belt filter presses, gravity 
dehydration in geotubes [11]. According to the calculations of the manufacturer, the Geotube technology has 
an advantage over other methods of dehydration: the cost of sludge dehydration is 20-30% lower than with 
the use of apparatuses; absence of complex elements; aesthetics; absence of flooding by precipitation; 
the possibility of sludge dehydration, temporary storage or permanent burial at the place of its formation; low 
power consumption [12]. 
 
It is known that sewage sludge is an organogenic substrate containing biogenic elements (nitrogen, phosphorus, 
potassium, and their compounds) in concentrations comparable to traditional organic fertilizers. Therefore, both 
in scientific literature and in economic activity, great attention has always been paid to the issue of rational use 
of the biological potential of sewage sludge, its rational use. Silt sediments contain up to 40% organic and, 
accordingly, up to 60% mineral matter in terms of dry mass. A characteristic feature of sewage sludge is the high 
protein content. They also contain trace elements (heavy metals), which in adequate concentrations are vital for 
the development of plants, but in high concentrations they cause the toxicity of silt sediments. Heavy metals 
(trace elements) necessary for the growth of microorganisms can be divided into groups: elements that are 
usually necessary for growth (essential) — Ca, Mn, Fe, Co, Cu, Zn; elements that are rarely necessary for growth 
(nonessential),— Ba, Na, Al, Si, Cl, V, Cr, Ni, As, Se, Mo, Sn, I. The composition of the sludge of treatment facilities 
was determined based on the Method of measuring the mass concentration of heavy metals in activated sludge 
samples by the fluorometric method using the liquid analyzer "Fluorat- 02", M 01-26-2001, STB ISO 11885-2011. 
Sampaio et al. [13] says that the composted surplus sludge from municipal wastewater is an organic fertilizer 
that was obtained from the treatment of municipal wastewater at wastewater treatment plants. It is possible  
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that excess sludge from municipal wastewater contains a significant amount of potentially toxic elements 
and pathogenic agents (e.g., helminth eggs, protozoan cysts, E. coli, etc.).  However, composting can significantly 
reduce the pathogenic load and can stabilize potentially toxic elements due to organometallic formation, so that 
potentially toxic elements are no longer available to plants. In addition, this method stabilizes organic matter, 
as a result of which the product can be safely used and classified in accordance with national and international 
standards as an organic fertilizer. In fact, sewage sludge contains a large amount of organic substances and plant 
nutrients, including nitrogen, phosphorus and trace elements. Several studies by Hernandez, Yakubus, 
and Florentino [14–16], reported the benefits of sediment for the physical, chemical and biological properties 
of the soil. Thus, Meng, et al. [17], believe that composting is a sustainable solution for companies engaged 
in the disposal of sludge from water treatment plants. 
 
The Brazilian Government recently adopted Resolution No. 498/2020, Ministérioda Agricultura, Pecuária 
e Abastecimento/Secretariade Defesa Agropecuária. 2020 [18], which establishes rules for the use of sewage 
sludge in agriculture. Therefore, the introduction of sewage sludge into the soil must meet the agronomic criteria 
of the resolution. Accordingly, sewage sludge is considered an organic fertilizer if it complies with the standards 
established by the Ministry of Agriculture, Livestock and Food (MAPA), Regulatory No. 61/2020, Ministério da 
Agricultura, Pecuária e Abastecimento. 2020, Instrução Normativa No. 61, July 08, 2020 [19,20], which sets 
thresholds for pathogenic organisms and concentrations of potentially toxic elements. 
 
Research Xu [21] showed that, at present, ultrasonic technology is widely used in the treatment of excess sludge, 
as it has a high decomposition rate and efficiency in use. He carried out experiments in the study areas, applying 
ultrasonic chemical treatment of excess sludge. An experiment using ultrasound revealed the destruction 
of the structure of sediment flakes and cell walls, the release of intracellular organic substances, 
and the acceleration of the hydrolysis process. It turned out that ultrasound is able to improve the processes 
of sedimentation and dehydration of sludge, and the ultrasonic wave produces a spongy effect on excess sludge. 
This facilitates the flow of water through the channel from the surface of the wastewater, which leads 
to agglomeration of the sludge particles and increases the particle size. It has also been found that ultrasound 
promotes the coagulation process, improves the activity of the sewage sludge and increases the efficiency 
of the anaerobic digestion process and the final production of biogas. The sonication process of the cationic 
polyacrylamide leads to a weakening of the outflow between the particles and destabilizes the sludge flock. 
And also, the adsorption process and the binding action of the flocculant accelerates the agglomeration 
of the sludge particles, while the water in the sediment is separated to be converted into free water. In this case, 
this improves the dewatering process and also reduces the amount of moisture in the filter cake. 
 
The behavior of thin-layer drying of urban sewage sludge in a laboratory convective dryer with forced hot air 
supply using ultrasound transmitted through the air was investigated by San, et al. [22] at hot air temperatures 
from 70°C to 130°C. The kinetics of drying only in the convective process was compared with the kinetics of the 
process using ultrasound at three ultrasound powers (30, 90, 150 Watts). Average drying speeds over the entire 
drying temperature range at ultrasound power of 30, 90 and 150 W increased by about 22.6%, 27.8% and 32.2% 
compared with convective drying alone (without ultrasound). As the temperature increased from 70°C to 130°C, 
the maximum increase in the coefficients of effective diffusion of sewage sludge moisture was observed in both 
periods of speed reduction at an ultrasound power of 30 W compared to the other two high powers. In the range 
between ultrasound power from 0 to 30 Watts, the effect of power on the drying rate was significant, while its 
effect was not obvious over 30 Watts. Thus, the low ultrasound power can simply be set during the drying 
process. The values of the apparent activation energy in the first period of speed reduction decreased from 13.52 
to 12.78 kJ mol−1 and from 17.21 to 15.10 kJ mol−1 in the second period of speed reduction with an increase 
in ultrasound power from 30 to 150 watts.The values of the apparent activation energy for two periods of speed 
reduction using ultrasound were less than with convective drying with hot air only. According to other studies 
by Salim et al. [23], sewage sludge was used by including it in baked clay bricks to obtain the properties and 
leaching ability of heavy metals. The use of sewage sludge in baked clay bricks can lead to the production of 
bricks of good quality.Thus, the recycling of waste in the production of bricks seems to be a viable solution to the 
problem of environmental pollution, as well as an economical option for designing green construction [24]. 
 
Latosinskaya et al. [25] proposes to convert the sludge into synthetic zeolites for the purpose of further disposal 
of sewage sludge ash. Zeolite P can be noted as one of the known types of zeolites. Zeolite P is synthesized from 
sewage sludge ash by chemical conversion. The excess sludge ash conversion process is carried  out by  activation
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at temperatures of 60°C and 90°C, crystallization temperatures of 60°C and 90°C, a crystallization time of 72 
hours and an SSA:NaOH ratio of 1:1.4. After the zeolitization process, changes in the surface of the ash particles, 
identification of crystallized phases, cation exchange capacity and specific surface area were monitored. 
The activation temperature and crystallization at a temperature of 90°C were the most optimal conditions 
for the synthesis of zeolite P. The described method of ash formation of sewage sludge assumes to obtain 
a material suitable for use. Górka et al. [26] carried out studies on anaerobic co-digestion of sludge from 
municipal wastewater treatment plants. During the processes of coagulation, ozonation and backwashing of fast 
anthracite filters, an aqueous precipitate was formed. Its characteristics and properties depend on the quality 
of raw water, treatment methods, as well as the types of chemicals used and their doses. According to the Polish 
law of December 4, 2012 (Journal of Laws 2013, point 21), water sludge is to be treated as hazardous waste. 
According to the results of the experiments of these authors, it was proposed to increase the production 
of biogas due to the joint fermentation of wastewater and aqueous sludge. The results of these studies 
by the authors can serve as a basis for developing a methodology for monitoring and sludge disposal. 
 
Czechowska-Kosacka et al. [27] investigated sewage sludge and its mixtures with fly ash for use as an additive 
in the production of building materials. The experiment was carried out by the author using X-ray diffraction. 
Using a scanning electron microscope, the shape, morphology of the samples, and the chemical composition 
in the microarray were determined. Sewage sludge ash can be used for construction purposes. In the studied 
experimental data, an increased content of anhydrite and rock-forming calcite is noted in relation to the sludge. 
To determine the percentage of waste added in the production of building materials, additional strength tests 
of the resulting material are required. 

 

 
Figure 4. X-ray diffractogram of sewage sludge from the treatment facilities "Belavin" in Chelm and a mixture of sludge and fly 
ash. Source: Own. 

 
Kovalenko et al. [28] carried out certain experiments in order to obtain a more durable and inexpensive road 
construction material, the basis of which is sewage sludge ash reinforced with a mineral binder. During 
the experiments, the characteristics of the strength of the mixture of ash with sludge and ash with cement were 
determined, as well as the search for optimal dosages of binders. The results of a comparative analysis 
of the economic efficiency of using a mixture of ash from the incineration of sewage sludge, reinforced 
with nepheline sludge, and traditional road construction materials turned out to have high strength and modulus 
of elasticity. They belong to strength classes from M20 to M100. The resulting building material (ash mixed 
with binders (cement, nepheline sludge)) could replace conventional building material in road construction 
technology. In the process of use, it would be beneficial, both in terms of physical, mechanical and economic 
indicators, if it is used in optimal dosages Figure 5. 
 
The regression equations for the experimental curves are given below: The structure formation time is 14 days. 
Rcompr= -0.624x4 + 8.4342x3-37.286x2 + 64,456x-27,392; R2 = 0,9821. The formation time of the structure is 
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28 days. Rcompr = -0,5271x4 + 6,9042x3-29,16 x2 + 48,48x-17,25; R2 = 0,9987. 
 

 
 

Figure 5. Graphical dependence of the compressive strength of cement-reinforced ash samples on cement doses in different 
periods of their structure formation. Source: Own. 

 
Gu et al. [29] used a combination of a solar drying bed and conventional solar drying technology to perform 
an experiment. A solar collector and a solar drying layer were used to convert solar energy into thermal energy. 
In this case, excess sludge is heated and dried under the influence of solar heat, while the moisture 
in the sediment evaporates as much as possible in a natural way. This result is an excellent opportunity 
to conduct new types of research and development of efficient, environmentally friendly and energy-saving 
systems for treating sludge resources. The source of heat is renewable energy - solar energy. The combination 
of solar drying solar drying bed and traditional hot air drying can effectively reduce energy consumption 
and operating costs. As shown in the figure, the drying chamber was divided into three layers. Hot air is supplied 
in the upper layer, moist excess sludge is introduced in the middle layer, and a hot water coil is used in the lower 
layer to dry the sludge. The drying process is a process of heat and mass transfer with convective and radiative 
heat transfer Figure 6. 

 

 
 

Figure 6. Schematic view of a static solar greenhouse. Source: Own. 

 
After analysis and comparison with traditional energy drying, it was found that drying 97.5 kg of sewage sludge 
will save 79% of energy, save 12.84 kg of standard coal, reduce 32 kg of carbon dioxide and 1.284 kg of sulfur 
dioxide. Barrett et al. [30] identified the predominant antibacterial compounds affecting E coli from Ontario 
sewage sludge consisting of thousands of unknown compounds. Analysis of the mass balance of the active 
substance confirmed that triclosan explains the majority (58-113%) of the inhibitory effects of sediment extracts.
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This study showed that triclosan is the predominant antibacterial compound in sewage sludge that affects E. coli, 
despite the simultaneous use of many other antibiotics and non-antibiotics. Chenga et al. [31] in their research 
studied the viability of modified bentonite as a conditioning agent for the stabilization of heavy metals (i.e., Cu, 
Zn, Cr, Pb and Cd) and the preservation of nutrients (i.e., total nitrogen (TN). Total phosphorus (TP), available 
nitrogen (available N) and Olsen phosphorus (Olsen-P) in sewage sludge for agricultural use, the test results are 
shown in Figure 7. 

 

 
 

Figure 7. The degree of stabilization of the content of heavy metals in the sewage sludge (weight of each sample = 50 g) 
depending on the dose of modified bentonite (1-5 g). Source: Own. 

 
The results of the research were as follows: modified bentonite stabilized heavy metals and preserved nutrients 
in the sewage sludge; an optimal ratio of a mixture of conditioned sewage sludge with soil (1:2) for agricultural 
use was proposed; modified bentonite allowed the use of sewage sludge as fertilizer in agriculture. Pancevska 
et al. [32] conducted research on the conversion of sewage sludge into activated carbon. The conversion 
of sewage sludge into activated carbon based on its high content of organic components not only solves 
the problem of disposal of sewage sludge, but also turns solid waste into a useful material in the production 
of adsorbent for wastewater treatment. In this study, activated carbon based on sludge was obtained using 
sewage sludge from the Volkovo Wastewater Treatment Plant in Skopje by chemical activation using a 25% ZnCl2 
solution and carbonation at a temperature of 600 °C for 50 minutes. The resulting activated carbon based 
on sediment was characterized using a scanning electron microscope, an X-ray diffractometer and well-known 
standard methods such as ash and moisture content, as well as adsorption capacity using the iodine number 
method. The resulting activated carbon based on sediment has a macroporous structure and interchangeable 
cations, which makes it suitable as an adsorbent for wastewater treatment, the test results are shown in Figure 
8. 
 
Sewage sludge generated at the Volkovo treatment facilities in Skopje, Republic of North Macedonia has been 
successfully converted to activated carbon based on sludge using the chemical activation method. The resulting 
activated carbon based on sediment was characterized using a scanning electron microscope, X-ray 
diffractometer, iodometric method and ash and moisture content. The results showed that activated carbon 
based on sediment has a macroporous structure and interchangeable cations, which makes it suitable 
as an adsorbent for wastewater treatment. The results also showed that activated carbon based on sediment 
has a higher ash content, bulk density and humidity, while the value of the iodine number is within the normal 
range. 
 
The results of research by Verbovsky et al. [33] on the intensification of existing mechanical methods for treating 
sediments. An effective way to intensify the process of sewage sludge dehydration is electrical 
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dehydration, which involves the use of an electric field during mechanical sludge dehydration. The process 
of electrical dehydration will not only reduce the moisture content of sediments to 20...40%, but also reduce 
the concentration of heavy metals and pathogens in sediments. The main goal of the authors is to study 
the possibility of electric dehydration of activated sludge from secondary sedimentation tanks of urban sewage 
treatment facilities in the city of Lvov (Ukraine). Scientists used empirical research methods; the test results 
are shown in Figure 9. 

 

   
Figure 8. Micrographs of a sample for EDS analysis. Source: Own. 

 

 

Figure 9. The laboratory-scale device for electro-dewatering of sewage sludge scheme: 1 – laboratory tri-pod; 2 – cylindrical 
capacity; 3 – cathode; 4 – anode; 5 – lid; 6 – sealing insert; 7 – electric-current rectifier. Source: Own. 

A laboratory stand was designed for electro-dehydration of sewage sludge. The activated sludge with a moisture 
content of 98% was examined. It is shown that the effect of dehydration of activated sludge, depending 
on the duration of its treatment, is an S-shaped curve resembling a kinetic autocatalytic reaction with three 
periods: induction, basic, damping. The possibility of electro-dehydration of sewage sludge with a maximum 
dewatering effect of 60% is proved. Therefore, it is proposed to perform mechanical dehydration of urban 
wastewater sediments using an electric field. Ab Latif et al. [34] consider the use of sewage sludge ash 
as a replacement for cement in concrete production. Sewage sludge ash is a powdery material containing a high 
percentage of SiO2, Al2O3, Fe2O3, CaO, P2O5 and SO3 and is moderately reactive in terms of pozzolanicity. Many 
researchers have incinerated sewage sludge at temperatures ranging from 600°C to 900°C to produce sewage 
sludge ash. Partial replacement of cement with sewage sludge ash contributed to an increase in the compressive 
and bending strength of concrete. Meanwhile, replacing 5% of sewage sludge ash by weight of cement was 
considered to be the optimal content to obtain the best mechanical performance of concrete. In addition, 
concrete workability improved after 28 days with the addition of sewage sludge ash. 
 
Impact 
The accumulation of precipitation at wastewater treatment plants on the one hand complicates their production 
activities, causes the need to expand the network of sludge maps for the storage and disposal of sewage sludge, 
and on the other hand, potential sources of pollution of the biosphere, hydrosphere, lithosphere and alienation
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of scarce land resources arise in the epicenter and nearby territories of cities with the accumulation of sewage 
sludge. Analysis of methods of neutralization and disposal of sewage sludge shows the effectiveness of their use 
in various fields of activity. The use of these methods leads to a reduction in waste disposal areas, minimizing 
their impact on the environment, reducing the volume of waste storage, and economically advantageous ways 
of their secondary use.  
 
Conclusion 
The problem of disposal of sewage sludge remains unresolved today. The relevance of this problem is caused 
on the one hand by active processes of urbanization, on the other hand by the emergence of new scientific data 
on the processes of interaction of precipitation components with the environment. The analysis of scientific 
publications indicates the need for a comprehensive approach to the disposal of excess sludge, considering 
specific conditions and factors. The main trends in the disposal of sewage sludge in the review of research 
by various scientists were: the use of sludge ash as additives in road construction; partial replacement of cement 
with ash from sewage sludge contributed to an increase in the compressive and bending strength of concrete; 
activated carbon based on sediment has a macroporous structure and interchangeable cations, which makes 
it suitable as an adsorbent for wastewater treatment; electro-dewatering technology allows to reduce 
the humidity of precipitation to 20...40%, reduce the concentration of heavy metals and pathogens 
in precipitation; modified bentonite stabilized heavy metals and preserved nutrients in sewage sludge; the use 
of ultrasound can improve the activity of excess sludge and increase the efficiency of the anaerobic digestion 
process and the final production of biogas. The combination of a solar drying layer and traditional solar drying 
technology can be noted as the most promising for the Mangystau region (Aktau city). There are about 3329.47 
hours of sunlight in Aktau during the year, which is an excellent prospect for using a solar greenhouse. Also, 
with greater economic efficiency, it is possible to use sludge ash as additives in road construction, since 
in the Mangystau region there is a low cost of natural gas needed for burning sewage sludge. Also, due 
to the  increase in urbanized territories, there is an urgent need to build motor roads to improve the quality 
of life of the local population. 
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Highlight 
This systematic review explores the dynamic evolution and innovative trends within hedge fund strategies. 
It provides a comprehensive understanding of their historical development and contemporary shifts. 
By identifying research gaps and offering a structured framework for future investigations, this study serves 
as a valuable resource for both scholars and practitioners, facilitating advancements in the field. 
 
Abstract 
Hedge funds are a dynamic and heterogeneous segment of the financial industry that employs various strategies 
to generate returns and manage risk. Despite their growing importance and impact on the global economy, 
hedge funds remain largely unregulated and opaque, posing challenges for researchers and regulators alike. 
This paper provides a systematic review of the academic literature on hedge fund strategies, covering their 
institutional, historical and performance characteristics; their purpose and effectiveness in achieving balanced 
portfolios; and the relationship of returns to manager skill, style, size and other factors. The paper also proposes 
a framework for future research on hedge fund strategies.  
 
Keywords 
Hedge fund strategies; innovation; risk management; performance. 
 
Introduction 
Hedge funds are a type of alternative investment that aims to generate returns that are uncorrelated with 
the market. Hedge fund strategies are diverse and dynamic, evolving over time in response to changing market 
conditions, investor preferences, and regulatory frameworks. In this paper, we review the literature on the  
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evolution and innovation of hedge fund strategies, focusing on three main aspects: the sources of hedge fund 
returns, the drivers of hedge fund innovation, and the implications of hedge fund innovation for investors 
and regulators. We identify four main sources of hedge fund returns: market risk premia, factor risk premia, 
alpha, and liquidity provision. We discuss how hedge fund managers exploit these sources through various 
techniques, such as leverage, short selling, derivatives, arbitrage, and market timing. We also examine the factors 
that motivate hedge fund managers to innovate their strategies, such as competition, regulation, investor 
demand, and technological advancement. We highlight the benefits and challenges of hedge fund innovation for 
investors and regulators, such as diversification, performance, risk management, transparency, and systemic risk. 
The aim of this research is to examine how hedge fund strategies have evolved over time and how they have 
adapted to changing market conditions and investor preferences. The specific objectives of this research are: 

▪ to review the literature on the classification and performance of hedge fund strategies and identify 
the main drivers and challenges of hedge fund innovation. 

▪ to analyze the historical data on hedge fund returns, risk, and exposures, and detect the patterns 
and trends of hedge fund strategy evolution. 

▪ to develop a framework for assessing the innovation potential and sustainability of hedge fund 
strategies and apply it to some of the emerging and niche strategies in the market. 

▪ to provide insights and implications for hedge fund managers, investors, regulators, and researchers 
on how to foster and evaluate hedge fund innovation. 

 
Literature review  
Hedge funds are investment vehicles that employ a wide range of strategies to generate returns for their 
investors. The term "hedge fund" was coined in the 1940s by Alfred Winslow Jones, who pioneered the use 
of short selling and leverage to hedge market risk [1]. It was originally coined to describe funds that used hedging 
techniques to reduce market risk, but over time, hedge funds have evolved and diversified to include various 
types of strategies, such as long/short equity, global macro, event-driven, relative value, and many others. Since 
then, hedge fund strategies have evolved and diversified to exploit various sources of alpha, such as market 
inefficiencies, arbitrage opportunities, behavioral anomalies, and macroeconomic trends [2]. Hedge fund 
innovation is the creation and adoption of new strategies, products, or practices by hedge funds that aim 
to generate superior risk-adjusted returns or meet specific investor needs. Hedge fund innovation can take 
various forms, such as launching new funds with novel investment objectives or techniques, developing new 
trading algorithms or data sources, exploiting new market opportunities or inefficiencies, or offering new fee 
structures or liquidity terms. The evolution and innovation of hedge fund strategies have been driven by several 
factors, such as changing market conditions, regulatory developments, technological advancements, 
and investor preferences [3].  
 
The sources of hedge fund returns are not always clear or well understood, however some of the two main 
sources of hedge fund returns: economic risk premiums and manager skill. 

▪ Economic risk premiums are the rewards that investors receive for taking on certain types of systematic 
risks that are not easily diversified away. For example, investors who invest in equities expect to earn 
a higher return than those who invest in risk-free assets, because equities are exposed to market risk. 
Similarly, investors who invest in small cap stocks expect to earn a higher return than those who invest 
in large cap stocks, because small cap stocks are exposed to size risk [4]. Hedge funds can exploit these 
risk premiums by taking long or short positions in various asset classes, sectors, styles, or regions, 
depending on their views and strategies. 

▪ Manager skill is the ability of hedge fund managers to generate returns that are not explained 
by economic risk premiums or other common factors. This is also known as alpha, which is the excess 
return over a benchmark or a hurdle rate. Manager skills can arise from superior security selection, 
market timing, arbitrage, or trading techniques. Hedge funds can demonstrate their skill by generating 
positive residual returns after controlling for their factor exposures, as estimated by various models 
such as MSCI's Fund Model or Fung and Hsieh's seven-factor model [5]. 

 
The relative importance of economic risk premiums and manager skill in explaining hedge fund returns may vary 
across different hedge fund strategies and over time. Some strategies may rely more on capturing risk premiums, 
such as long/short equity, equity market neutral, or managed futures [6]. Other strategies may rely more 
on exploiting market inefficiencies or anomalies, such as event driven, convertible arbitrage, or global macro. 
Moreover, the availability and persistence of risk premiums and alpha opportunities may change depending 
on market conditions, competition, regulation, or innovation.
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Drivers of hedge fund innovation 
▪ Competitive pressure from other hedge funds and institutional investors: Hedge funds operate 

in a highly competitive market where they need to constantly seek alpha (excess returns) 
and differentiate themselves from their peers. According to a survey by EY, hedge fund managers cite 
competition as the top challenge for their business and innovation as the key factor for success. 
Moreover, hedge funds face increasing demand from institutional investors, such as pension funds 
and endowments, who have higher expectations for transparency, risk management, and alignment 
of interests. To attract and retain these sophisticated investors, hedge funds need to innovate in their 
product offerings, fee structures, and reporting capabilities [7]. 

▪ Availability of new data sources and technologies that enable hedge funds to exploit new market 
opportunities and improve their operational efficiency: Hedge funds have access to a vast amount 
of data, both traditional and alternative, that can provide insights into market trends, consumer 
behavior, and company performance. For example, hedge funds can use social media data, satellite 
imagery, or web scraping to generate trading signals or monitor portfolio companies. Furthermore, 
hedge funds can leverage new technologies, such as artificial intelligence (AI), machine learning (ML), 
or blockchain, to enhance their analytical capabilities, automate their processes, or reduce their costs. 
A study by Brav et al. finds that hedge fund activism leads to an improvement in target firms' innovation 
efficiency, as measured by patent counts and citations, partly due to the reallocation of innovative 
resources and the redeployment of human capital. 

▪ Regulatory environment that shapes the rules and standards for hedge fund operations and activities:  
Hedge funds are subject to various regulations in different jurisdictions that affect their market access, 
reporting requirements, tax treatment, and investor protection. While some regulations may impose 
constraints or costs on hedge funds, others may create incentives or opportunities for innovation. 
For instance, Deloitte (2023) suggests that the adoption of environmental, social, and governance (ESG) 
criteria by regulators and investors may spur hedge funds to develop new ESG-focused strategies 
or products. Additionally, some regulations may foster innovation by enhancing market stability, 
transparency, and efficiency. 

▪ Market opportunities: This refers to the availability and attractiveness of new sources of alpha, or excess 
returns, for hedge funds. Hedge funds can exploit market inefficiencies, anomalies, or mis-pricings 
by using sophisticated quantitative models, big data analytics, artificial intelligence, or alternative data 
sources. Hedge funds can also benefit from market disruptions, crises, or shocks that create volatility 
and divergence among asset prices [8]. Market opportunities can vary across regions, sectors, and asset 
classes, depending on the level of development, regulation, and competition of each market. 

▪ Investor demand: This is the preferences and expectations of hedge fund clients, who are typically 
institutional investors, such as pension funds, endowments, foundations, sovereign wealth funds, 
or fund of funds. Investor demand can influence hedge fund innovation by shaping the size, structure, 
fees, liquidity, transparency, and risk-return profile of hedge fund products [9]. Investors can also exert 
pressure on hedge funds to adopt certain environmental, social, and governance (ESG) criteria, ethical 
standards, or social impact goals in their investment decisions. Investor demand can vary across regions, 
sectors, and investor types, depending on the level of sophistication, regulation, and diversification 
of each investor group. 

▪ Organizational capabilities:  This refers to the internal resources and processes that enable hedge funds 
to generate and implement innovative ideas. Organizational capabilities include human capital, which 
is the talent, skills, and creativity of hedge fund managers and employees; social capital, which 
is the network, reputation, and relationships of hedge fund managers with investors, peers, regulators, 
and other stakeholders; and technological capital, which is the hardware, software, and systems 
that support hedge fund operations. Organizational capabilities can vary across hedge funds depending 
on their size [3].  
 

The four main sources of hedge fund returns 
▪ Market risk premia: These are the returns that investors earn for taking exposure to broad market 

movements, such as equity, bond, currency, or commodity markets. These are the most common 
and well-known sources of returns, and they can be accessed through passive or low-cost vehicles such 
as index funds or exchange-traded funds (ETFs). However, market risk premia are also subject 
to significant fluctuations and drawdowns, especially during periods of market stress or crisis. Hedge 
fund managers can exploit this source of return by taking long or short positions in different asset  
classes, such as equities, bonds, commodities, currencies, and emerging markets. Hedge fund managers
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can also use leverage to amplify their exposure to market risk premium. 
▪ Factor risk premia: These are the returns that investors earn for taking exposure to systematic sources 

of risk that are not fully explained by market risk premia. These include style factors, such as value, 
growth, momentum, size, quality, or low volatility; alternative factors, such as event risk, volatility 
arbitrage, carry trades, or convergence trades; and macro factors, such as term structure, credit risk, 
or emerging markets. Factor risk premia can be accessed through smart beta strategies or hedge fund 
strategies that employ systematic rules or models to exploit these sources of return [10]. Factor risk 
premia can offer diversification benefits and higher risk-adjusted returns than market risk premia, 
but they can also exhibit cyclicality and non-linearity. Hedge fund managers can exploit this source 
of return by using derivatives, such as options, futures, swaps, and forwards, to create synthetic 
exposures to these factors. Hedge fund managers can also use arbitrage strategies to exploit mispricing 
or inefficiencies between different markets or instruments [11]. 

▪ Alpha: This is the return that investors earn for taking exposure to the specific skills of talented managers 
who can identify and exploit market inefficiencies or mis-pricings. Alpha is often associated with hedge 
funds that employ discretionary or qualitative approaches to select securities or markets based 
on fundamental analysis, market insights, or proprietary information. Alpha can offer uncorrelated 
and superior returns than market or factor risk premia, but it is also the most elusive and difficult 
to measure source of return. Alpha requires a high degree of manager skill and due diligence, and it can 
be eroded by competition or changing market conditions [12]. Alpha is independent of any systematic 
risk factors and represents the true value added by hedge fund managers . Hedge fund managers can 
exploit this source of return by using various techniques, such as security selection, market timing, 
tactical asset allocation, and dynamic hedging. Hedge fund managers can also use leverage to magnify 
their alpha. 

▪ Liquidity provision:  This is the return that investors earn for taking exposure to illiquid or complex assets 
or strategies that require long holding periods, high entry or exit costs, or specialized expertise. Liquidity 
provision can be accessed through hedge fund strategies that invest in distressed securities, private 
equity, real estate, infrastructure, or other alternative assets [13]. Liquidity provision can offer higher 
returns than liquid assets or strategies, but it also entails higher risks and costs. Liquidity provision 
requires a long-term investment horizon and a high tolerance for uncertainty and volatility. 

▪ Event risk premium: This is the excess return that investors can earn by taking exposure to specific 
events that affect the value of certain securities or markets. These events include mergers 
and acquisitions, spin-offs, bankruptcies, restructurings, earnings announcements, regulatory changes, 
and geopolitical shocks. Hedge fund managers can exploit this source of return by using event-driven 
strategies, such as merger arbitrage, distressed securities, activist investing, and special situations. 
Hedge fund managers can also use short selling to profit from negative events or outcomes. 

 
Benefits and challenges of hedge fund innovation 
Hedge fund innovation can have significant benefits and challenges for both investors and regulators. One 
of the main benefits of hedge fund innovation is that it can enhance the performance and diversification of hedge 
fund portfolios. Hedge fund innovation can enable managers to exploit new market opportunities, capture 
inefficiencies, hedge risks, and adapt to changing market conditions. Hedge fund innovation can also allow 
investors to access new sources of return, reduce portfolio volatility, and improve their risk-adjusted returns. 
For example, some studies have found that hedge funds that use innovative strategies, such as activist investing, 
distressed debt investing, or cryptocurrency trading, tend to outperform their peers and benchmarks (Brav et al., 
2008; Agarwal et al., 2016; Bianchi et al., 2019). Another benefit of hedge fund innovation is that it can foster 
financial innovation and market development. Hedge fund innovation can stimulate the creation and growth 
of new financial instruments, markets, platforms, and intermediaries. Hedge fund innovation can also enhance 
the liquidity, efficiency, and competitiveness of financial markets. For instance, some researchers have argued 
that hedge funds have contributed to the development and diffusion of derivatives markets, electronic trading 
platforms, prime brokerage services, and securitization markets [11]. Another benefit is that it allows investors 
to access new sources of return and diversification that are not available in traditional asset classes. Hedge funds 
can exploit market inefficiencies, arbitrage opportunities, and niche strategies that are often overlooked by other 
market participants. For example, Glazer (2021) describes how his firm has been investing in SPACs (special 
purpose acquisition companies) since 2009, a corner of the market that has become very popular in recent years. 
Hedge fund innovation can also enhance performance by allowing managers to adapt to changing market 
conditions and investor preferences. For instance, Radke (2021) observes that some hedge funds have shifted 
their focus from public equities to private investments, which may offer higher returns and lower correlations. 
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Hedge fund innovation can improve risk management for both hedge funds and their investors. Hedge funds can 
use innovative techniques and instruments to hedge against various types of risks, such as market, credit, 
liquidity, operational, and regulatory risks. For example, Reid (2021) notes that hedge funds can use ESG 
(environmental, social, and governance) factors to identify and mitigate potential risks that may affect their 
portfolio companies. Hedge fund innovation can also help investors to diversify their portfolios and reduce their 
exposure to common risk factors. For example, Fludgate (2021) argues that hedge funds can offer diversification 
benefits by investing in different geographies, sectors, styles, and strategies. 
 
Table 1. Categorization of Hedge Fund Strategies. Source: Own. 
 

 

However, hedge fund innovation also poses significant challenges for investors and regulators, as hedge fund 
innovation can increase the complexity and opacity of hedge fund activities. Hedge fund innovation can make 
it difficult for investors to understand, monitor, and evaluate the risks and returns of hedge fund investments. 
Hedge fund innovation can also make it challenging for regulators to oversee, supervise, and regulate the hedge 
fund industry. For example, some scholars have highlighted the problems of information asymmetry, moral 
hazard, adverse selection, and systemic risk that arise from hedge fund innovation (Stulz, 2007; Kambhu et al., 
2007; Gennaioli et al., 2013). Another challenge of hedge fund innovation is that it can create new ethical 
and social issues. Hedge fund innovation can raise questions about the fairness, accountability, responsibility, 
and sustainability of hedge fund practices. Hedge fund innovation can also have negative externalities on other 
market participants, stakeholders, and society at large. For example, some critics have accused hedge funds 
of engaging in unethical or illegal activities, such as insider trading, market manipulation, tax evasion, 
or environmental degradation (Mallaby, 2010; Young et al., 2013; Cumming et al., 2015). Another challenge 
is the lack of transparency and standardization in the hedge fund industry, which makes it difficult to monitor 
and evaluate hedge fund activities and performance. For example, Brav et al. (2018) point out that hedge fund 
activism can have significant effects on corporate innovation, but these effects are hard to measure and vary 
across firms and industries. Another challenge is the potential for systemic risk that may arise from hedge fund 
innovation, especially when it involves leverage, illiquidity, or contagion effects. For example, Fludgate (2021) 
warns that hedge fund innovation may create new sources of systemic risk that are not well understood 
or regulated by the authorities. 
 
Classification and performance of hedge fund strategies  
These strategies can be broadly categorized into four groups: equity, relative value, event driven, and macro. 
Each group has different characteristics, risks, and opportunities, and requires different skills and expertise from 
the fund managers. 

▪ Equity hedge funds invest in stocks, both long and short, based on their relative valuations and expected 
performance. They may focus on a specific sector, country, or region, or adopt a global perspective. 
Equity hedge funds aim to exploit market inefficiencies and mispricing, as well as benefit from market 
trends and movements. 
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▪ Relative value hedge funds seek to profit from temporary price differences between related securities, 
such as stocks, bonds, options, and futures [9]. They use various techniques, such as arbitrage, pairs 
trading, and convertible bond arbitrage, to capture these price anomalies. Relative value hedge funds 
tend to have a low correlation with the market and rely on the fund manager's analytical skills and 
market knowledge. 

▪ Event driven hedge funds invest in securities that are affected by specific events, such as mergers 
and acquisitions, bankruptcies, restructurings, spin-offs, and litigation. They aim to anticipate 
the outcome and impact of these events on the securities' prices and take advantage of the resulting 
opportunities. Event driven hedge funds require extensive research and due diligence, as well 
as the ability to react quickly to changing situations. 

▪ Macro hedge funds trade in various asset classes, such as currencies, commodities, interest rates, 
and equity indices, based on their macroeconomic views and analysis. They use leverage and derivatives 
to amplify their returns and hedge their risks. Macro hedge funds have the potential to generate high 
returns in volatile markets, but also face significant challenges and uncertainties. 

 
Challenges and opportunities for hedge fund managers and investors 
Hedge funds employ a variety of strategies, such as long/short equity, macro, event-driven, relative value, 
and quantitative, to exploit market inefficiencies and capture alpha. However, hedge funds also face a number 
of challenges and opportunities in the current market environment, which is characterized by high volatility, low 
interest rates, rising inflation, geopolitical uncertainty, and changing investor preferences [14]. One of the main 
challenges for hedge fund managers is to grow their assets under management (AUM) and attract new investors. 
According to a survey by Ernst & Young, hedge fund managers continue to cite growth as their top priority, 
although the proportion of respondents who did so in 2014 fell to 57% from 67% in 2013. New growth methods 
include adding new strategies, identifying new investor bases and increasing penetration with existing investors. 
However, hedge fund managers also face increased competition from other alternative investment vehicles, such 
as private equity, venture capital, real estate, and infrastructure funds, which may offer higher returns or lower 
fees. Another challenge for hedge fund managers is to adapt to the rising fees and an evolving prime broker 
dynamic. Prime brokers are financial institutions that provide a range of services to hedge funds, such 
as financing, clearing, custody, reporting, and risk management. However, prime brokers have also increased 
their fees and tightened their risk limits in response to the regulatory changes and capital requirements imposed 
after the global financial crisis. This has led some hedge funds to seek alternative sources of financing or diversify 
their prime broker relationships. Moreover, some hedge funds may face difficulties in accessing certain markets 
or asset classes that require specialized prime brokers or custodians. Another challenge for hedge fund managers 
is to incorporate environmental, social, and governance (ESG) factors into their investment process 
and operations. ESG has become a key topic for investors who are increasingly concerned about the social 
and environmental impact of their investments. However, ESG is also a complex and subjective concept that may 
vary across regions, sectors, and stakeholders. Hedge fund managers need to understand the ESG preferences 
and expectations of their investors and align their policies and practices accordingly. Additionally, hedge fund 
managers need to measure and report on their ESG performance and impact using standardized frameworks 
and metrics. 
 
On the other hand, hedge funds also have several opportunities to capitalize on the changing market conditions 
and investor demands. One of the main opportunities for hedge funds is to exploit the increased volatility 
and dispersion across markets and sectors. Volatility is a measure of how much the price of an asset fluctuates 
over time, while dispersion is a measure of how much the returns of different assets diverge from each other. 
Higher volatility and dispersion create more opportunities for hedge funds to generate alpha by taking advantage 
of mispricing or arbitrage opportunities. For example, hedge funds can use strategies such as volatility arbitrage, 
convertible arbitrage, or capital structure arbitrage to profit from the differences in implied or realized volatility 
or valuation across different securities or instruments. Another opportunity for hedge funds is to invest in private 
markets or illiquid assets that offer higher returns or yield than public markets or liquid assets. Private markets 
refer to the markets where securities are not publicly traded or listed on an exchange, such as private equity, 
private debt, venture capital, or real estate. Illiquid assets refer to the assets that are difficult to sell quickly 
without affecting their price significantly, such as distressed debt, structured products, or commodities. Private 
markets or illiquid assets may offer higher returns or yield because they entail higher risk or lower liquidity 
premiums. For example, hedge funds can invest in special purpose acquisition companies (SPACs), which are shell 
companies that raise capital through an initial public offering (IPO) and then merge with a private company. 
Another opportunity for hedge funds is to leverage technology and innovation to enhance their investment 
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process and operations. Technology and innovation can help hedge funds improve their data collection 
and analysis, portfolio construction and optimization, risk management and compliance, trading execution 
and efficiency, and client communication and reporting. For instance, hedge funds can use artificial intelligence 
(AI), machine learning (ML), natural language processing (NLP), or big data analytics to generate new insights 
or signals from alternative data sources such as social media, satellite imagery. 
 
Historical data on hedge fund returns and trends of hedge fund strategy evolution. 
It is important to understand how hedge fund performance is measured and how hedge fund strategies have 
changed over time in response to market conditions and investor preferences. One of the common methods for 
measuring hedge fund performance is the Sharpe ratio, which indicates the excess return per unit of risk 
(as measured by standard deviation) of a fund over a risk-free rate. A higher Sharpe ratio implies a better risk-
reward profile for a fund. However, the Sharpe ratio can be affected by both upside and downside volatility, 
which may not reflect the true risk preferences of investors. A more refined measure is the Sortino ratio, which 
only considers downside risk (as measured by the standard deviation of negative returns) in the denominator. 
A higher Sortino ratio implies a better downside protection for a fund. Another aspect of measuring hedge fund 
performance is benchmarking, which involves comparing the returns of a fund to a relevant index or peer group. 
Benchmarking can help investors evaluate the relative performance and skill of a fund manager, as well 
as the diversification benefits of adding a fund to a portfolio. However, benchmarking hedge funds can 
be challenging due to the heterogeneity and dynamic nature of hedge fund strategies, as well as the lack 
of standardized and reliable data sources. 
 
Hedge fund strategies have evolved over time in response to changing market environments and investor 
demands. For example, after the global financial crisis of 2008-2009, hedge funds faced increased regulatory 
scrutiny and investor pressure for more transparency and liquidity. As a result, some hedge funds shifted from 
illiquid and complex strategies to more liquid and simple ones, such as long/short equity or managed futures. 
Some hedge funds also adopted more flexible fee structures or offered liquid alternatives (such as mutual funds 
or ETFs) that mimic hedge fund-like strategies. Another trend in hedge fund strategy evolution is the increasing 
use of quantitative methods and technology. Hedge funds have been adopting more sophisticated data analysis 
techniques, such as machine learning or natural language processing, to enhance their investment processes 
and generate alpha. Hedge funds have also been leveraging more alternative data sources, such as social media 
or satellite imagery, to gain an edge over competitors. Moreover, hedge funds have been exploring new frontiers 
of investing, such as crypto currencies or ESG factors. 
 
Table 2. Integration of ESG Factors in Hedge Fund Strategies. Source: Own. 
 

 

A framework for assessing the innovation potential and sustainability of hedge fund strategies 
A framework for assessing the innovation potential and sustainability of hedge fund strategies was proposed, 
based on a literature review of existing research and industry reports. The framework was then applied to some 
of the emerging and niche strategies in the market, such as cryptocurrency arbitrage, machine learning, ESG 
investing, and volatility trading. Our framework consists of four dimensions: novelty, complexity, adaptability, 
and scalability. Novelty refers to the degree to which a strategy introduces new ideas or methods that differ from 
the conventional or mainstream approaches. Complexity refers to the degree to which a strategy involves 
sophisticated mathematical models, algorithms, or data sources that are difficult to replicate or understand 
by others [15]. Adaptability refers to the degree to which a strategy can adjust to changing market conditions  

https://doi.org/10.32933/ActaInnovations.50.3


Acta Innovations • 2023 • no. 50: 29-40 • 36 

 

 
 

https://doi.org/10.32933/ActaInnovations.50.3 • ISSN 2300-5599 • © 2023 RIC Pro-Akademia – CC BY 

 

or  exploit new opportunities. Scalability refers to the degree to which a strategy can increase its size or scope 
without compromising its performance or efficiency. We use a scoring system to rate each strategy on each 
dimension, based on the criteria and indicators derived from the literature. We then aggregate the scores 
to obtain an overall rating of innovation potential and sustainability for each strategy. We also compare 
and contrast the strengths and weaknesses of each strategy and discuss the implications for investors 
and managers. 
 
Key findings are as follows: 

▪ Cryptocurrency arbitrage is a strategy that exploits price differences between different platforms 
or exchanges that trade cryptocurrencies. It has a high novelty score, as it involves a new asset class 
that has emerged in recent years. It also has a high complexity score, as it requires advanced technical 
skills and infrastructure to execute trades quickly and securely. However, it has a low adaptability score, 
as it depends on the existence and persistence of market inefficiencies that may diminish over time. 
It also has a low scalability score, as it faces challenges such as liquidity constraints, regulatory 
uncertainty, and operational risks. 

▪ Machine learning is a strategy that uses artificial intelligence techniques to analyze large amounts 
of data and generate trading signals or decisions. It has a high novelty score, as it represents a cutting-
edge application of technology in finance. It also has a high complexity score, as it involves complex 
algorithms and models that are often proprietary or black-boxed. However, it has a moderate 
adaptability score, as it may suffer from overfitting or underperformance when market conditions 
change, or new data becomes available. It also has a moderate scalability score, as it requires significant 
computational resources and human expertise to maintain and update. 

▪ ESG investing is a strategy that incorporates environmental, social, and governance factors 
into investment decisions. It has a moderate novelty score, as it reflects a growing awareness 
and demand for responsible investing among investors and regulators. It also has a moderate 
complexity score, as it involves multiple criteria and data sources that may vary across regions or 
sectors. However, it has a high adaptability score, as it can capture long-term trends and opportunities 
that may arise from social or environmental changes. It also has a high scalability score, as it can apply 
to a wide range of asset classes and markets [13]. 

▪ Volatility trading is a strategy that bets on the direction or magnitude of price movements in the market. 
It has a low novelty score, as it is based on well-established concepts and instruments such as options 
or futures. It also has a low complexity score, as it involves relatively simple calculations or models that 
are widely available or standardized. However, it has a high adaptability score, as it can profit from 
various market scenarios or events that cause volatility spikes. It also has a high scalability score, 
as it can leverage on derivatives or leverage products that offer high exposure with low capital 
requirements. 
 

Hedge fund managers influence on hedge fund innovation 
Hedge fund innovation can be measured by various indicators, such as the number of new funds launched, 
the diversity of strategies employed, the use of complex instruments or techniques, and the alpha generated 
by the fund. Hedge fund innovation can also be influenced by the characteristics of hedge fund managers, such 
as their skills, experience, education, incentives, and preferences. 

▪ Skills: Hedge fund managers need to have certain skills, such as analytical, technical, and interpersonal 
skills, to identify and exploit market opportunities, design and implement effective strategies, 
and communicate and negotiate with investors and other stakeholders [16].  

▪ Experience: Hedge fund managers can benefit from their prior experience in different fields, such 
as finance, academia, or entrepreneurship, to acquire relevant knowledge, networks, and reputation 
that can facilitate their innovation process   

▪ Education: Hedge fund managers can enhance their human capital and cognitive abilities through formal 
education, such as degrees or certifications in finance, economics, mathematics, or computer science, 
which can provide them with theoretical foundations and analytical tools for innovation   

▪ Incentives: Hedge fund managers are motivated by various incentives, such as financial rewards, 
reputation effects, personal satisfaction, or social impact, which can drive them to pursue innovation 
goals and overcome challenges and risks  

▪ Preferences: Hedge fund managers have different preferences, such as risk aversion, time horizon, 
or ethical values, which can shape their innovation decisions and outcomes. 
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Issues in hedge fund innovation 
Hedge funds are often characterized by their flexibility, opacity and heterogeneity, which make them difficult 
to define and regulate. Hedge funds are also subject to various market forces and incentives that may affect their 
behavior and performance [16]. Hedge fund innovation raises important regulatory issues and concerns, such 
as systemic risk, market integrity, investor protection, financial stability, international coordination, market 
efficiency and investor protection. 

▪ One of the main regulatory challenges posed by hedge funds is the potential for systemic risk, which 
refers to the risk of widespread disruption or instability in the financial system caused by the failure 
or distress of one or more financial institutions or markets [17]. Hedge funds may contribute to systemic 
risk through their direct and indirect exposures to other financial entities, their role in transmitting 
or amplifying shocks across markets, their involvement in pro-cyclical activities such as herding or fire 
sales, and their reliance on short-term funding and liquidity [18]. Another regulatory concern 
is the protection of investors, both in terms of their rights and interests as shareholders of hedge funds, 
and in terms of their exposure to the risks and returns of hedge fund strategies. Hedge fund investors 
may face various challenges, such as asymmetric information, agency problems, conflicts of interest, 
misalignment of incentives, fraud and misconduct. Hedge fund regulation may aim to enhance 
the transparency, disclosure and governance of hedge funds, as well as to ensure that investors are 
adequately informed and qualified to invest in such complex and risky products. Another regulatory 
issue is the impact of hedge funds on market integrity and efficiency, which refers to the fairness, 
orderliness and functionality of financial markets. Hedge funds may affect market integrity 
and efficiency through their trading practices and strategies, such as short selling, high-frequency 
trading, market manipulation or insider trading. Hedge fund regulation may seek to prevent or deter 
such abusive or disruptive behaviors, as well as to promote market liquidity, competition and innovation 
[11]. Another regulatory challenge is the coordination and harmonization of hedge fund regulation 
across different jurisdictions and regions. Hedge funds operate in a global and interconnected 
environment, which creates opportunities for regulatory arbitrage, fragmentation and inconsistency. 
Hedge fund regulation may benefit from greater cooperation and convergence among regulators 
and policymakers, as well as from the adoption of common standards and principles. 

 
Policy recommendations 
Based on a systematic review of the literature on hedge fund strategies, this paper aims to provide some policy 
recommendations for future research in this field. Hedge fund strategies are speculative investment vehicles that 
exploit superior information held by their managers and use innovative risk management techniques to achieve 
absolute returns. However, the hedge fund industry is also characterized by a lack of transparency, high leverage, 
short selling, and potential systemic risks. Therefore, understanding the evolution and innovation of hedge fund 
strategies is crucial for investors, regulators, and academics. The literature on hedge fund strategies can be 
classified into four main categories: performance analysis, investment style analysis, correlation analysis 
and diversification power, and other studies. Performance analysis focuses on the sources and persistence 
of hedge fund returns, as well as the impact of fees, incentives, and constraints on performance. Investment 
style analysis examines the classification and identification of hedge fund strategies, as well as the factors that 
influence their choice and evolution. Correlation analysis and diversification power explore the relationship 
between hedge fund returns and various asset classes, markets, and risk factors, as well as the benefits of hedge 
fund allocation for portfolio optimization. Other studies cover a wide range of topics, such as hedge fund 
regulation, governance, activism, liquidity, risk management, and social responsibility. 
 
Based on the review of these categories, the following policy recommendations for future research was 
suggested: 

▪ Develop more robust and dynamic models to capture the nonlinearities, asymmetries, and time-varying 
features of hedge fund returns and risk exposures. 

▪ Incorporate alternative data sources and methods, such as textual analysis, machine learning, 
and network analysis, to enhance the identification and classification of hedge fund strategies and their 
evolution over time. 

▪ Investigate the impact of hedge fund innovation on market efficiency, stability, and liquidity, as well 
as the spillover effects across different markets and regions. 

▪ Assess the implications of hedge fund regulation and disclosure for investor protection, market 
discipline, and systemic risk mitigation. 

▪ Explore the ethical and social dimensions of hedge fund strategies, such as their environmental, social,
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and governance (ESG) practices, their role in corporate governance and activism, and their contribution 
to social welfare and inequality. 

 
Suggestions for further study 
This study has provided a systematic review of the literature on the evolution and innovation of hedge fund 
strategies and proposed a framework for future research based on the gaps and limitations identified. However, 
this study is not without its own limitations and avenues for further research. Some of the possible directions for 
future research are: 

▪ To empirically test the proposed framework using a large and representative sample of hedge funds 
across different time periods and market conditions, and to compare the results with existing 
classifications and typologies of hedge fund strategies. 

▪ To examine the performance implications of hedge fund strategy innovation and evolution, such as how 
different types of innovations affect the risk-return profile, persistence, diversification benefits, 
and market impact of hedge funds. 

▪ To investigate the diffusion and adoption of hedge fund strategy innovations across the industry, such 
as how quickly and widely new strategies are adopted by other hedge funds, and what factors influence 
the diffusion process. 

▪ To analyze the spillover effects and externalities of hedge fund strategy innovation and evolution 
on other market participants, such as how new strategies affect the pricing efficiency, liquidity, 
volatility, and systemic risk of various asset classes and markets. 

 
Impact 
The article, "Evolution and Innovation of Hedge Fund Strategies: A Systematic Review of literature 
and a Framework for Future Research," has profound implications for academia, practice, and policy. 
This systematic review comprehensively explores the historical evolution and contemporary trends within hedge 
fund strategies, serving as a foundational resource for scholars and researchers. It not only consolidates existing 
knowledge but also highlights critical research gaps, providing a structured framework for future investigations. 
This framework is a valuable guide for shaping the future academic agenda and promoting innovation within 
the hedge fund industry. Moreover, the article offers practical insights for hedge fund professionals, allowing 
them to adapt to industry shifts, and it informs policymakers in shaping effective regulations. Furthermore, 
by enhancing investor awareness, it empowers individuals to make more informed investment decisions. 
In summary, this research contributes to knowledge enrichment, informs practice, influences policy, 
and enhances financial literacy. With its comprehensive review and future research framework, it stands 
as a unifying reference point that can guide meaningful discussions and foster consensus on the intricacies 
of hedge fund strategies, thereby serving as a common ground capable of ending any argument. 

 
Conclusion 
This study provides a systematic review of the literature on the evolution and innovation of hedge fund 
strategies. The main objective is to identify the key drivers, challenges and opportunities for hedge fund 
managers and investors in a rapidly changing and competitive industry. The study adopts a multidisciplinary 
approach that covers various aspects of hedge fund strategies, such as performance, risk, regulation, governance, 
innovation and diversification. The study also proposes a conceptual framework for future research 
that integrates different perspectives and dimensions of hedge fund strategies. 
 
The main findings of the literature review are as follows: 

▪ Hedge fund strategies have evolved over time in response to market conditions, investor preferences, 
regulatory changes and technological developments. Hedge funds have diversified their sources 
of returns, increased their use of leverage and derivatives, adopted more dynamic and complex trading 
strategies, and explored new markets and asset classes. 

▪ Hedge fund performance is influenced by various factors, such as market exposure, manager skill, fund 
size, fees, liquidity, leverage, style drift and survivorship bias. Hedge funds have shown some ability 
to generate positive risk-adjusted returns over the long term, but also exhibit significant heterogeneity 
and variability across different strategies, periods and market regimes. 

▪ Hedge fund risk management is a critical aspect of hedge fund strategies, as hedge funds face various 
types of risks, such as market risk, liquidity risk, operational risk, counterparty risk, regulatory risk 
and reputational risk. Hedge funds employ various risk management techniques, such as hedging, 
diversification, stress testing, scenario analysis and value-at-risk. However, hedge fund risk  

https://doi.org/10.32933/ActaInnovations.50.3


Acta Innovations • 2023 • no. 50: 29-40 • 39 

 

 
 

https://doi.org/10.32933/ActaInnovations.50.3 • ISSN 2300-5599 • © 2023 RIC Pro-Akademia – CC BY 

 

management also poses some challenges, such as data availability and quality, model uncertainty 
and validation, and alignment of incentives between managers and investors. 

▪ Hedge fund regulation has increased in the aftermath of the global financial crisis, as hedge funds have 
been perceived as potential sources of systemic risk and market instability. Hedge fund regulation aims 
to enhance transparency, disclosure, oversight and supervision of hedge funds and their activities. 
However, hedge fund regulation also has some drawbacks, such as regulatory arbitrage, compliance 
costs and unintended consequences for hedge fund strategies and performance. 

▪ Hedge fund governance refers to the mechanisms and processes that ensure the accountability 
and alignment of interests between hedge fund managers and investors. Hedge fund governance 
involves various actors and instruments, such as boards of directors, auditors, administrators, prime 
brokers, custodians, lawyers, consultants and contracts. Hedge fund governance affects various aspects 
of hedge fund strategies, such as fees, liquidity terms, redemption rights and investment restrictions. 

▪ Hedge fund innovation is the process of creating new or improved hedge fund products or services 
that meet the needs or expectations of hedge fund managers or investors. Hedge fund innovation can 
be driven by various factors, such as competition, regulation, technology or demand. Hedge fund 
innovation can take various forms, such as new strategies, new instruments, new markets or new 
structures. 

▪ Hedge fund diversification is the process of allocating capital across different hedge fund strategies 
or sub-strategies that have low or negative correlation with each other or with traditional asset classes. 
Hedge fund diversification can enhance portfolio performance by reducing volatility and downside risk. 
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Higlight 
Preharvest method of bagging and enhancement of pineapple fruit quality. 
 
Abstract 
The demand for fresh pineapple fruit is currently highest for the MD2 pineapple variety. Continuous efforts 
are made to enhance the quality of MD2 pineapples, including the fruit skin color, flesh color, sweetness, 
and minimizing sunburn damage. Bagging is one of the pre-harvest methods that can be employed 
for this purpose. This research aims to find suitable bagging materials that meet the industry's criteria and assess 
the severity of sunburn in each bagging treatment. A completely randomized design was used in this study, 
with six different bagging materials and pineapples aged 80 Days After Forcing (DAF). The bagging materials used 
were the control, blue Polyethylene (PE) bag, white PE bag, black paranet bag, paper bag, and the existing cap-
shaped bagging technique using recycled paper from banana bagging, as utilized by PT. Great Giant Pineapple. 
Each treatment involved 120 pineapple samples harvested at 140 DAF. MD2 pineapples without bagging were 
found to provide the best results according to PT. Great Giant Pineapple's criteria, with green skin color (1.35%) 
and uniform yellow flesh (85.62%). 
 
Keywords 
Pineapple; bagging; polyethylene; paper; black shade net. 
 
Introduction 
Pineapple (Ananas comosus L. Merr.) is a leading fruit commodity with the highest export volume in Indonesia. 
Exported pineapples are typically harvested to meet consumer demand. To obtain perfectly ripe pineapples, 
farmers usually manually select them. The harvest maturity index is based on the degree of skin color 
development [1]. The widely traded cultivar for fresh fruit is the MD2 pineapple cultivar. The MD2 pineapple 
cultivar is the most popular globally, accounting for 50%-55% of the world market, mainly due to its excellent 
taste, sweetness, appealing golden flesh, golden skin color, maturity, and perfect cylindrical shape. MD2 
pineapples are more resistant to internal browning but are vulnerable to fruitlet core rot and more sensitive 
to Phytophthora than Smooth Cayenne [2]. Some challenges in pineapple cultivation include a decrease in fruit 
quality and aesthetic value due to injuries such as sunburn, mechanical damage during transportation from the 
field to the factory and packing facilities, and during storage. This happens because MD2 pineapples have thin 
and less dense physical characteristics [3].  

 
Several protective measures against sun exposure include shading [4], the application of liquid sunshield films 
[5], plant protection application [6], and fruit bagging [7–10]. Compared to shading nets and the application 
of liquid sunshield films and plant protectants, fruit bagging has many advantages due to its relatively low cost 
and fewer negative effects. This not only protects the fruits but also influences fruit growth and quality, 
as is commonly used in other fruits [11,12]. Bagging treatment is done during the fruit growth stage with the aim
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of protecting the fruit from pathogen and insect attacks, as well as improving the fruit's appearance 
and physicochemical properties [13]. The use of bagging materials has been proven to reduce sunburn rates 
in some fruit commodities [11]. The fresh pineapple marketing industry, such as PT. Great Giant Pineapple, 
continues to improve the quality of pineapples to meet market demands. The desired industry appearance 
criteria are MD2 pineapples with green outer skin and uniformly yellow flesh. This research aims to find suitable 
bagging materials that meet these industry criteria. 
 
Methods 
The research was conducted at the Research and Development Postharvest Laboratory of PT. Great Giant 
Pineapple (PG4), located at Jl. Taman Nasional Way Kambas Raja Basa Lama I, Labuhan Ratu District, East 
Lampung, Indonesia. The study was conducted over a period of 70 days before pineapple fruit harvest, from 
September to November 2022, in area 406Q1. Observations were made on the 1st day after treatment 
and at the time of harvest. This research utilized a Completely Randomized Design with 6 treatments (bagging 
materials) and five replications, with four fruit samples in each observation for each treatment. Each treatment 
involved 120 pineapple fruit samples harvested at 140 DAF (Days After Forcing). The bagging materials consisted 
of blue Polyethylene (PE) bags, white PE bags, black paranet bags, paper bags, and existing cap-shaped bagging 
techniques using recycled paper from banana bagging, as used by PT. Great Giant Pineapple. Observations were 
made on the skin color presentation, flesh color, and soluble solids content using an Atago hand refractometer. 
Observations of external pineapple fruit ripeness were conducted qualitatively by assessing the percentage 
of yellow color on the pineapple skin surface according to the guidelines for determining the percentage of shell 
color in Figure 1. 
 

 
Figure 1. Guidelines for determining the percentage of shell color in MD2 pineapples. Source: PT. Great Giant Pineapple. 

 
The observation of flesh color was also carried out qualitatively. Observations were conducted by cutting 
the pineapple fruit into two vertical halves and then measuring the flesh color using a ruler from the bottom 
to the top of the fruit. Measurement was done by comparing the length of the yellow color with the length 
of the pineapple fruit, which is the length of the yellow-colored part of the pineapple fruit divided by the length 
of the pineapple fruit, multiplied by 100%. Data were processed by comparing the means with a 95% confidence 
interval (α=0.05) for each treatment group and post hoc tested using the Tukey test. The data table is presented 
along with letter notations to indicate their significance. Statistical data were processed using the Minitab 19 
program. 
 
Results and discussion 
The occurrence of sunburn is a complex process, closely related to climate, varieties, fruit development stage, 
tree vitality, fruit growth position, and soil conditions [14]. In this study, the bagging treatment on pineapple 
fruits did not significantly impact the percentage of sunburn as observed in this research. No instances of sunburn 
were found in any of the bagging treatment samples, as presented in Table 1. 
 
These results are attributed to the fact that the planting was conducted during the wet season with low 
environmental temperatures and high rainfall, as shown in Figure 1. 
 
The determination of the wet season is based on the statement from the Ministry of Agriculture of the Republic 
of Indonesia, which indicates that the suitable rainfall for pineapple cultivation in Indonesia ranges from 1200-
4000 mm per year or 3-10 mm per day, depending on the location and the pineapple varieties being cultivated.
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During the period of this study, the recorded rainfall could reach up to 52.80 mm in a single day. With high 
rainfall, air humidity also increases, with the highest humidity reaching 94.13%, and the lowest at 71.01%. 
Pineapples prefer a humidity of 70% for their growth [13]. The environmental temperatures during September 
to November 2022 ranged from a maximum of 28.40°C to a minimum of 24.71°C, with an average of 26.72°C. 
These temperatures fall within the normal range for pineapple growth, which typically ranges from 22-32°C [14]. 
Sunburn commonly occurs during the summer with temperatures exceeding 32°C [15]. In well-lit environments 
during the day, the irradiance reaching the Earth's surface is 1,000 W/m² [6], whereas in this study, the highest 
solar radiation reached only 220.53 W/m². 
 
From the temperature measurements of MD2 pineapple fruit's surface in the morning, noon, and afternoon, 
there were no significant temperature differences among the treatments. However, the bagging treatment per 
treatment provided significant temperature values, as shown in Table 2.  
 
Table 1. The Influence of Different Bagging Treatments on Sunburn Incidence in MD2 Pineapples. Source: Own. 

 

Treatment Sunburn (%) 

No bagging 0 

Blue PE bag 0 

White PE bag 0 

Black shade net 0 

Paper bag 0 

Bagging existing 0 

 
 

 
Figure 1. Weather data accumulated based on the Automatic Weather Station (AWS). Source: Own. 

 
Table 2. The lowest temperature was recorded for the unbagged fruit, which was 30.57°C in the morning, 32.80°C at noon, 
and 33.3°C in the afternoon. Source: Own. 
 

Treatment Shell temperature (oC) Bagging Temperature (oC) 

9:00 AM 12:00 PM 03:00 PM 9:00 AM 12:00 PM 03:00 PM 

No bagging 29,08 a 35,09 a 33,77 a 30,57 c 32,80 d 33,33 c 

Blue PE bag 28,64 a 35,11 a  33,63 a 32,43 b 33,0 cd 35,33 bc 

White PE bag 28,38 a  34,97 a 33,73 a 33,40 a 33,2 c 37,23 b 

Black shade net 28,39 a 34,62 a 33,42 a 33,70 a 33,8 b 39,60 a 

Paper bag 28,23 a 34,52 a 33,42 a 33,80 a 34,2 a 39,63 a 

Bagging existing 28,24 a 34,33 a 33,43 a 33,90 a 34,3 a 39,70 a 
1Lowercase letters indicate statistically significant differences by Tukey (p≤0.05). 

 
The fruit temperature can increase due to direct sunlight exposure, and the exposed part of the fruit can exceed 
50°C if the environmental temperature approaches 30°C [16]. In this experiment, the pineapple fruit's skin did 
not reach those temperatures because it had a lower environmental temperature than previously recommended 
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(average of 26.72°C). This statement supports the absence of sunburn in this study due to the lower 
environmental temperature. Bagging leads to microclimatic changes around the fruit [17], and in this study, 
the use of bagging was able to increase the bagging temperature. The air temperature inside the bag will 
be higher, up to 5 degrees higher on bright summer days [18]. 
 
Bagging fruit affects the external ripeness level of pineapple fruit (shell color). The highest shell color was 
obtained in the blue PE bag treatment, at 9.20% of yellow pineapple skin, and the lowest was found in unbagged 
fruit, at 1.35% of yellow pineapple skin. Bagging did not affect the flesh color of pineapple fruit, as all bagging 
treatments showed statistically insignificant results, as presented in Table 3. 
 
Table 3. The effect of bagging material treatments onthe skin color (shell color) and flesh color of MD2 pineapple clones(%). 
Source: Own. 

 

Treatment Shell color (%) Flesh color (%) 

No bagging 1,35 b 85,62 a 

Blue PE bag 9,20 a 88,63 a 

White PE bag 4,75 ab 75,51 a 

Black shade net 4,00 ab 81,77 a 

Paper bag 7,55 ab 80,75 a 

Bagging existing 2,15 ab 86,45 a 
1Lowercase letters indicate statistically significant differences by Tukey (p≤0.05). 

 
Bagging can enhance the color of the fruit skin [19]. In this study, the blue PE bag had a more yellow skin color 
compared to other bagging materials. This is because the blue wavelength can transmit the appropriate energy 
to the fruit, resulting in a more evenly bright fruit color. This is in line with the research by [20], which concluded 
that the blue wavelength (around 440-480 nm) is important for photosynthesis in cultivated plants. 
 
Impact  
The harvesting of MD2 pineapples is based on their external ripeness level. Pineapples that were bagged before 
harvesting showed a significantly higher external ripeness level compared to unbagged pineapples. This indicates 
that the use of bagging can accelerate the shelf life of pineapple fruit. The industry desires pineapples with a long 
shelf life for sale. Therefore, using bagging during the rainy season can be economically detrimental 
to the industry. 
 
Conclusions  
No instances of sunburn were found in any of the bagging treatments. This is because the planting was conducted 
during the rainy season. Unbagged pineapples had green skin with uniformly yellow flesh, which aligns with 
the preferences of PT. Great Giant Pineapple. Consequently, during the rainy season, there is no need to use 
bagging for pineapple cultivation. 
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Abstract 
Wastewater treatment facilities at high places can give chances for renewable and sustainable energy generation 
by putting hydroelectric turbines at the input and drain channels of wastewater treatment plants, and they can 
also use the sludge generated during the treatment process to make biogas, which can be used to generate 
power. Purified water is subsequently used to irrigate decorative plants along highways, in gardens, 
and in woods. The fermentation wastes are utilized as organic fertilizer to improve agricultural soil quality. 
At the Gharyan sewage station, a hybrid system consisting of a hydroelectric station and an electric generator 
powered by biogas is proposed in this research. This is because the city is distinguished by its high location, which 
is approximately 713 m above sea level. The results showed that the proposed system would provide an electric 
power of 490 kW, which is sufficient to cover 87.5% of the electrical energy consumption of the station. 
The amount of treated water is approximately 13,000 m3/day, and the amount of organic fertilizer is about  
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17 tons/day. The investment value is anticipated to be around $1,478,000, while the cost of producing a unit 
of electric energy is expected to be 2.83 ¢/kWh. This system's yearly net profit is predicted to be $307,765. 
The capital's recovery period is anticipated to be 3.44 years. The planned hybrid system will limit the discharge 
of an estimated 1,886 tons of CO2 gas each year. 
 
Keywords 
Biomass Energy; Gharyan; hydroelectric power; Libya; potential energy; sewage treatment plants. 
 
Introduction 
Energy is one of the most important aspects of human existence owing to its relevance in infrastructural 
development and as a driving force in economic development and employment creation. Energy-related 
concerns took a new turn near the end of the past century, particularly those linked to the generation of electric 
power from fossil fuels and the advent of major environmental difficulties that endanger human existence 
on Earth, such as climate change and global warming. Burning fossil fuels generates more than 64% of the world's 
power and thermal energy (Figure 1a). In Libya, almost 99% of power is generated using fossil fuels (Figure 1b), 
putting the energy industry ahead of all other human activities in terms of emissions, accounting for around 36% 
of the country's carbon dioxide emissions [1,2]. Figure 1 depicts the contribution of primary energy utilized 
in power generation in the globe and Libya in 2020. At the same time, there is a huge growth in global electricity 
demand. These issues are continually rising, indicating the need for alternative energy sources that are high 
in efficiency, ecologically benign, and sustainable [3,4]. One of these options is to create electricity as near 
to the point of consumption as feasible, utilizing locally accessible renewable and clean energy sources such wind 
energy [5–8], solar energy [9–13], biomass energy [8,14–17], hydropower [18–21]. 
 

 
 (a) Worldwide (b) Libya 

Figure 1. Contribution of fuel type to electrical power generation. Source: Own. 

 
In order to satisfy the Libyan government's obligations to the international community to lower CO2 emission 
rates on the one hand, and to provide its society with a safe and sustainable source of energy on the other, 
the Libyan government unveiled its strategic plan to produce electric power from some of the renewable 
energies accessible in the country over the next thirty years during COP 27 (The Conference of Nations United 
Climate Change), which was held in Sharm El-Sheikh, Egypt, from June 6 to June 8, 2010. The strategic plan seeks 
to increase renewable energy participation in combined electric energy production by 25% by 2025, up to 30% 
by 2030, and over 60% by 2050 through photovoltaic and thermal generation of solar energy and wind energy 
[22]. Although hydroelectric energy and biomass energy are not included in the plan, their use is an absolute 
requirement as a source of energy generation, as is the case with mountainous water treatment facilities, 
or as a source of biofuel to run electricity generating generators or gas turbines, or to store energy in hydraulic 
energy tanks (Hydropower Storage) and integration with the sources stated in the plan [23,24]. Hydroelectric 
energy is also regarded one of the cleanest renewable energies, with a CO2 emission ratio of roughly 18.5 kg 
CO2/kWh over the station's life cycle [25]. Sewer water is a renewable and sustainable energy source, 
where electrical power may be created by putting turbines inside city sewage pipelines and utilizing regular 
gravity flow [26]. For example, the Australian government's New South Wales government built its first plant in 
2010, with a capacity of 4.5 MW, utilizing treated wastewater falling from 60 m to produce 58% of its power [27]. 
Rosa et al. offered a list of 49 wastewater hydropower plants from across the world. Two Swiss facilities are 
harnessing the energy potential of higher elevations. The Profray station (capacity 8,600 m3/day) in Bagnes 
generates hydroelectric electricity (851 MWh/year, equivalent to a 380-kW generator) from sewage flow from 
a height of 449 m. The La Louve station, which also generates in Lausanne (with a capacity of 10,400 m3), transfers 
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almost half of the energy (460 MWh/year, equal to a 170 kW generator) from the water dump to the station 
at an altitude of 180 m [28]. The capacity of the water treatment facility in the Austrian city of Seefeld Zirl is 1,192 
kW from a height of 94 m [29]. 
 
With a capacity of 364,000 m3/day, Jordan's Samara facility near Amman processes over 70% of the country's 
wastewater. Internal energy resources meet approximately 80% of the plant's energy requirements. The treated 
water is also utilized in agriculture, accounting for around 10% of Jordan's total water usage. The facility also 
avoided the emission of 300,000 tons of CO2/year into the atmosphere by producing energy [30]. In Turkey, 
Baran discovered seven prospective geographic areas that might generate 38.53 GWh/year of energy from 
a hydroelectric wastewater treatment plant, which would be adequate to provide street lights in these seven 
areas [31]. According to a study of prior studies, wastewater treatment facilities can profit from generating 
electrical energy to meet a portion of the station's electrical energy requirements, in addition to purifying 
the water before expelling it into the environment. This is accomplished in numerous ways: 

▪ Making use of the treatment plant's potential energy in high mountain cities.  
▪ Using kinetic energy of wastewater owing to gravity in the sewage network.  

 
Despite its relevance, the topic has gotten little attention at the municipal level. Many studies dealt 
with the subject of hydroelectric energy from the standpoint of storing energy in high reservoirs or river energy, 
but only one study dealt with the question of utilizing wastewater to create electric power in Libya [17]. 
The remainder of the paper is divided into the following sections: Section Two (Materials and Work Methods), 
which provides a description of the existing site of the sewage plant as well as theoretical energy, economic, 
and environmental calculations. Section 3 (results and comments) gave the outcomes. Section 4 examines 
the overall state of wastewater treatment plants in Libya. Section 5 contains the conclusions and suggestions. 
 
Materials and Work Methods 
General data of the study site 

▪ Gharyan is located on the Western Mountain in Libya's northwestern region. Gharyan is located around 
713 meters above sea level (Figure 2). According to 2021 figures, its population is around 187,854 
people, and its area without suburbs is 4,660 m2 [32]. The wastewater collection and treatment facility, 
which has a capacity of 2,220 m3 and handles an estimated 13,000 m3/day, was built in 1971. It solely 
serves the Taghsat region, which has a population of around 19,000 people according to 2021 figures, 
with an average per capita of approximately 0.684 m3/day. Figure 3 depicts an aerial photograph 
of the station. The sewage treatment plant is 673 m above sea level. At this height, the potential energy 
is approximately 6.6 MW/m3. On June 7, 2019, the writers of this article went to the sewage plant 
to learn about the facility's components and to acquire design and operating information. Although 
there is no information accessible on the population's sewage water rates in Libya, the municipality 
of Gharyan is undertaking research on linking the entire city to a sewage network, as well as creating 
a new sewage collecting station to replace the present one, which has expired. This offered the present 
research a design component by emphasizing the prospect of generating electrical energy from the new 
station and taking this benefit into account while contracting to create the new station. The treatment 
plant works in phases, which are as follows: Station entrance: The station has two entrances, each with 
a crusher for breaking up solid materials.  

▪ Sand lifter: a basin with a motor that circulates the water and a pump that returns it to the basin. 
A scraper is used to clear the sand that has accumulated at the basin's bottom.  

▪ Aeration basins: There are two aeration basins at the station, where air blowers activate microorganisms 
inside the basins to analyze organic materials and eradicate pathogens.  

▪ Sedimentation basins: they are used to settle organic debris (sludge) within ponds.  
▪ Filters: they remove plankton from the water.  
▪ Chlorine tank: A chlorine tank into which chlorine is fed from chlorine cylinders via a mechanism.  
▪ Return pump: screw pumps that return water from all stages of the station and transport sludge from 

sedimentation basins to drying basins or return water to aeration basins.  
▪ Drying basins: These are used to dry organic products. 
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Figure 2. Map of Libya showing the location of the city of Gharyan and a picture of the terrain of the region. Source: Own. 
 
 

 
 
Figure 3. An aerial photo of the wastewater treatment plant in Gharyan city.  
Source: https://earth.google.com/web/search/32.15153203,13.03476738,662.53720067a 

 
Design and operational data for the wastewater treatment plant in Gharyan city 
The station receives wastewater from the city's sewage network via two 0.9-meter-diameter pipes. The treated 
water volume is approximately 13,100 m3/day. The amount of solid materials retrieved from the station 
is predicted to be 360 m3/month. The wastewater treatment plant's discharge pipe is 4700 m long and 0.5 m 
in diameter. The slope from the station's departure point is 65 m, and the volumetric flow rate of the treated 
water is 10.15 m/s. The station's average energy usage is around 9,923 kWh/day. Figure 4 shows a Google Earth 
view of the geography of the region where the sewage treatment facility is located, as well as the length 
and slope of the sewage pipe. 
 

 
 
Figure 4. Image from Google Earth of the topography of the area where the sewage treatment plant is located and the length 
of sewage pipe elevations. Source: Own.
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Mathematical analysis of hydroelectric energy 
Water treatment facilities may create electrical energy in two ways:  

▪ hydropower energy and  
▪ biomass energy 

 
Hydropower energy potential EH; kW 
To calculate the energy potential of the input and outflow wastewater to the treatment plant, the water flow 
rate and the height from which the water drops must be determined. The generated energy may be computed 
as follows [18]. 
 

(1) 𝐸𝐻 = [𝜌𝑔𝑄(𝐻 − ℎ𝑓) 𝜂𝑡]
inlet

+ [𝜌𝑔𝑄(𝐻 − ℎ𝑓) 𝜂𝑡]
outlet

 

 

 

where: 
ηt represents the turbine's hydraulic efficiency, 90%, ρ is the density of water (kg/m3), 
𝑔 is the Earth's gravitational acceleration, 9.81 m/s2.  
The volumetric flow rate of water (m3/s) is represented by Q. H is the height from which the water drops (m), 
and hf is the pressure loss due to friction in the drainage pipe (m). 
 
Biomass energy potential 
The potential energy (EB, kW) in the sludge may be calculated using the following equation [33] 
 

(2) 𝐸𝐵 = 𝑊𝑆𝑊 𝑆𝑅 𝐺𝑆𝑊𝐻𝐵𝐺  ηele    
 
where: 
WSW refers to the average amount of treated wastewater m3/hr 
GSW represents the rate of biogas production from sludge and is estimated at 243 m3/ton [34]. 
SR represents the amount of sludge in wastewater estimated at 1.3 kg/m3 [15].  
HCH4 represents the calorific value of biogas (5.56 kWh/m3) [35].  
ηele represents the electricity generation system's efficiency, 38% [1]. 
 
Total energy produced by the station 
The total electricity (Et, kW) that the wastewater treatment facility can generate on its own: 
 

(3) 𝐸𝑡 = 𝐸𝐻 + 𝐸𝐵     
 
Hydraulic calculations 
Hydraulic calculations aim to find the indications' values in the available energy calculation equation (1). 
The frictional losses hf are calculated from the Darcy equation [36]: 
 

(4) 
ℎ𝑓 =

8 𝐿 𝑓 𝑄2

𝜋2 𝑔 𝐷5
 

 

 
where: 
D represents the diameter of the drainpipe (m) 
L represents the length of the drainpipe (m) 
f represents the coefficient of friction, calculated from equation (5) [36]: 
 

(5) 
𝑓 = {1.8 𝑙𝑜𝑔 [

6.9

𝑅𝑒
+ (

𝜀

3.7 𝐷
)

1.11

]}
−2

 

 

 

where: 
ε represents the roughness of the inner surface of the drainpipe (m) 
Re represents the Reynolds number and is calculated from equation (6) [36]. 
 

(6) 
𝑅𝑒 =

4 𝑄

𝜋𝐷𝜈
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where: 
ν represents the kinematic viscosity of water (m2/s). 
 
Economic and environmental calculations 
The cost of generated energy unit (LCOE) is an economic measure used to estimate project profit and a reference 
for comparison with other production choices. The cost of environmental damage produced by carbon dioxide 
(CCO2) may be used to compute LCOE using the following equation [37]: 
 

(7) 

𝐿𝐶𝑂𝐸 =
(

𝑟(1+𝑟)𝑛

(1+𝑟)𝑛−1
) × (𝐶C,𝐻 + 𝐶C,𝐵) + (𝐶O&M,𝐻 + 𝐶O&M,𝐵) − 𝐶CO2

8760 × 𝐸t

 

 

 
where: 
CO&M denotes the cost of operation and maintenance ($/year) 
CC the capital cost in $ 
Et the power of the proposed system in kW (the number 8760 denotes the number of working hours in a year) n 
the device lifetime (30 years) 
r the annual inflation rate (8%).  
The subscripts H and B denote the two power generation systems: hydropower turbine and biogas-based 
generator. 
 
The cost of environmental damage caused by CO2 gas can be calculated by the following equation [38]. 
 

(8) CCO2 = 𝐸𝐹𝐶𝑂2 × 8.760 × 𝐸𝑡 × ∅𝐶𝑂2    
 
where: 
EFCO2 represents the CO2 emission factor of the electric power generation system in Libya, 0.983 kg CO2/kWh 
∅CO2 represents the environmental damage cost per unit ($/ton CO2).  
All costs in Equation (7) are included in Table 1. 
 
Table 1. List costs of the proposed hybrid power generation system. Source: Own. 

 

Item Cost 

1. Hydroelectric Energy System [17]  

1.1 Cost of Capital 7500 $/kW 

1.2 Operation and Maintenance Cost 3.88 $/kW/year 

2. Biomass Energy System [39] 

2.1. Cost of Capital  1410 $/kW 

2.2. Operation and Maintenance Cost 3.5 % of Capital/year 

3. Cost of Environmental Damage 15 $/ton CO2 

 
Hypotheses, limitations of study, and sources of uncertainties 
To assist computations, researchers must make some assumptions, which in most circumstances have 
no substantial influence on the conclusions. In this study, the following hypothesis were established:  

▪ There is a continual flow of sewage to and from the treatment facility.  
▪ There are no losses in power transmission or consumption within the station.  
▪ Biogas is composed of 50% methane and 50% CO2.  
▪ Due to a paucity of research in biomass energy, the biogas generation rate from sludge was set at 243 

m3/ton sludge [40]. 
▪ Ignoring the bulk of sludge in hydraulic and potential energy calculations since it accounts for a negligible 

amount (0.1%). 
▪ Assuming that the hydraulic losses in the drainpipe and inflow pipes are equivalent. 

 
The study's drawback is the lack of an investigation of the sensitivity of the implications of design and operation 
to the results, which the researchers will address in a further study.  
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The data is a source of uncertainty since there is a large variance in employment statistics, prices, and values, all 
of which are used by the study to establish economic and environmental indicators [41].  
 
Results and Discussions 
The planned hybrid system contains a Pelton turbine at the station's entry and a Francis turbine at the station's 
discharge pipe, as well as a biomass energy system that includes an anaerobic digester for sludge fermentation 
and a biogas-powered electric generator. Trucks deliver fermentation waste as organic fertilizer to grow trees 
and enhance soil quality. Figure 5 depicts the components of the proposed hybrid system as well 
as a representation of the energy and mass flow in the suggested technique. 

 
Figure 5. Energy and mass flow diagram in the proposed system. Source: Own. 

 
The available energy may be computed using the energy and mass balance diagram illustrated in Figure 6 utilizing 
data obtained from the wastewater treatment facility in Gharyan, which is listed in Section 2.2. 
 

 
Figure 6. Energy and mass balance diagram. Source: Own. 

 
The hydropower energy potential 
Equation (2) is used to calculate the quantity of hydroelectric energy (EH) in kW in the treated water in the station 
at the input and discharge pipes. 
 

  (9) 𝐸𝐻 = (1000) × (9.81) × (0.151) × (0.9) × [((673 − 608) − 5) + ((710 − 673) − 5)]
≅ 129 kW 

 

 
The biomass energy potential 
The amount of energy potential (EB) in kW in sludge can be estimated from equation (3): 
 

(10) 𝐸𝐵 =   (542.92)(1.3)(0.243)(5.56)(0.38) ≅ 362 kW  
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Therefore, the total energy available from the water treatment plant is estimated at 490 kW. This covers 87.5% 
of the station’s electrical energy consumption. 
 
Economic-environmental analysis  
Table 2 shows the CO2 emission factor for several fuel types based on several indicators [42]. 
 
Table 2. CO2 emission factor based on several units. 
 

Fuel Type Volume unit 
kg CO2/m3 

Thermal energy unit 
kg CO2/GJ 

Electrical energy unit 
kg CO2/MWh 

Biofuel 1.06  84.2 441.4 

Natural gas 1.77  55.8 433.0 

Light fuel 2,752  71.0 849.2 

Heavy fuel 3,156  81.3 909.7 

Crude oil 3,266  92.5 966.2 

 
Therefore, the amount of CO2 gas (mCO2) emitted annually from the proposed system can be estimated as follows: 
 

(11) 𝑚𝐶𝑂2 = 0.4414 × 362 × 8760 = 1,400 𝑡𝑜𝑛 𝐶𝑂2/𝑦𝑒𝑎𝑟  

The CO2 emission factor for Libya's power production system is estimated to be around 1.037 kg CO2/kWh [1]. 
As a result, the amount of CO2 gas trapped from emission into the atmosphere may be approximated as follows: 
 

(12) 0.875 × 9,923 × 365 × 1.037 × 10−3 − 1,400 = 1,886 ton 𝐶𝑂2/𝑦𝑒𝑎𝑟  

The amount of CO2 gas released by the station per year is equal to: 
 

(13) (1 − 0.875) × 9,923 × 365 × 1.037 × 10−3 + 1,400 = 1,870 ton 𝐶𝑂2/𝑦𝑒𝑎𝑟  

Thus, using equation (9) the cost of CO2 gas is projected to be $140,250 per year. As a result, the LCOE 
of the station's electrical energy may be determined using equation (8) as follows: 
 

(14) 
𝐿𝐶𝑂𝐸 =

(
0.08(1.08)30

(1.08)30−1
) × (7500 × 129 + 1410 × 362) + (3.8 × 129 + 0.035 × 1410 × 362) − 1886 × 15

8760 × 490
= $0.0283 𝑝𝑒𝑟 𝑘𝑊ℎ  

 

 

Knowing that the General Electricity Company purchases electrical energy produced from renewable energy 
providers at $0.1/kWh, the annual net profit from this system is estimated at approximately $307,765/year. 
The capital recovery period is estimated at around 3.44 years. 
 
Analysis of the general situation of wastewater treatment plants in Libya 
Approximately 200 sewage treatment facilities were erected across the nation between 1966 and 1990, however 
the majority are no longer in use due to their age. The main wastewater treatment plants are located in Tripoli 
(capacity: 101,000 m3/day), Misurata (capacity: 24,000 m3/day), and Sirte (capacity: 21,000 m3/day). 
The remaining stations are modest and medium-sized, with design capacities ranging from (370-6,700 m3/day). 
The volume of wastewater generated each day is projected to be 1,324,054 m3. Only 145,800 m3/day of this total 
gets processed, accounting for 11% of total wastewater production. The remainder of the wastewater 
is discharged untreated into the sea, valleys, and manmade lakes, inflicting serious harm to the surrounding 
ecology. Because no information on the geographical location of these factories is currently available, just 
the available sludge energy will be computed. The available energy may be determined using Equation 3 
as follows: 

 
(15) E_S=  (55,169)(1.3)(0.243)(5.56)(0.38)≅36,820 kW 
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Perhaps the most significant loss due to neglecting the critical role of this sector and leaving wastewater 
treatment plants without maintenance development, in addition to environmental damage and the loss of 37 
MW of sustainable energy, is the loss of approximately 4 million cubic meters per day in a desert country that 
lacks water, which could have made a difference in the area of vegetation cover of the state, protecting cities 
from sandstorms, desert encroachment, and the establishment of forests and natural reserves.  
 
The loss of almost 4 million m3/day in a desert nation without water, which might have made a difference 
in the state's vegetation cover, protecting towns from sandstorms, desert encroachment, a loss of 37 MW 
of sustainable energy, is possibly the most significant loss as a result of abandoning the crucial role of this sector 
and leaving wastewater treatment plants without maintenance. 
 
Impacts of the research results on economy, environment and society 
To counteract the degradation of terrestrial and marine ecosystems, it is imperative to focus on wastewater 
treatment stations, monitoring, and continuous development. There is a growing interest in recycling these 
resources, leading to the preservation of natural resources, decreased energy consumption, and reduced 
pollution from burning fossil fuels. Wastewater treatment plants, within this framework, are acknowledged 
as sustainable sources of irrigation water, organic fertilizer, and energy. The implementation of such projects can 
yield various eco-environmental and socio-economic impacts, including: 

▪ Reducing irrigation water usage by incorporating treated water from the station. 
▪ Conserving fossil fuels for energy and minimizing CO2 emissions through the use of renewable energy 

sources. 
▪ Preserving natural resources and essential elements like phosphorus for fertilizer production. 
▪ Creating new job opportunities for the local community. 
▪ Maximizing economic returns by utilizing treated wastewater in forestry for cultivating trees 

and establishing wood industries. 
▪ Contributing to forests' roles in purifying the air, moderating the climate, combating desertification 

and sand encroachment, preserving vegetation, and protecting cities and residential areas from sand 
and dust storms. 

 
Conclusions and future studies 
The research focused on evaluating the energy potential of the wastewater plant in Gharyan city. The article 
introduced a hybrid generation system comprising two hydroelectric plants and a biogas-powered power plant 
using sludge fermentation in a biomass reactor. Economic and environmental assessments were conducted 
to demonstrate the viability of this proposed system. Projections indicate that the hybrid system could generate 
490 kW of electrical power, covering 87.5% of the plant's electricity needs.  
 
The estimated investment for implementation is $1,478,000, with an annual maintenance cost of approximately 
$18,355, and a production cost of 2.83¢/kWh. Notably, the proposed hybrid system is anticipated to prevent the 
annual release of 1886 tons of CO2, resulting in an annual cost saving of $28,290 for the plant. Future plans 
involve extending the study to all sewage plants in Libya by conducting topographic surveys to identify stations 
situated at higher elevations, thereby assessing their potential energy contribution. 
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Highlight 
Framing the study by utilising the theory of diffusion of innovation and applying factor analysis (using SPSS. 26. 
S) in developing a supply chain innovation music model brought the context of digital music distribution. Digital 
music distribution makes music distribution more resilient and better enabled to displace the superfluity 
of physical music distribution in the recording industry. In addition, artists have more ways to connect with their 
fans and opportunities to share their work in diverse and creative ways. 
 
Abstract 
Digital music streaming and downloading platforms supervene the stymied superfluity of physical music 
distribution in the recording industry. The significant transition seems to provide quasi-real-time increased music 
consumption. The purpose of the study is to identify the challenges associated with the paradigm shift to the 
digital trajectory of music regarding global market demand and to establish the extent to which digital diffusion 
innovations influence digital music distribution and consumption in the recording industry. The exploratory 
research study employed univariate and multivariate statistical analysis to analyse the data collected from 217 
musicians. The study found that the customer base of physical retail stores is dwindling due to the increasing 
number of independent artists and technologically compatible media devices that encourage music streaming 
and downloads. The practical implications ensue the amplitude of music downloads that is proffered by modular 
technological developments, such as the buttress of smartphones while it predicates the perspicacity 
of innovative digital technologies to create independent shrewd music entrepreneurs. 
  
Keywords  
Digital music distribution; e-commerce; disintermediation; diffusion of innovation. 
  
Introduction 
The music falls within the creative industry and offers global fans a delightful hedonic experience. The advent 
of digital technologies has transformed the nature of people’s musical experiences. Digital recording has 
the propensity to produce new entrepreneurs through a revolutionary digital operations management cycle. 
While online distribution systems have facilitated product availability, mobile devices are the pervasive mode for 
listening to and consuming music. At the same time, social media provides dyadic (Fan-Artist/fan-fan linkage) 
platforms for sharing, interacting and learning about music [1]. Fans can now listen to music on the move, from 
the daily commute by car, taxi or bus to jogging through the park and gym facilities. Pervez and Haq [2] note 
that digital music is “packaged in a flexible, structured way that combines sound with rich, layered metadata 
to support interactive and adaptive musical experiences”. This expanded music experience offers fans a highly 
immersive and deeply engaging, multi-layered soundscape [3]. The study examined the trend of online music 
channels, and the distribution strategies employed by record companies and musicians to cope with these 
changes, as well as the challenges experienced in this journey. The study used the diffusion of innovation theory 
and crafted the literature review on digital music distribution, disintermediation/reintermediation, 
and innovative transformation. The quantitative research design was utilized to generate empirical findings. 
The growth of digital streaming and downloading from Internet platforms entices music retailers and recording 
companies for direct digital distribution. Conversely, piracy has yielded fewer sales of compact disks (CDs) 
by music retail outlets with brick-and-mortar stores, undermining their financial viability. Physical retail stores 
have ceased their operations and music customers have swapped to electronic commerce businesses such 
as Amazon.com, Kalahari.net, Takealot.com and Loot and streaming on Spotify, iTunes, Deezer and so on. 
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The study observes the digital paradigm of the distribution supply chain that it resonates with lower cost 
structure, maximum consumption, the propensity to entrepreneurship and the displacement of physical 
inventory with virtual inventory. The technology push effect describes developments in technology, including 
increased awareness, the rise of constrained Internet and broadband accessibility and intense competition that 
outwits the physical retail music stores. The digital downloading platforms offer access to digitalised music 
distribution and a quasi-real-time consumption cycle. The trajectory displaced the existing brick-and-mortar 
business, and the evolving information highway increases global customer demand and the level of supply chain 
responsiveness (from the supply side) points to market changes in supply chain distribution channels in the music 
industry. Against this background scenario, the study cogitates on technological innovations that are expected 
to enhance the digital distribution of music on the Internet. Although the distribution systems have posed 
challenges within the supply chain network, the foreground scenario for this study attempts to develop tentative 
model for supply chain digital music distribution, consumption, responsiveness and legitimacy cycles. This study 
objective deductively delves into the challenges associated with the paradigm shift to the digital trajectory 
of music global market demand; it ascertains musicians’ perceptions of the transition and how it has affected 
both artists and the industry. It was also essential to establish the extent distribution operations processes 
are in sync with digital diffusion supply chain innovations and whether they impact digital music distribution 
and consumption in the recording industry. 
 
Digital Perspective of the Music Industry  
South Africa’s nascent music industry reflects a slightly developed product of genres on the African continent [4]. 
The hegemony of international music businesses primarily absorbs the major ownership share [5] ranging from 
five multinational companies, namely, EMI, Sony, Universal-Vivendi, Time Warner and Bertelsmann (BMG) 
that control the production and distribution of recorded music [6]. An ambitious digitisation project undertaken 
by Mpumalanga province in South Africa epitomised the willingness and capability of conventional and native 
digital artists to engage in digital music production and distribution. According to Netshakhuma [7], a lack 
of resources hindered the successful implementation of the project.  
 
Skulan [8] also proffered that a lack of skills and knowledge can prevent musicians from digitising their operations 
and distribution systems. Vermeulen [9] observes that sales of recorded music in physical format in South Africa 
are shrinking faster than that observed at the global level. Music streaming allows customers to listen to music 
on their preferred device (PC, iPod, smartphone, tablet, notebook, etc.) without owning a digital music file or 
a physical format (such as a CD, tape or vinyl). The music files are stored by the streaming provider on a server 
and are provided to the customer on demand when he/she logs in on a website or mobile app. Subscription 
services like Apple Music, Joox, Google Play Music, Tidal, Simfy Africa, Rara, iTunes, and Deezer are major 
companies in the market and are responsible for the majority of total digital sales. Knopper [10] notes that 
“digital music sales saved the record industry following years of piracy”. The exponential growth of digital music 
distribution is underpinned by the rapid penetration of smartphones, and embryonic streaming services such 
as Apple Music are gaining a larger market share. Prominent players in South Africa include Google Play, Rara, 
Simfy Africa and Deezer.  
 
Technology is fundamentally changing the landscape of most consumer-oriented businesses. Consumer buying 
behaviours and demand patterns are significantly affected by high Internet penetration, ubiquitous information 
availability, and rapidly growing social networks. This has a significant impact on consumer-oriented industries 
such as music, publishing, consumer electronics, retail and financial services. Consumers’ propensity to adopt 
technology has a major impact on supply chains through social networks and Internet-enabling digital platforms. 
The application of emerging technologies to supply chains enables organisations to deliver superior value 
to customers. Digital music is defined as “a particular combination of data and sound that exists as an entity 
in and of itself for sale or acquisition in online outlets via computers or other digital portable devices” [11]. Digital 
supply chains facilitate the exchange of information and enable superior collaboration and communication across 
digital platforms, resulting in improved reliability, agility and effectiveness. It is thus essential for the music 
industry to integrate digital production, distribution and consumption into its overall supply chain strategy 
to generate and measure long-term value. Digitalisation refers to “the increasing penetration of digital 
technologies in society with the associated changes in the connection of individuals and their behaviour” [12,13].  
Developed economies such as the United States, Japan and the United Kingdom have achieved a high level 
of digitalisation, created millions of job opportunities and boosted economic prospects. Digitisation could assist 
the South African economy to contribute to the achievement of national imperatives such as improved 
productivity, welfare, and economic growth. Ultimately it could reduce inequality, poverty, and unemployment,
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 and also promote social transformation [14]. 
 
Theoretical Framework 
The symbiotic leverage of disruptive technology and reverberating innovation entrench the culmination of digital 
music streaming and downloading. Music fans credulously adopt an innovation of digital music distribution 
platforms, and the innovation will be diffused among the population. Diffusion is “the process by which 
an innovation is communicated through certain channels over time among the members of a social system” 
[15,16]. Wu and Chuang [17] concur with Lin and Huang [18] in defining innovation system diffusion as “a process 
from internal diffusion among functional units within an organisation to external diffusion across inter-
organisational trading partners when innovation becomes an integral part of the value activities”. Mbhele [19] 
adds from Mbhele’s Law of Oscillation that electronic supply chain management (e-SCM) systems diffusion is 
“a process from internal diffusion among functional units within an organisation to external diffusion across 
extended supply chain enterprises” including individual innovativeness, innovation-decision process, perceived 
attributes of innovations, adoption rate, and different adopter categories with elements of innovation, 
communication channels, time, and social system. An agile supply chain system enjoys a certain level of flexibility 
that creates considerable resilience in responding to the disintermediation of the retail music industry. Rogers 
[15] describes the innovation-decision process as “an information-seeking and information-processing activity, 
where an individual is motivated to reduce uncertainty about the advantages and disadvantages 
of an innovation”. According to Rangaswamy and Gupta [20], the study of adoption behaviour and the diffusion 
process for digital products is “based on concepts and theories of individual decision-making and allows one 
to segment and profile customers based on the time of adoption and on their inclination to adopt an innovation. 
The Diffusion of Innovation theory focuses on how, why and at what rate novice ideas and technology 
are disseminated across cultures and generations. It explains how, as time passes, an idea or product gains 
market share and spreads in a specific social system. The result of such diffusion is that people move away from 
traditional physical music distribution and adopt new digital distribution ideas, behaviour or products. 
This theory is used here to establish how early adopters influence the adoption of innovation or digitalised music 
in the recording industry. The Diffusion of Innovation theory has been adopted in research in the “field of social 
media, about the adoption of Twitter Hashtags” [21]; “mobile banking technology adoption” [22]; “the radio 
broadcasting industry” [23] and “the adoption and diffusion of innovation in retro-industries” [24]. The digital 
business platforms entice the better utilisation of word-of-mouth and entrench market assimilation and 
communication, thus directly impacting the diffusion of digital music and complementary technologies as well 
as new ideas and products. 
Porter’s [25] diamond model provides a framework for the analysis of competitive advantage. Porter states that 
competitiveness relies on four interrelated components: (1) factor conditions, (2) demand conditions, (3) related 
and supporting industries, and (4) firm strategy, structure, and rivalry. Factor conditions in South Africa include 
the positioning of the music industry in the production cycle and the availability of innovative and skilled labour. 
Firm strategy, structure, and rivalry refer to the conditions that govern how companies are created, organised, 
and managed, as well as the nature and intensity of domestic competition [25]. The article adopts the diamond 
approach based on the attributes identified by Parc and Kim [26], namely producers (factor conditions); 
consumers (demand conditions); distributors (related and supporting industries); and business context (firm 
strategy, structure, and rivalry). The rapid digitisation of the music industry has changed consumer purchasing 
behaviour across the world. The process of platformisation appears to fundamentally transform the organisation 
of cultural production, distribution and marketing. Spotify in particular seems to have become “a model for other 
services that use digital technology to transform the distribution of cultural goods” [27]. Music distributors, 
musicians, artists, and companies that share content on these platforms gradually master a variety of tools and 
strategies that enable them to stand out in these crowded environments. Prey [28] advocates that artists should 
orient their music towards inclusion on featured playlist shows. 
 
Science of innovation and digital music transformation 
The science of innovation for the creative industry is evolving continuously based on the underlying disruptive 
technologies. According to Omidi, et al., [29], the main difference between service innovation and product 
innovation is that in the latter, “the audience achieves the new products and has a sense of ownership of them”; 
while in the former, “the audience receives the services and does not necessarily purchase them in the form 
of a product, but considers them as a service experience”. Modern-day supply chains span multiple geographical 
boundaries in different socioeconomic settings, each requiring specific checks and balances to ensure the smooth 
functioning of the chain. The Fourth Industrial Revolution [30] is indeed a revolution, bringing digital technologies 
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into developed and developing economies that impact modes of interaction, production processes and global 
value chains [31]. The OECD [32] notes that disruptive innovations in distribution can result in a situation where 
firms’ investment "costs are too high" and "products are not suitable for online purchases". Nevertheless, music 
distribution services are moving from download shops to online streaming services. The innovation of the CD 
brought new growth dynamics to the sector while allowing for integration into established markets, 
and production, marketing and distribution models, as well as copyright and contractual frameworks [29,33]. 
While major music groups such as Universal/Polygram, Sony Music Entertainment, EMI, Warner Music 
and Bertelsmann Music previously enjoyed the lion’s share of global music sales, the market is now dominated 
by free music file-sharing forums on the Internet, marked most notably by the rise of Napster. Hull, Hutchison 
and Strasser [34] trace the evolution and transformation of the music industry through three stages, namely, 
historical/agricultural (live performances, mobile musicians and music fans), industrial (music delivery via 
products, recorded tapes and mass media) and informational (content via digital technology, mobiles 
and the Internet). This transformation was hindered by the non-commercial exchange of file-sharing networks 
until Apple’s iTunes and the establishment of commercial download retailers enabled an extension of the old 
distribution model on a digital basis. In this context, ‘transformation’ refers to a radical reorientation that 
substantially changes a sector’s technological basis and, concomitantly, its socioeconomic structures [33]. 
 
The transformation process has created a disintermediation chain of modus operandi although music companies 
remain central producers and rights holders. Parc and Kim [26] opine that the digital music value chain has also 
ingeniously transformed and infused enterprising music trajectory from analogue to digital; offline to online; 
albums to songs; specialisation to integration; domestic providers to international suppliers; audio sound 
to visual images; possession to accessing; and from limited integration to a synergistic network. Digital 
transformation technologies such as the Cloud, the Internet of Things (IoT), Blockchain (BC), Artificial Intelligence 
(AI), and Machine Learning (ML) have been adopted by organisations as part of the transformation process. 
Blockchain technology presents an opportunity to create secure and trusted information control mechanisms 
[35]. It enables secure and authenticated copyrights and limits the magnitude of piracy [2]. In deploying security 
technologies like BC, it is important to understand the implications of smart contracts, their integration 
in workflows, and their effectiveness in complex resource-constrained settings, as in developing countries such 
as South Africa. Furthermore, understanding the implications of secure and non-erasable technologies like BC 
is relevant for regulation [36]. On Spotify, copycats, endless birthday songs, and other attempts at visibility like 
Matt Farley’s extensive catalogue, are part of the business model adopted by artists to earn a sustainable income. 
South African musicians are thus called upon to embrace technological advancement to enhance 
the competitiveness of the creative industry.  
 
Music distribution systems that predated digitalised distribution involved a distributor that physically distributed 
CDs in bulk from record labels and warehouses and shipped them on demand to retail outlets or directly 
to consumers. This entailed a centralised distribution system with a push supply chain. Bowersox et al. [37] 
describe direct distribution as “the services of premium transport combined with information technology 
to rapidly process customer orders and achieve delivery performance” Retailers, including supermarkets, live 
music venues and large-scale record stores place the physical product on their shelves and sell it directly 
to customers. The operable compact discs (CD) are becoming an obstinate problem by trivialising 
and circumscribing the quality of sound, lyrics and despicable proclivity of scratches and damages. The topsy-
turvy ecosystem of direct music distribution has subsided and vanquished the deluge of intermediaries. 
The heterodox model epitomises a desideratum seamless digital value chain capable of valorising the coalesce 
of the digital music ecosystem. The verity of innovation should aver the amplified dexterity of independent 
entrepreneurship practises and posterity of digital artists underpinned and entrenched by transcending 
the advent of 4th industrial revolution technologies. The lack of a better description, the semblance of music 
normality is earmarking for digital transformation with the quixotic desire to do good with slight abrupt 
enthusiasm for new entrepreneurs.  
 
Digital transformation refers to “the alteration of the business models by the use of innovative and technological 
processes that leads to immense changes in the behaviour of the society and the consumer” [38]. Technological 
innovation within various industries has transformed the behaviour of organisations, market structures 
and individuals. Sundaram, et al. [13] note that digital transformation transforms business competencies, 
procedures, practices and models to strategically exploit the opportunities emanating from emerging 
technology. Although emerging technologies have immense potential as equalisers, without sound governance, 
they could intensify the digital divide in society [2].
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Reintermediation in the supply chain  
The digital platform vests in the realism of reintermediation where “a reintroduction of an intermediary between 
supplier and consumer” [39]. Carr [40] defines reintermediation as “the reformulation, realignment and pruning 
of intermediaries but without total elimination”. The reintermediation approach enhances the magnitude 
of “partnering for access, technology licensing, partnering for content and partnering for application 
development” [39]. However, Sarkar et al. [41] argue that intermediation is a structural feature of the electronic 
marketplace and its role is not simply taken over by producers. ‘Agile distribution’ is defined as the link key among 
the players in the music industry that focuses on the relationship between production and music usage [42]. 
Physical or electronic distribution is among the most critical activities in marketing musical products. Digital 
distribution involves the legal sale of song files through the Internet which represents the ownership model. 
Digital music reform takes place at the economic, social, and technological levels. Advanced technologies, supply 
chain resilience, and organisational agility are required for the South African music industry to achieve 
a sustainable growth trajectory. Music has long been part of the capitalist system, but this is now seen 
as weakening the music sector as, “in a digital economy that favours ‘free’ or advertising-subsidized content, 
the big tech oligopoly is able to use cultural content as a loss leader and promotional medium in efforts to drive 
sales elsewhere” [43]. Digital servitisation is a service strategy that exploits digital breakthroughs such as smart 
connected products, industrial Internet platforms, predictive analytics, digital offerings, and advanced services 
[44,45]. Combining servitisation and digitalisation can make firms less dependent on travel and human 
interaction. Servitisation refers to a firm's transition from a product-centric business logic, focusing on selling 
products, to a more service-oriented business logic that focuses on facilitating customer value creation through 
the provision of advanced services and solutions that better fulfil customers' specific needs [46]. It can make 
firms more resilient and better able, when faced with adversity, to ‘bounce back’ and emerge ahead 
of the competition. Resilience can be built on redundancy (or resourcefulness), which refers to slack in modular 
resources (production facilities, stock of material, etc.) that can be rapidly activated to reconfigure the value 
network [47]. However, the transformation underpinning the development and implementation of digital 
offerings is generally a long-term process [48]. 
 
Digital distribution of sound recordings via platforms has broken the established royalty deals based on sales 
as streaming has become an increasingly dominant mode of access to music; it now constitutes more than half 
of the music industry revenue in major markets [49]. The business model for music streaming differs from 
previous arrangements where the royalty paid to songwriters and performers was a percentage of sales. 
In the case of streamed music, payment is based on revenue from both subscriptions and ad-based free services. 
Haskell and Westlake [50] observe that while the distribution of music embodied in physical goods (printed music 
and CDs) can be controlled by the seller, intangible goods require intervention in the market to control 
misappropriation by non-payers (piracy), copyright to provide statutory protection and an economic incentive 
for content creation. Copyright law confers various rights to protect musical works by upstream creators 
(songwriters) and further downstream, protects rights in performers’ performances and sound recordings 
[51,52]. The digital content market is underpinned by social networking and digital technological innovations. 
Chaffey [53] and Weinberg [54] state that, with the increased number of social network sites (SNS), social 
networking has become a focal reason for the music industry to adopt the pull strategy. Chaffey [53] defines 
social media marketing as “monitoring and facilitating customer-customer interaction and participation 
throughout the web to encourage positive engagement with a company and its brands. Interactions may occur 
on a company site, social networks and other third-party sites”. It constitutes an amplitude of surging 
omnichannel distribution system to subside the derelict mode of brick and mortar.  

 
Table 1. Global Recorded Music Industry Revenue 2017 to 2019 (in billion US$). Source: [55]. 

 

Year 
Total 
Physical 

Revenue (in US-
$ billion) of 
that (in %) 

Downloads & 
other digital 

Streaming 
Performance 
Rights 

Synchronisation 

2017 17.0  30.6 15.3 38.2 13.5 2.4 

2018 18.7  24.6 9.6 49.2 13.9 2.7 

2019 20.2  21.3 6.9 56.4 12.9 2.5 

 
In 2018, the remaining three major players in the music industry, Universal Music Group, Sony Music 
Entertainment and Warner Music Group accounted for nearly 70% of all revenue generated by physical and  
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digital music sales (Table 1). In 2019, more than half of music companies’ global revenue was derived from 
streaming offers, only 7% from downloads and just over 20% from physical audio media. In addition to Spotify, 
which held a global market share of 36% in music streaming in 2019, this rapidly growing market includes Apple 
Music (18%), Amazon Music (13%) and the leading Chinese music platform Tencent Music Entertainment (10%), 
which has been linked to Spotify via a mutual equity investment since the end of 2017 [56]. The attraction of such 
services is the instant availability to consumers of huge catalogues of professionally produced music, either free, 
with adverts interrupting the music, or for a monthly subscription fee, which as well as avoiding adverts, allows 
offline consumption of tracks saved to devices such as laptops and mobile phones. These services provide access 
to many thousands of playlists, based on artists, genres, and moods, some produced by the algorithm and some 
by professional editors (they also allow for the creation and sharing of playlists by users). South Africa's music 
industry is dominated by international music companies such as Universal and Sony, which are also global 
industry leaders. Although South Africa's music revenue, including physical, digital, live events and podcasts, has 
increased steadily, 80% of music sold and consumed locally is international [57]. Revenue from physical format 
sales such as CDs and records has been declining as streaming has increased. In South Africa, YouTube Music 
held an estimated 30% of the digital music segment in 2019. Statista [57] predicted that Google Play Stores (20%), 
Spotify (20%), Deezer (15%), Apple Music (10%), and others (5%) would earn revenue of US$51m in 2020.  
 

 

Figure 1. Forecast 2020. Source: [57] 
 

Music consumption patterns arising from disruptive technological innovations and progress have influenced 
the (digital) music market. The disruptive impact of music streaming services like Spotify and Apple Music has 
overcome illegal digital music distribution while increasing access to all kinds of music genres. Firms are investing 
in exclusivities, such as pre-releasing new music or offering unique content such as concerts or podcasts. 
According to the International Federation of the Phonographic Industry (IFPI)’s Global Music Report 2019, 
the global recorded music market grew gradually from 2015 to 2018. It increased by 9.7 % in 2018 with total 
reported revenue of US$ 19.1 billion. Thirty-seven per cent of that revenue came from the 255 million users 
of paid streaming services [55] (Figure 1). 
 
Methods 
The study utilised an exploratory design and a quantitative research approach. Creswell [58] describes 
quantitative research as a method used to test theories by examining the relationships among variables. 
The researcher purposefully selects respondents or sites using purposive sampling based on the judgement 
regarding the characteristics of the representative sample. In addition to purposive sampling, snowball sampling 
offers a quicker and more efficient means to gather data, it was used as the additional technique to improve 
the return rate of the instrument. Babbie and Mouton [59] opine that this sampling strategy divulges 
the unknown location of the desired number of members of a special population. Snowball sampling assisted 
in improving the return rate, where the respondents apprise and assist in identifying the most appropriate 
and well-versed possible respondents. To compose, produce, record and digitally distribute music, the artist 
or band needs to reside in an urban area. Urban musicians mostly migrated from rural areas known for stymied 
music careers and circumvented the revulsion of underdevelopment. The accessibility to technology, 
infrastructure, and professional business configuration exhorted deluge musicians to locate in the urban areas 
for enterprising and wider audiences. Although the government has excoriated the urban migration explicated 

https://doi.org/10.32933/ActaInnovations.50.6


Acta Innovations • 2023 • no. 50: 57-73 • 63 

 

 

https://doi.org/10.32933/ActaInnovations.50.6 • ISSN 2300-5599 • © 2023 RIC Pro-Akademia – CC BY 

 

by engendered by catalytic urbanisation. According to the guess estimation from Statistics South Africa [60], 
KwaZulu-Natal constituted a population of 3 442 361 million in South Africa, absorbing an estimation of 19.8% 
of the total population. Despite the scattered rural setting, 84.4% reside in urban areas. The majority of the 
province’s population has access to “cellular phones (90.7%); while 24.6% have access to computers, 78.5% 
to television, 32.4% to satellite television, 71.8% to radio and 32.6% to motor vehicles” [60]. The overwhelming 
access allows for enhancing data collection and untangles the predicament of connectivity. Given [61] notes 
that “researchers who adopt a deductive or theory testing approach, select individuals or cases that embody 
the theoretical constructs”. In this study, the assumptions of the operable theory of diffusion allow for reaching 
the targeted musicians in the Durban area.  
 
Type of Sample and Sample Size 
The RiSA website tentatively divulges growing 250 members affiliates in KwaZulu-Natal. The deductive reasoning 
applied to authenticate the identified and derived sample size resonates with the phenomenon of digitally 
distributed music enticing by overwhelming accessibility to technology-enabling equipment, devices 
and bandwidth speed. The integrated development planning in the city of Durban has flourished while parochial 
development in rural areas has retrograde. The antecedent plans on technological infrastructural investment 
created unprecedented access to the resources required to diffuse innovation and accelerate entrepreneurial 
practices. A target sample of 152 respondents was determined from the estimated population of 250 [62]. 
However, the final sample was 217, which is almost 87% of the total population, where the researchers commend 
the utilisation of the snowball technique for improvement from 152 to an adequate sample of 217. Purposive 
sampling was used to select specific subjects such as musicians/entrepreneurs/managers while snowball 
sampling assisted in improving the return rate through referrals. Data was gathered utilizing a questionnaire with 
closed-ended questions. Saunders et al. [63] describe closed-ended questions as those “where participants select 
responses from a limited number of given alternatives”. The questionnaire is composed of a biographical section; 
dichotomous questions with options (Yes or No); and Interval scale or rating questions using a 5-point Likert scale 
from strongly disagree (1), to disagree (2), neutral (3), agree (4) and strongly agree (5). The questionnaires were 
administered personally and via electronic mail to Durban musicians. Personal interaction facilitated 
the administration of the questionnaires as the researchers were able to provide clarity when necessary. 
 
Results and Discussion 
Data analysis entails the “application of reasoning to understand the data that has been gathered” [64] 
and involves “breaking up the data into manageable themes, patterns, trends and relationships” [59]. The data 
analysis techniques were to the study’s objectives. The data was captured using the Statistical Package 
for the Social Sciences (SPSS) while construct validation and reliability were checked for accuracy and correctness 
of the data. Where the constructs are measured with sufficient reliability with 22 variables on the 5-point Likert 
scale, the Cronbach’s Alpha of the instrument is 0.826. The adequacy of the sample was further determined using 
the Kasier-Meyer-Olkin (KMO) Measure of Sampling Adequacy and Accuracy. The appropriate tests using 
descriptive analysis and Bartlett’s Test of Sphericity (1030.375) were used to verify the assumption 
of homogeneity of variance with a significant p-value of 0.000 at the 95% confidence level to be deemed 
appropriate.  
 
Seventy-eight per cent of the respondents agreed that digital music distribution has added value to the growth 
of the South African recording industry (Figure 2), with less than 10% disagreeing with this statement. Eight-five 
per cent of the respondents confirmed that the Internet has enhanced digital music distribution and 61.1% 
agreed that the digital platform has assumed the role of record labels in managing musicians, with 30% remaining 
neutral on this issue. Many of the respondents (77%) opined that digital technology has improved mass 
consumption of online music, although 72% also concurred that this has resulted in the closure of physical music 
retail stores. Seventy-six per cent agreed that the Internet plays a role in both creating and promoting music 
entrepreneurs. Although 32% of the respondents depicted neutrality to establishing a distinction between brick-
and-mortar music distribution and digital music distribution, 62% majority didn’t observe the blur 
and confidently accentuate that digitisation supersedes the traditional approach. Finally, the Figure shows 
that a significant number of respondents applauded the Internet as a propulsion medium for digital music 
distribution. 
 
In the city of Durban, musicians (Table 2) embraced the diffusion of the Internet platform for digital music 
distribution illustrated by the highest mean value (m=4.25 and std=0.84), implying that it has made a significant 
contribution to the massive consumption of music online (m=4.06, std =0.89). The digital distribution of music  
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resonated with the creating value-added in the growth of the South African recording industry (m=4.05 
and std=0.9) while producing new entrepreneurs (m=4 and std=0.86). The displacement effect is evident 
in physical music retail stores (m=3.95 and standard deviation=0.89) where previously successful brick-and-
mortar stores are closing shops. The displacement effect paradigm amongst traditional practices and digital 
music modelling (m=3.78 and standard deviation=0.9) has not completely removed the effect 
of disintermediation (m=3.75 and std=0.96), as the impetus of the Internet is deemed relatively essential 
in playing the role of record labels in managing musicians.  
 

 
Figure 2. Analysis of Digital Music Distribution. Source: Authors. 
 
Table 2. Descriptive Statistics on Music Distribution. Source: Authors. 

 

 
Internet 
distribution 

Mass 
consumption 

Digital 
distribution 
value 

Music 
entrepreneurs 

Retail 
music 
stories 

Distinction 
of 
distribution 

Disintermediation 

N 217 217 217 217 217 217 217 

Mean 4.25 4.06 4.05 4 3.95 3.78 3.75 

Median 4 4 4 4 4 4 4 

Mode 5 4 4 4 4 4 4 

Std. 
deviation 

0.842 0.89 0.901 0.885 0.888 0.905 0.959 

 
Factor Analysis 
Cronbach’s Alpha value resonates with the level of internal consistency underpinning construct validity. The 5-
point Likert scale was utilised to measure 22 variables with Cronbach’s Alpha value of 0.826. According to Cooper 
and Schindler (2010), “acceptable alpha values range from 0.7 to 0.95” indicating good reliability. Factor analysis 
compresses variables to manageable factors. The adequacy of the sample was further determined using 
the Kasier-Meyer-Olkin (KMO) Measure of Sampling Adequacy.  
 
The KMO score of 0.812 > 0.6 has a desirable value of sampling adequacy with a suitable level of variance (Table 
3). Bartlett’s Test of Sphericity (1030.375) has the assumption of homogeneity of variance that gave a significant 
p-value of 0.000 at the 95% confidence level for factor analysis to be deemed appropriate. Bartlett’s test confirms 
there is some “level of correlation among the variables” [65] for the application of factor analysis at the degree 
of freedom (231) [66]. Communality refers to the amount of variance that can be explained by the common 
factors of a variable [63,65] ranging from 0 to 1. Table 3 shows that all items have an extraction value greater 
than 3; they thus fit well with the other items in their component. The factor extraction procedure determines 
the intention of reducing the complexity of the factors by stating the factor loading in a clearer, more 
understandable and interpretable manner [67,68]. According to Hatcher [68], “principle components analysis 
converts a set of observations of possibly correlated variables into a set of values of linearly uncorrelated 
variables called principal components. The number of principal components is less than or equal to the number 
of original variables”. Garson [66] notes that the loadings of Likert scales with 0.6 may be considered “high”.  
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An alternate way to perform factor extraction is to use Kaiser’s criterion or the eigenvalues rule. Using 
the eigenvalues rule, only factors with a value of greater than 1.0 are retained for further investigation. By rule 
of thumb, any factor that has an eigenvalue of less than 1.0 does not have enough total explained variance 
to represent a unique factor, and is therefore disregarded [63,65]. In this analysis, components 1, 2, 3, 4, 5 and 6 
have eigenvalues greater than 1 and relate to 4.94, 1.824, 1.664, 1.227, 1.105 and 1.072, respectively.  
 
Table 3. Rotated Component Matrix. Source: Authors. 

 
KMO and Bartlett's Test             
Kaiser-Meyer-Olkin Measure of 
Sampling Adequacy      0.812 
Bartlett's Test of Sphericity  Approx. Chi-square    1030 
  Df     231 
  Sig.     0.000 

         
Rotated Component Matrix 

  Factor Eigenvalue %  Cumulative Communalities  Alpha 

  Loading   of Variance % Extraction   

Factor 1: Digital Music Consumption Cycle      

Digital music consumption 0.668 4.94 22.454 22.454 0.515 0.635 

Free online music consumption 0.633       0.495 0.646 

Bandwidth speeds 0.608       0.472 0.628 

Factor 2: Digital Responsiveness 

Service delivery 0.742 1.824 8.293 30.747 0.479 0.577 

Clockspeed 0.605       0.469 0.568 

Factor 3: Digital Music Legitimacy 

Regulation 0.722 1.664 7.594 38.31 0.577 0.662 

Disintermediation 0.665       0.636 0.609 

Copyright laws 0.636       0.527 0.687 

Factor 4: Internet Mass Consumption Cycle 

Mass consumption 0.814 1.227 5.576 43.886 0.685 0.598 

Internet distribution 0.749       0.756 0.6 

Factor 5: Digital Value Adding Innovations 

Value adding innovations 0.73 1.105 5.023 48.91 0.61 0.644 

Digital distribution value 0.727       0.647 0.625 

Factor 6: Echelon Disintermediation 

Retail music stores 0.685 1.072 4.873 53.782 0.626 0.631 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3. Digital Supply Chain Music Distribution. Source: Authors.
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Concluding Remarks: The digital music transformation has created an exciting environment for music fans, who are benefitting 

from new and evolving digital services and accessing more music globally. In turn, artists have more ways to connect with their 

fans, more opportunities to share their work in diverse and creative ways and can increase their global market share and earn 

more revenue. 
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Interpretation and Labelling of Factors 
Costello and Osbourne [67] state that the purpose of the rotation is “to simplify and explain the data structure”. 
This study employed factor loadings as the basis for imputing a label to the different factors wherein 
the researcher examined the most highly or heavily loaded indicators in each column and assigned a factor label 
(Figure 3). The factor interpretations and labels are confined to the assumption of face valid imputation of factor 
label (face validity) that is rooted in theory. 
 
Factor 1: The Digital Music Consumption Cycle shows the biggest variable loadings on six extracted factors. 
Subsequently, the loadings on Factor 1 account for 22.454% of the total variance. Digital music distribution using 
free online music and access to high bandwidth speed online downloads influence the digital music consumption 
cycle. Datta, Knox and Bronnenberg [69] found that premade playlists expand users’ listening habits to a larger 
selection of artists, music titles and genres while decreasing their level of concentration when listening. Aguiar 
and Waldfogel [70] showed that music titles that appear in major playlists generate a large number of additional 
streams. Bandwidth accessibility invigorates fans to consume music frequently online using streaming services 
where musicians, businesses and Internet radio stations, to name but a few, allow consumers free access 
to a myriad of music genres through digitally viable medium platforms such as legal channels like iTunes, Spotify 
and others. Diduck [71] refers to this as “a ‘try-some-buy-some’ strategy which unfolds either through 
encouraging the jump to paid streaming services or by spurring traditional sales”. Digital transformation widens 
accessibility to consumers, and so too are the millions of songs produced by musicians freely downloadable.  
 
Factor 2: Digital responsiveness in Factor 2 accounts for 8.293% of the total variance. Both service delivery 
and clock speed enhance flexibility in the supply chain through agility. The digitalisation of music swiftly responds 
to consumers’ dynamic demands emanating from the marketplace. The technology platforms seem to deliver 
both music services and products in entrenching supply chain distribution dependability and competent 
capability. Furthermore, with the introduction of technologies such as the IoT and 5G, the efficacy and utility 
of supply chain management have improved significantly [2]. Supply chain digitalisation refers to the use 
of modern technological advances to make logistics processes more dynamic, fast, and resilient [72]. 
Digitalisation optimises the supply chain by making it faster, more flexible, granular, accurate, and efficient [73]. 
The IoT is the most effective technology for the digitalisation of the supply chain as it enables inventories 
to automatically request fresh stocks based on current demand, previous data analysis, and pending stock 
without human involvement [72]. Big supply chain analytics uses data and quantitative tools to improve decision-
making for all supply chain operations [74]. An agile supply chain system enjoys a certain level of flexibility 
that creates considerable resilience in responding to the disintermediation of the retail music industry. The digital 
environment facilitates more exposure by broadening musicians’ audience base, eliminating the influence 
of gatekeepers, and facilitating omni-supply chain distribution through discretional social networks. 
 
Factor 3: Digital Music Legitimacy reflects that three items load that account for 7.594% of the total variance. 
One item relates to disintermediation in the supply chain, while the remaining two relate to copyright laws 
and the regulation and closure of digital services. Disintermediation is prominent in the literature and the data. 
The disintermediation of the record label in the traditional supply chain resulted in the mass consumption of free 
online music downloaded from illegal services without paying a fee. This practice should be transformed into 
a legitimate business model underpinned by a centralised legal music distribution channel in the South African 
recording industry. Copyright challenges and regulatory barriers are limiting the capacity of digital music 
distributors to achieve a sustainable competitive advantage [75]. Digital distribution of music has created new 
opportunities for artists, enabling them to be independent of legacy labels. It has developed a new digital 
ecosystem [76] that allows some music artists to become successful entrepreneurs. Using the opportunities 
offered by new technologies, operators have been able to create and develop new business models. However, 
illegal copying and sharing of files continue, with streaming posing a new threat to the music industry. According 
to Poolsawat [77], broadband and Internet-enabled smartphones have exacerbated music piracy and loss 
of revenue among both music labels and their artists. Chiou, Huang, and Lee [78] describe piracy as the greatest 
single threat confronting the modern global music industry, while Klym [79] notes that technology has made 
it easier to acquire digital music illegally. 
 
A well-designed legitimate omni-music distribution model would provide commendable protection for musicians 
using copyright laws. One solution would be for musicians to stream music through centralised distribution 
channels such as YouTube, iTunes or Spotify. Although the music will not be paid for, it will be streamed. 
Regulation and disclosure of various digital distribution services would reduce the illegal downloading of music.
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Factor 4: The Internet Mass Consumption Cycle accounts for 5.576% of the total variance capturing fans’ mass 
consumption of music and Internet/electronic distribution. Digital capabilities along the music industry supply 
chain networks of cyber-governance, lean processes, big data supply chain analytics and agile performance 
management require integrated technological capability [12]. Digital supply chain transformation has reflected 
an interplay between consistently strong technological innovation dynamics, serious socioeconomic 
restructuring, and substantial changes in the patterns of music consumption [80]. The IFPI [4] reported that, 
in 2014, streaming in the United Kingdom accounted for 12.6% of the global user market, while streaming service 
Spotify reached a global user community of 60 million, 15 million of whom pay for Spotify’s services. There 
is a lack of empirical research on how streaming platforms might be influencing the structure of the industry, 
especially the balance of power between major and independent (‘indie’) record labels. Moreover, few studies 
have been conducted on how changes in consumption habits precipitated by streaming – such as the much-
discussed shift from albums to playlists – may be influencing this balance [70]. 
 
Factor 5: Digital Value Adding Innovations account for 5.023% of the total variance, namely, value-adding 
innovations and digital distribution value. They are thus interpreted as “Digital value-adding innovations”. 
Platform economics is a term used in industrial economics to analyse the activities of enterprises that distribute 
products online, such as streamed music. A platform coordinates distinct groups of participants in two or more 
markets by offering a virtual ‘marketplace’ where they can trade [52]. Physical retailers in South Africa need 
to capitalise on technology to engage their customers and achieve a competitive advantage [81]. Roux, 
Mahlangu, and Manetje [82] posit that “a stimulus in the retail environment (S) influences customers’ organismic 
emotional state (O), which, in turn, leads to certain behavioural responses (R)”. The digital atmospheric stimulus 
cues resonate with socio-digital networking that involves audience stimulus, leading to interactions 
and networking with other fans and musicians in the creative industry. The organism is the mediating process 
between the stimulus and fans’ response to the virtual cues underpinned by perceptions of high enjoyment 
of digital hedonic value [82] for broader South African fans and artists. 
 
Factor 6: Echelon Disintermediation accounts for 4.873% of the total variance namely, retail music stores. 
The Uses and Gratification (U&G) theory embodies concepts such as interactivity, demassification, 
hypertextuality, and asynchronicity [83]. Digital interactive music distribution rests on the notion of active fans 
and artists. It has been defined as “the degree to which participants (fans, artists and companies such 
as publishers and 3rd party) in the communication process have control over and can exchange roles as co-
creators of music production, distribution and consumption cycles in their mutual discourse and value 
experience” [84]. Internet technology has superseded the role of record labels in espousing the modus operandi 
of musicians, and further extruded the number of retailing brick-and-mortar stores such as Musica and Look 
and Listen music stores. 
 
Reliability and Validity 
Cronbach’s Alpha was used to test the reliability of the instrument for the internal consistency of the study. 
Its value (0.826 on 22 items) indicates the level of internal consistency by showing construct validity in terms 
of the interrelatedness among the items in the study without unidimensionality and homogeneity. Furthermore, 
the questionnaire had a high level of inter-item consistency (Cronbach’s Alpha = 0.826), implying a high level 
of reliability. Item statistics indicate that item reliabilities ranging from 0.7 to 0.95 have acceptable Alpha values. 
Therefore, the researchers infer that the instrument is reliable about the dimensions of digital music distribution, 
namely, music distribution (0.656 on seven items), supply and demand (0.671 on nine items) and competence 
and capability (0.634 on six items). The dimensions of digital music distribution have strong to very high levels 
of reliability. The reliability statistics range from 0.634 to 0.671, indicating that the items used to measure 
the dimensions of the study have internal consistency and are hence reliable. 
 
The Internet and value-adding innovations led to a transition in the distribution in the South African music 
industry. In response to the dichotomous questions, the overwhelming majority of the respondents (83%) stated 
that online retail music stores facilitate improved access to music. The revenue-driven decision looks at the mass 
consumption of online music (77%), although centralisation using an online distribution system through online 
retailers such as Spotify and iTunes have also driven accessibility. Bielas [85]; Look & Listen [86]; McIntyre [87]; 
Shevel [88] and Stensrud [89] opined on the displacement paradigm shift where the Internet technology diffusion 
augmented the massification and omnipresence in online music consumption and streaming platforms. 
This resulted in decreased album sales and hence less need for physical retail stores [81]. Contrarily, illegal online 
music massification presents another side of the coin because of plummeting physical album sales. Fuzzy  
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prospects of operable business seem to debilitate with supply exceeding demand of stock CDs in retail music 
stores. The propensity of record labels to conceal the royalties rightfully deserved by musicians while the digital 
distribution of music underpinned by omnichannel through Internet technology led to the disintermediation 
and displacement effects in the industry, namely the role of record labels. To the extent that African music 
sectors resemble one another, it is largely because they share a set of challenges that negatively affect music 
creators’ ability to generate revenue from their creations [90]. These include weak networks of recorded music 
distribution, due to a combination of the slow adoption of digital distribution methods and the disruptive effects 
of digital innovations – effects that are exacerbated by the agility of unauthorised distributors or ‘pirates’ [90,91] 
– and a lack of effectiveness and transparency among collective management organisations (CMOs), which has 
meant that airplay (often secured through payola) does not necessarily result in royalties payments or album 
sales [92]. 
 
The frequency distribution and descriptive statistics produced factors relating to technological value-adding 
innovations and their relation to digital music distribution for music streaming, downloaded and distributed 
through the Internet. Platforms can estimate an individual’s willingness to pay based on data acquired from 
users’ previous sales or their profile (gender, age, and interests, among other factors) obtained from their own 
or other data sources [93]. Perfect (first-degree) price discrimination, which elicits the maximum revenue from 
consumers, is possible as well as dynamic pricing that is sensitive to the interaction between supply and demand 
with AI settings now widely adopted by platforms [94]. They benefit from both direct and indirect network effects 
as well as from scalability synergies and economies of scope [50,93]. Roux [83] notes that the focus is on “what 
people do with media,” which involves an assortment of reactions and explanations. Gratification sought refers 
to the gratification that people seek and potentially receive from media use, while gratification attained refers 
to the satisfaction obtained by active media users [95]. Digital music distribution has added value to the growth 
of the South African recording industry underpinned by seventy-eight per cent from deductive statistics. 
The mean value of 4.05 and standard deviation of 0.9 further indicate that the respondents were in significant 
agreement that digital distribution has added value to the recording industry. Technologically driven demand 
infuses knowledgeability to expedite the flow of information for optimisation of business improvement 
and competitiveness. 
 
Impact 
The study analyses the extent of distribution operations processes being in sync with digital diffusion supply 
chain innovations and whether they impact digital music distribution and consumption in the recording industry. 
This digital music transformation has created an exciting impactful environment for music fans, who 
are benefitting from new and evolving digital services and accessing more music globally. In the multiplier impact, 
artists have more ways to connect with their fans, more opportunities to share their work in diverse and creative 
ways and can increase their global market share and earn more revenue. The impact of the phenomenon 
of digital music distribution evinced the epitome of scalability to digital, screaming and online music 
massification, consumption, platformisation, displacement and resilient economic value. The creation 
and promotion of innovative music entrepreneurs indicate a multiplier effect on digital transformation 
as it brought a scintillating trajectory with reformed daily operable business activities, including the creation 
of access to and consumption of music. The success of self-released albums by bands Radiohead and Nine Inch 
Nails, and South African musicians such as Nasty C, Zakes Batwini (bestowed with Grammy Award in 2023), 
and Professor (Kwaito Artist) depicts the testament for operable and predicate the perspicacity of innovative 
digital technologies to create independent shrewd music entrepreneurs. Furthermore, the amplitude of music 
downloads is proffered by modular technological developments, such as the buttress of smartphones. 
The impact of music m-commerce has opened a space for new forms of intermediation that have been taken 
up by an array of new and previously existing firms. According to De Beukelaer and Eisenberg [96], these digital 
content firms fall into two types, namely, digital content intermediaries and third-party m-commerce platforms. 
The former license music content and aggregate it for mobile service providers. In many cases, a digital content 
intermediary also – perhaps even primarily – operates in other areas outside of music, offering digital solutions 
to large corporations (including, but not limited to, mobile service providers). In this regard, the music 
distribution impact is entrenched by the magnitude of agility, modularity, and portability of media sharing such 
as Shareit, Deezer, Spotify, iTunes and so on, operable on smartphones, laptops, tablets and other devices. Digital 
technology-compatible devices create a cohort of innovations to achieve technological integration 
and competitiveness. Although the greatest impact of music distribution innovation has expanded to streaming 
platforms, streaming revenue depends on both sides of the market: subscriptions and fees from advertisers [49]. 
As markets are international, revenue is also influenced by other factors such as variations in currency rates in 
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the consumer’s domicile and national copyright law. How much is passed on to songwriters and recording artists 
depends on the contract and the royalty rate negotiated with the publisher and/or the record label [50]. 
Arguably, economies of scale and scope can internalise benefits from network effects, spillovers and synergies 
that can be captured within the corporate enterprise. The music industry could therefore be swallowed 
up in a multi-product corporation, losing its identity and perhaps any vestigial claim to creativity [49], with 
the economics of streaming suggesting less rosy prospects for this industry. The crucial assessment 
of the potential impact of digital music distribution is the displacement paradigm of the superfluity of physical 
music distribution (where analogy music stores closed) and the stymieing intermediation (where innovation 
artists/entrepreneurs are earning revenues and royalties) from their original work.  
 
Conclusions 
New Internet technologies may compel labels that still exist to significantly alter their sales methods 
to consumers, as well as how they provide intermediary service to musicians. Record labels’ main source 
of bargaining power with musicians has traditionally been their ability to offer large-scale distribution of CDs 
and digital technologies threaten this source of strength. A paradox about digital Internet technologies is that 
they simultaneously threaten to terminate record labels’ distribution while having the ability to charge positive 
prices for a single music file that has been replicated and repeatedly sold. The Internet brings new players 
and business models to the South African recording industry and is becoming a vehicle that provides strength 
and focus on digital distribution. Technological advancements have undoubtedly changed the way organisations 
conduct business and the development of centralised digital distribution channels is being fast-tracked 
to accommodate consumption habits. In conclusion, the digital music transformation has created an exciting 
environment for music fans who are benefitting from new and evolving digital services and accessing more music 
globally. In turn, artists have more ways to connect with their fans, more opportunities to share their work 
in diverse and creative ways and can increase their global market share and earn more revenue. The study shows 
that the digital music distribution channel has added significant economic value and offers an exciting 
environment to music fans who benefit from streaming services that enable them to access digital music 
and entertainment platforms. The interconnectivity between artists and fans creates opportunities to grow 
the industry. If the digital market continues to grow, so too will the overall level of remuneration of artists, as well 
as the levels of overall investment required to create new music whilst driving digital innovation. The study 
covered a single region although the sample was sufficiently broad and the mobility of disc jockeys (DJs) in South 
Africa facilitated access to music experts. The use of snowball sampling assisted in delimiting the return rate 
and the administration of the questionnaire. Future research could examine the growth of music in South Africa 
and on the African continent. Much work is also required to advance and transform old music on records/vinyl, 
cassettes, and other forms into online formats for legal accessibility. Illegal remixes sparked this concern rather 
than a legally orchestrated plan to derive royalties for the legendary musicians of yesteryear. In South Africa, 
Gallo, EMI, Universal and Sony Music publishers should utilise their access to the country’s largest back catalogue 
of music as custodians of rich heritage-based music. 
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Highlight 
Pineapple postharvest treatments on IB incidence and hormones. 
 
Abstract 
Phenol is an internal browning (IB) enzymatic reaction substrate and endogenous abscisic acid (ABA) used 
to suppress IB incidence in the Comte de Paris cultivar (Queen type). There is no information on the correlation 
between pineapple IB to endogenous total phenol content (TPC), ABA, and gibberellic acid 3 (GA3) after 
postharvest applications of decrowning. Therefore, this research aimed to analyze the relationship of IB 
incidence to total TPC, ABA, and GA3 after postharvest treatments of decrowning and coating in GP3 and MD2 
pineapple clones. The structure was based on a completely randomized design with 3 factors, namely clone (GP3 
and MD2), decrowning (crown and crownless), and coating [50 mg L-1 ABA, 1% chitosan, ABA+Chitosan mixture, 
and control (H2O)]. The results showed that the MD2 had a lower IB incidence and higher TPC than the GP3 
stored at 7°C for 37 days. The increased TPC was positively correlated with IB incidence. TPC was also negatively 
correlated with ABA but positively with endogenous GA3 2 weeks earlier. Coating with 50 mg L-1 ABA and 1% 
chitosan on MD2 decreased IB incidence. Pineapple crown pruning decreased ABA and increased TPC, GA3, and 
IB incidence. 
 
Keywords 
Crown pruning; chitosan; coating; cold storage; fruit; physiological disorder. 
 
Introduction  
Decreased fruit quality due to internal browning (IB) is a post-harvest problem for pineapple. Cold storage at 7–
12°C extends the shelf life of pineapple fruit [1–3], but long-term storage induces fruit IB before the rots 
(senescence). Meanwhile, IB is an enzyme reaction that uses phenol as a substrate. In the Comte de Paris cultivar 
(Queen type), endogenous ABA inhibited IB incidence. The relationship between endogenous total phenol 
content (TPC), ABA, gibberellic acid 3 (GA3) contents as well as IB of pineapple after postharvest applications 
of ABA coating and decrowning in the hybrid and Smooth Cayenne groups is unknown.   
 
Coatings with chitosan extended the shelf life of guava [4], banana [5,6], tomato [7], strawberry [8], and avocado 
[9] by decreasing respiration rate. According to [10], the combined application of 200 mg L-1 exogenous ABA with 
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a storage temperature of 5°C was able to suppress the incidence of IB and GA. Spraying Queen pineapple fruit 
with 380 µM ABA solution was positively correlated with suppressing the incidence of IB and decreasing GA 
content after 9 days of storage and PPO enzyme activity after 6 days [11]. 
 
Crown pruning of queen-type pineapple was reported to increase the incidence of IB, total phenolics, 
and endogenous GA, but decreased endogenous ABA and ascorbic acid (AsA) [12]. This process did not affect 
the AsA content but had a different response to the severity of IB in pineapple clone [13]. Pineapple crown 
pruning in the GP3 clone increased the severity of IB but did not affect the MD2 clone. 
 
The GP3 clone pineapple is a Smooth Cayenne type with slightly thorny leaves and a relatively sweet taste. 
Meanwhile, MD2 is a hybrid type, which has 50% of the same characteristics as the Smooth Cayenne cultivar. 
The MD2 clone pineapple has an attractive skin color and ripe fruit (golden yellow), higher vitamin C and soluble 
solid content, and is resistant to cold storage compared to other cultivars [14]. Therefore, it was necessary 
to conduct additional observations on the incidence of IB, phenol, ABA, and GA3 content in GP3 and MD2 
pineapple clones. This should be achieved after postharvest application of decrowning and coating with 50 mg 
L-1 ABA as well as 1% chitosan to determine the correlation. The severity of IB as stated by [13] was different 
from the incidence in this research. The severity of IB is the intensity of the brown surface area of fruit, while 
the incidence is the number of pineapples induced by IB without looking at the intensity. This research was 
expected to answer the phenomenon of the relationship between variables in GP3 and MD2 pineapple clones 
regarding damage due to IB. 
 
Methods 
This research used pineapples harvested from Great Giant Food Co. Ltd. with a typical export maturity level of 0% 
and a weight of 825 - 1124 g. The experimental design included three treatment factors, namely clone (GP3 
and MD2); decrowning (crown and crownless); coating [1% chitosan; 50 mg L-1 abscisic acid (ABA; Phytotechlab, 
Kansas, USA); ABA+chitosan mixture; and control (H2O)]. Fruit coating treatments with chitosan and H2O were 
carried out by quickly dipping fruit. Coating treatments with ABA and ABA+chitosan was carried out by spraying 
fruit. All treated pineapples were dried for 30 minutes before being packaged in perforated GGF cardboard boxes 
with a capacity of 10–11 per box, and fruit was stored at 7°C for 37 days. Observations on the incidence of IB, 
TPC, ABA, and GA3 were carried out 7 times (days 3, 6, 9, 16, 23, 30, and 37) for three fruits each and were 
repeated for a total of 336. 

 
The incidence of IB 
The incidence of IB was observed and calculated by dividing fruit into two parts from the base to the tip. This was 
calculated based on the percentage of fruit that triggered IB from the total fruit sample. 
 
TPC 

▪ Sample preparation and extraction: Sample preparation and extraction were carried out according 
to [15] with a slight extraction modification. Approximately 1 ml of pineapple juice was dissolved in 19 
ml of 80% methanol using a magnetic hot stirrer at 35°C for 90 minutes. 

 
▪ TPC Testing: Gallic acid solution with a concentration of 100; 150; 200; 250; and 300 ppm dissolved 

in methanol/water solution (1/1). About 0.1 ml each of standard gallic acid and pineapple juice extract 
was dissolved in 7.9 ml of distilled water. Subsequently, 0.5 ml of Folin-Ciocalteu was added to the 
extract solution and was allowed to stand for 8 minutes after homogenizing by shaking. The extract 
solution was mixed with 1.5 ml of 20% Na2CO3, homogenized, and left in a dark place for 120 minutes. 
The total amount of phenolic compounds was measured using a UV-vis spectrophotometer calibrated 
at 766 nm and the absorption value was calculated as mg GAE/100 ml juice. 

 
ABA and GA3 

▪ Sample preparation and extraction: Frozen pineapple juice samples surrounded by ice gel were 
packaged and sent to the Plant Physiology Laboratory, Gadjah Mada University, Yogyakarta, Indonesia 
within 18 hours. Pineapple juice of 10 ml was dissolved in methanol for 24 hours, while the solution was 
filtered and diluted by adding distilled water to the 10 ml solution. HCl was added to the solution until 
the pH was 2.5 and was partitioned with 60 ml of ethyl acetate. Furthermore, the ethyl acetate phase 
was partitioned with 60 ml of 5% NaHCO3. The phase was collected in a beaker and evaporated 
to dryness. The results of the evaporation were dissolved in 2 ml of pure methanol and filtered 
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using a microfilter [16]. 
 

▪ ABA compound testing: ABA compounds were detected with a Shimadzu CBM 20 A HPLC system 
controller, LC 20AT solvent delivery unit, CTO 10 ASVP column oven, and Shimadzu SPD 20-A UV-Vis 
Detector. The column (Shim-pack VP ODS 5 µm 150 x 4.6 mm) was operated at a temperature of 25°C. 
Additionally, the mobile phase adopted was acetonitrile / H3PO4 0.1% (45/55; v/v) using the isocratic 
method and flowed at 0.6 ml/minute. ABA standard solution of 50 µl contained 0; 0.1; 0.5; 1.0; 2.5; 
and 5.0 ng/ml and 0.1 ml samples were injected. The eluting compound was detected at 260 nm with 
a retention time of 21.015 minutes (standard R2 ABA = 0.99860). 

 
▪ GA3 compound testing: GA3 compound was obtained with a Shimadzu CBM 20 A HPLC system controller, 

LC 20AT solvent delivery unit, CTO 10 ASVP Shimadzu SPD M20-A Photo Diode Array Detector column 
oven. The column (Shim-pack VP ODS 5 µm 150 x 4.6 mm) was operated at a temperature of 30°C. 
The mobile phase adopted was 25% acetonitrile using the isocratic method and flowed at 0.8 
ml/minute. Furthermore, 50 µl GA3 standard solution was reported to contain 0.1; 1.0; 5.0; and 25.0 
ng/ml, and 0.1 ml samples were injected. The eluting compound was detected at 206 nm with 
a retention time of 12.316 minutes (standard R2 GA3 = 0.98000). 

 
Statistical analysis 
Research data were analyzed through the 95% mean ± confidence interval (CI) method (α = 0.05) with analysis 
of variance (ANOVA) using IBM-SPSS version 26 program. 
 
Results and discussion 
Responses of pineapple clone 
IB was not detected after a shelf life of 16 days and only appeared on the 23rd day (Figure 1.A). This was supported 
by previous research that the incidence of IB in the cultivars Pattavia, GP3 (Cayenne type), and MD2 was not 
detected after a shelf life of 14 days in cold storage [17]. According to [18], IB incidence did not appear on the 21st 
day in the Pattvia pineapple cultivar (Smooth Cayenne type) which was stored at 25°C. 
 

 

Figure 1. Responses of pineapple clone to IB incidence, TPC, ABA, and GA3 after being stored at 7°C for 37 days.  
Source: Author. 

 
The incidence of IB in the GP3 pineapple clone (Smooth Cayenne type) was higher than in the MD2 (hybrid type), 
as shown in Figure 1.A. These results were also supported by several other research, where the MD2 cultivar had 
quite high resistance to IB [17,19,20]. According to [17], the sclerenchyma observed using scanning electron  
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microscopy (SEM), had a thicker fiber layer structure and was larger than the susceptible cultivars Trad-see-thong 
and Pattavia (tolerant). In addition, MD2 sclerenchyma cells formed concentric rings around the phloem 
and xylem. In line with [13], the AsA content in the MD2 clone was higher than in the GP3 clone. The high content 
increased the reaction with ROS to prevent cell degradation, and AsA inactivated the enzyme polyphenol oxidase 
(PPO). 
 
TPC of the MD2 pineapple clone which was higher than GP3 clone (Figure 1.B) did not correlate with the incidence 
of IB (Figure 1.A), where TPC is directly proportional to the incidence of IB. The relationship between AsA and TPC 
in increasing the incidence of IB was also explained by [21]. The high content of AsA suppressed the incidence 
of IB in pineapple, even though TPC was relatively high. The genotype influences the antioxidant pathway 
and when the product shows significant resistance, increased activation occurs in response to stress [22]. 
According to [2], pineapple genetics influences fruit resistance to IB, and three types of pineapple were stored 
at 4 ± 2 °C for 28 days. The incidence of IB was correlated with AsA. The highest AsA content was possessed 
by MD2 followed by Moris and Josapin on day 28. TPC of the three types of pineapple was similar. 
The AsA content and IB incidence were inversely related, with MD2 having the lowest result. According to [12], 
an increase in the incidence of IB was correlated with TPC in Queen pineapple. IB incidence is a complex reaction 
that does not only consider TPC but is related to the amount or activity of the PPO enzyme. In line with [13], 
the MD2 clone pineapple had an AsA content than the GP3 clone. This suppresses the incidence of IB through 
the antioxidant activity of AsA, and high TPC did not affect the incidence of IB. 
 
The increase in IB incidence in pineapple clone GP3 and MD2 from day 30 to 37 was positively correlated with 
high TPC. According to [13], the AsA content of pineapple stored at 7°C on day 30 was not significant compared 
to day 37. This caused TPC to play an important role in increasing the incidence of IB. Phenolic compounds were 
substrates for enzymatic browning reactions catalyzed by PPO in the synthesis of o-quinone. Furthermore, 
the o- uinone polymerizes or reacts with other phenolic compounds to form melanin which causes browning 
[10,23,24]. The decrease in the incidence of IB was positively correlated with the activity of phenolic enzymes 
and phenylalanine amino-lyase (PAL) from days 6 to 12 in Queen pineapple. In a study conducted by [17], 
pineapple flesh close to fruit core (F/C) contains higher levels of phenolic compounds, followed by PPO 
and peroxidase (POD) enzyme activity compared to healthy fruit. An increase in TPC occurs with the shelf life 
of pineapple fruit (Figure 1.B). These results are also supported by [25], where phenolic levels had a greater 
influence on maturity than the incidence of IB. Therefore, the coated fruit also experienced an increase 
in phenolic compounds and was lower than the control. This means that a greater amount of IB substrate creates 
a high possibility of enzymatic browning reactions. 
 
The GP3 pineapple clone on day 23 had a higher ABA content (Figure 1.C) and lower GA3 (Figure 1.D) compared 
to MD2. Based on the results of [18], there was no correlation between the endogenous ABA content 
and the incidence of IB in the Trad-see-thong and Pattavia pineapple cultivars. The development 
of the endogenous ABA content tended to fluctuate from day 0 to 21. According to [10], ABA and GA content 
had a negative and positive correlation with the incidence of IB. In a study conducted by [13], the resistance 
of the MD2 pineapple clone to the severity of IB was positively correlated with the AsA content. Based 
on the results, the endogenous ABA and GA3 values in initiating IB incidence depended on the AsA content values 
of pineapple cultivars. 

 
Pineapple crown pruning effect 
Crown pruning of MD2 pineapple insignificantly increased the incidence of IB (Figure 2.A) and TPC on day 37 
(Figure 2.B). This process also decreased and increased endogenous ABA and GA3 in MD2 pineapple clone on day 
23 (Figures 2. C and D). The increase in TPC in declining pineapple was supported by [12], where crown pruning 
of queen-type pineapple was stored at 20°C after 9 days. Pineapple crown pruning also results in wounds, leading 
to elevated levels of O2

–, H2O2, and malondialdehyde (MDA). This induces cell membrane damage by amplifying 
the accumulation of reactive oxygen species (ROS) and upregulating the expression and activity of PPO as well 
as PAL enzyme to initiate an escalation in the incidence of IB. According to [13], crown pruning of GP3 increases 
the severity of IB due to the high AsA in MD2 as an antioxidant in capturing free radicals. 
 
The response of crown pruning in GP3 and MD2 pineapples to IB incidence was not similar to Queen pineapple 
in increasing IB incidence [12], even though there are similarities in higher phenolic compounds and GA3. This was 
also supported by [18] stating that Queen type pineapple has lower resistance to IB damage than the Smooth 
Cayenne type with lower resistance to IB than the MD2 cultivar [20]. According to [13], pineapple pruning only  

https://doi.org/10.32933/ActaInnovations.50.7


Acta Innovations • 2023 • no. 50: 74-80 • 78 

 

 

https://doi.org/10.32933/ActaInnovations.50.7 • ISSN 2300-5599 • © 2023 RIC Pro-Akademia – CC BY 
 

affected the severity of IB in the GP3 clone. This was associated with the high AsA content in the MD2 clone, 
decreasing the incidence and severity of IB, while the GP3 clone had a lower content than MD2. However, crown 
pruning decreased endogenous ABA and increased total phenolic compounds and endogenous GA3. 
This phenomenon strengthens the information that fruit crown was a source of endogenous ABA in pineapple, 
but IB damage depended on other variables. 
 

 

Figure 2. Effect of clone [GP3 (A1) and MD2 (A2)] and decrowning [crown (B1) and crownless (B2)] interactions 
on the incidence of IB, TPC, ABA, and GA3 after being stored at 7°C for 37 days. Source: Author. 

 

 
 
Figure 3. Effect of clone [GP3 (A1) and MD2 (A2)] and coating [H2O (C1); 1% chitosan (C2); ABA+chitosan mix (C3); and 50 
mg L-1 ABA (C4)] interactions on the incidence of IB, TPC, ABA and GA3 after being stored at 7°C for 37 days. Source: Author.
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Pineapple coating application effect 
Coating with 1% and 50 mg chitosanL - 1 ABA in the MD2 pineapple clone suppressed IB incidence on the 37th 
day after being stored at 7°C. Therefore, the MD2 pineapple clone coated with 1% chitosan or 50 mg L -1 ABA 
suppressed the incidence of IB. Coating treatments did not affect total phenol, ABA, and GA3 contents. 
Suppression of the incidence of IB in coating treatments with chitosan suppressed the entry of oxygen, hence 
the environment became less aerobic for phenolic oxidation. According to [26], coating fruit with chitosan 
suppressed browning, and PPO activity, and decreased the weight of longan fruit. The respiration rate in guava, 
banana, tomato, strawberry, and avocado was also suppressed [4–9]. Meanwhile, coating pineapple with ABA 
did not understand the inhibitory mechanism against IB. A similar result was stated by [12] that the mechanism 
for inhibiting the incidence of IB by ABA was unknown and required further research. 
 
Impact  
The fresh pineapple fruit industry prefers a product stored for a long time to maintain stock and delivery which 
requires a long time. Decrowning fruit can save packaging and storage space, but pruning increases TPC 
as a substrate for the browning reaction. Therefore, fruit requiring storage of up to 16-30 days must maintain 
pineapple crown intact. For the storage requirements of 37 days, additional post-harvest applications of 50 mg 
L-1 ABA or 1% chitosan are required. 
 
Conclusions 
In conclusion, GP3 and MD2 pineapple clones were reported to have different tolerances to endogenous TPC, 
ABA, and GA3 contents which influenced the incidence of IB. The GP3 pineapple clone had a higher incidence 
of IB than MD2 on day 37. This was related to the large ascorbic acid content in the MD2 pineapple clone. 
An increase in TPC from a shelf life of 30 to 37 was positively correlated with an increase in the incidence of IB. 
Furthermore, postharvest coating application with 50 mg L-1 ABA and 1% chitosan reduced the incidence of IB. 
Crown pruning decreased ABA and increased TPC and GA3 endogenous, as well as the incidence of IB. 
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