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The Influence of Structural Morphology on the Efficiency of 
Building Integrated Wind Turbines (BIWT) 

Hassam Nasarullah Chaudhry 1,*, John Kaiser Calautit 2 and Ben Richard 
Hughes 2 

1 School of the Built Environment, Heriot-Watt University, PO Box 294 345, Dubai, 
UAE. 2School of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK.

A B S T R A C T
A numerical investigation was carried out to determine the impact of structural morphology on the power 

generation capacity of building-integrated wind turbines. The performance of the turbines was analysed 

using the specifications of the Bahrain Trade Centre which was taken as the benchmark model, the results of 

which were compared against triangular, square and circular cross-sections of the same building. The 

three-dimensional Reynolds-Averaged Navier-Stokes (RANS) equations along with the momentum and 

continuity equations were solved for obtaining the velocity and pressure field. Simulating a reference wind 

speed of 6 m/s, the findings from the study quantified an estimate power generation of 6.4 kW indicating a 

capacity factor of 2.9 % for the benchmark model. The square and circular configurations however 

determined greater capacity factors of 12.2 % and 19.9 %, recording an estimated power production 

capability of 26.9 kW and 35.1 kW and confirming the largest extraction of the incoming wind stream. The 

optimum cross-sectional configuration for installing wind turbines in high-rise buildings was the circular 

orientation as the average wind speed at the wind turbines was accelerated by 0.3 m/s resulting in an overall 

augmentation of 5 %. The results from this study therefore highlighted that circular building morphology is 

the most viable building orientation, particularly suited to regions with a dominant prevailing wind 

direction. 

Keywords: Buildings; Computational Fluid Dynamics; power density; turbulence; wind turbine

1. Introduction  

The wind power industry has gone through a steady development over the years, focusing on an 

increasing interest in generating electricity from the wind. With the global energy concerns about the 

greenhouse gas emissions, considerable investment has been made into using wind as a renewable 

source of energy for the purpose of generating electricity. In 2007, the Bahrain World Trade Centre 

introduced the world’s first building integrated wind turbines. This was the first instance that a 

commercial development integrated large-scale wind turbines within its design to harness the power of 

the wind. The three turbines, measuring 29 meters in rotor diameter were supported by bridges spanning 

between the complex's two towers. Through its positioning and the unique aerodynamic design of the 

towers, the prevailing on-shore Gulf breeze is intended to be funneled into the path of the turbines, 

helping to create power generation efficiency. The anticipated benefits determined that once the system 

was operational, the wind turbines delivered approximately 11–15 % of the energy needs of the building, 

or 1,100 to 1,300 megawatt-hours per year [1]. 
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There are currently two major types of operational wind turbine technologies which can be used for 

building integration. These are classified as the Horizontal Axis Wind Turbines (HAWT) and the Vertical 

Axis Wind Turbines (VAWT). Horizontal axis wind turbines are the more common type of wind turbines 

in demand. In these turbines, the focus rotor shaft is pointed parallel to the direction of wind while the 

blades move perpendicular to that direction, thus providing high overall efficiency. On the other hand, 

the vertical axis wind turbines orientate on vertical axis where the focus rotor shaft is aligned vertically. 

A two-dimensional ‘not-to-scale’ design modeling based on the two wind turbine technologies is shown 

in Figure 1. The schematic provides the essential information on the individual situation of the major 

components in the wind turbine structure [2].  

The potential of integrating wind turbines into buildings is vast since the wind speed is intensified at high 

altitudes resulting in an increase in electricity generation. Several wind turbine manufacturers have 

conducted extensive research on this technology since it aligns well with a strong appeal to shift from 

fossil fuels to renewables. Theoretically, the air velocity incrimination is directly proportional to 

increasing elevation, as it is unaffected by the urban environment and surrounding topography. Thus, 

installing wind turbines on top of buildings allows for taking advantage of this height efficiently. 

However, in many cases, the building geometry and its aerodynamic features can further assist in 

enhancing wind turbine performance by inducing a higher volume of air than the macro-climate [3, 4]. 

Numerical analyses involving Computational Fluid Dynamics (CFD) are often carried out for 

evaluating building design and energy performances. In the past few years, CFD has been playing an 

increasingly important role in the design of buildings. The information provided by CFD assists in 

investigating the impact of building technologies, quantifying indoor environment quality, and in 

integrating renewable energy systems. In this paper, the CFD modeling approach is used out in order to 

determine the influence of building morphology on the efficiency of building-integrated wind turbines. 
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2. Previous related work 

Work related to implementation of renewable energy as power sources in buildings, in particular wind 

energy is rapidly increasing. Following is a concise assessment of previous work related to this 

investigation. 

Chong et al. [5] conducted a study on the design of a wind turbine generator for the purpose of energy 

consumption in buildings. Two VAWTs in cross-wind orientation were integrated with an enclosure 

were installed above a cooling tower in order to harness the discharged wind for electricity generation. 

The enclosure in this case acts as a wind-power augmentation device to improve the performance of the 

wind turbine. The effect of installing the energy recovery turbine generator at the outlet of an exhaust air 

system was investigated via laboratory test on a scaled model of a cooling tower. 

The tests were conducted with and without the VAWTs on the performance of the system. From the 

laboratory testing, it was observed that installing VAWTs at a correct position above the exhaust air 

system did not indicate any significant negative impacts on the performance of the cooling tower model. 

The performance of the cooling tower model was improved by the increment of intake air speed and the 

reduction off the motor power consumption. The rotational speed of the VAWTs were very high (> 400 

rpm) while the tip speed ratios were in the range of 1.28–1.29, making it preferable for electricity 

generation. The exercise of using VAWTs in building was further studied by  Muller et al. [6]. The study 

established graphical models to determine the theoretical efficiency of the Sistan type windmill. The 

work supports the initiative of integrating wind energy converters into buildings by employing geometry 

changes to the model under study in order to indicate the maximum expected convertor efficiency of 61 

%.

Sharpe and Proven [7] carried out detailed work on the concept and early development of a building 

integrated wind turbine in Scotland. The Crossflex proposal used in this investigation is based on the 

Darrieus turbines approach, consisting of two or more flexible aero foil blades attached to both the top 

and bottom of a vertical rotating shaft. The blade design incorporated low solidity and low mass 

materials for its construction. Although the development of this technology is still in its early stage, the 

study has outlined the remaining tasks of its work. The subsequent stages will involve supplementary 

computer modeling using CFD analysis to model airflow over the cowling to establish the nature of 

augmentation and flow stability that may occur, and to optimise the design in respect of these. 

Lu and Sun [8] presented an integrated method of both macro (weather data and domain topography) and 
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micro aspect (CFD) analysis in order to design wind turbines around numerous high-rise buildings with 

predominant wind in Hong Kong. Long-term wind data were compared at dense urban island and small 

island stations. The mean wind speeds for the urban locations were estimated at 2.93 m/s at 25 m above 

ground level. The study’s findings determined that the wind power density at 4 m above the building roof 

was enhanced numerously by 1.3–5.4 times with  5–7 m/s inlet velocity.  

Mithraratne [9] investigated the performance of wind turbines mounted on roof-tops, used for micro-

generation in municipal houses in New Zealand. The research focused on energy consumption over a 

lifetime of the wind turbine with respect to the energy generation and Green House Gas (GHG) 

emissions at various circumstances in the life cycle. The work concluded that the feasibility level of roof-

top wind turbines is generally poor as compared to large scale wind turbines for micro-generation.  

Bahaj et al. [10] studied the significance of micro-wind turbines in generating energy in buildings. The 

work was based on various cities in the UK in accordance with accurate wind speed data, to evaluate the 

financial feasibility and appropriateness for domestic houses. The research concluded that areas of high 

wind speeds are most likely to benefit from micro-wind turbines as the payback period is notably less 

than the design lifetime and a significant reduction in carbon footprint is likely.

Lu and Ip [11] carried out work on the viability of implementing wind energy as a major power source for 

buildings in Hong Kong. The study comprised of CFD modeling based on the energy and turbulence 

models for analysis of various building structures. The research concluded that the height of high-rise 

buildings could be exploited to its optimum capability to improve the efficiency of wind turbines for 

power generation. 

Li et al. [12] investigated the wind loads on the Pearl River Tower building in China to determine the 

power generation potential of wind turbines using wind tunnel testing. The Pearl River Tower, located in 

Guangzhou has 71 stories and rises about 310 m from the ground, which features four open holes 

(tunnels) equipped with four wind turbines at mechanical floors on two height levels. The objective of 

this study was to evaluate the wind speed amplifications in the tunnels for wind-power generation 

through the installation of wind turbines and to gain a better understanding of the wind effects on such a 

high-rise building with open holes. The findings from the analyses indicated that the bell-mouthed shape 

of the wind tunnels with contracted inner sections were useful in increasing the wind velocities at the 

location of the turbines. In addition, the work revealed that the presence of surrounding buildings 

influences wind speed amplifications and wind loads on the building structure.  
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Building upon the previous work carried out in literature, the focus of this study was to investigate the 

power generation potential of building-integrated wind turbines by analysing the effect of the structural 

morphology on its efficiency. The physical geometry of the Bahrain Trade Centre was taken as the 

benchmark model and the performance of wind turbines in response to the extracted wind using the 

building envelope was investigated using advanced numerical and theoretical analysis. 

3. Computational domain 

The computational domain comprised of the building geometry, which was designed according to the 

actual specifications of the high-rise tower and the specific wind turbines. The two 50 storey sail shaped 

towers are reported to measure to a height of 240 m and support three horizontal-axis wind turbines 

incorporating a rotor diameter of 29 m [1].  

The three-dimensional Reynolds-Averaged Navier-Stokes (RANS) equations along with the 

momentum and continuity equations were solved using the commercial CFD code for the velocity and 

pressure field simulations. The model employs the control-volume technique and the Semi-Implicit 

Method for Pressure-Linked Equations (SIMPLE) velocity-pressure coupling algorithm with the second 

order upwind discretisation. The standard k-e transport model which is frequently used for 

incompressible flows was used to define the turbulence kinetic energy and flow dissipation rate within 

the model [13, 14]. The use of the standard k-e transport model on building configurations has been 

found in previous works of [2, 15-17]. The turbulence kinetic energy, k, and its rate of dissipation, e, are 

obtained from the following transport equations formulated in equation 1 and equation 2. 

Where: Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients, Gb 

represents the generation of turbulence kinetic energy due to buoyancy. YM represents the contribution 

of fluctuating dilatation in compressible turbulence to the overall dissipation rate. C1e, C2e and C3e are 

constants; σk and σe are the turbulent Prandtl numbers for k and e.  

3.1. Mesh generation 

Mesh generation is one of the most important processes in CFD simulation. The quality of the mesh 

plays an important role on the accuracy of results and the stability of the solution. For the investigated 
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computational domain, patch independent CFD tetrahedron meshing technique was applied on the 

geometry wherein the boundary conditions were applied on the edges and faces. The patch independent 

mesh algorithm for tetrahedron elements is based on the subsequent spatial subdivision algorithm which 

ensures refinement of the mesh where essential, but retains larger elements where feasible, therefore 

allowing faster computing times. The meshed model comprised of 2,013,428 nodes and 10,849,999 

elements as displayed in Figure 2. The minimum face angle was 5.67° while the maximum edge length 

and element volume ratios were 9.9 and 44.6. Figure 2 and Figure 3 display the schematic of the 

benchmark geometry along with the meshed model. 
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For the current investigation, four individual shapes of the building envelope were evaluated in order to 

identify the optimum morphology for integrating wind turbines. Using the design of the Bahrain Trade 

Centre as the benchmark model, the analyses were conducted on buildings having a triangular, square 

and circular cross-section in order to determine the optimum configuration for mounting wind turbines. 

The design specifications of the investigated building models are displayed in Figure 4.

3.2. Grid independency 

In order to verify the accuracy of the numerical models, a grid independency test was carried out to 

determine the variation in results over increasing mesh sizes. Basic concepts associated with mesh 

refinement deals with the refinement and evaluation of elements where the posterior error indicator is 

larger than the preset criterion, while mesh enrichment considers running higher order polynomials till 

the solution is expected to improve with a fixed mesh [14]. Grid verification was carried out using mesh 

refinements (h-method) in order to optimise the distribution of mesh size h over a finite element. 

The area-weighted average value of the static pressure on the three wind turbines located on the building 

façade was taken as the error indicator, as the grid was refined from 1,519,000 to 10,849,999 elements 

with the average pressure value being 4.36 Pa. The grid was evaluated and refined until the posterior 

estimate error became insignificant between the number of elements and the posterior error indicator. 

The discretisation error was found to be the lowest at over ten million elements for both indicated 

variables and the mesh was thus selected to achieve a balance between accuracy and computational time. 

Figure 5 displays the variation in discretisation error at increasing number of meshed elements. 
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                        Figure 5. Variation in discretisation error at increasing number of elements.

3.3. Boundary conditions 

The applied boundary conditions (Table 1) comprised of a reference velocity (uref) of 6 m/s at a height of 

300 m (zref) approaching directly perpendicular to the building façade [18]. The geometry was modeled 

as a solid zone while the enclosure was modeled as a fluid zone for the analyses. The boundary 

conditions were kept identical throughout the numerical investigation for all analysed models. 

3.4. Wind distribution and turbine specifications 

In order to estimate how much energy a specific turbine will be expected to produce at a given location, 

the wind resource at that location must be identified. A wind turbine works by extracting kinetic energy 

out of the wind and converting it to mechanical and then electrical energy. The power that is available in 

the wind to be converted to electrical energy is defined in equation 3. 
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Where: Pwind is the power available in the wind,  (3) is the density of air, A is the swept area of the 

turbine and U is the wind speed approaching the wind turbine.  

Large-scale integration of wind turbines into buildings requires extensive research and development for 

it to operate at high efficiencies in order to balance out the high cost of installation. The specification of 

the wind turbines used in this study was mapped on the ones installed on the Bahrain Trade Centre. The 

fixed horizontal axis wind turbine comprised of a conventional nacelle design containing an enclosure 

with the gearbox, cooling system and the associated control system. The nominal electrical power rating 

of the turbine was 225 kW with the rotor diameter measuring 29 m. The rotor speed at full load was 38 

rpm. The cut-in wind speed for the wind turbine operation was 4 m/s while the cut-out speed was 20 m/s 

[1].

Since the potential power production is proportional to the wind speed cubed, the annual mean wind 

power density cannot be defined by strictly using the mean annual wind speed. However, some 

knowledge of the wind distribution must be known to estimate the power density. The power density 

(Pdensity) can be used as a function of the power divided by the area and the expression is displayed in 

equation 4. 

Using the computational domain, a representation of velocity boundary layer profile and turbulence 

intensity (I) at the windward side of the building is shown in Figure 6 wherein the wind speed is taken 

from the direction of the sea. The thickness of boundary layer of the atmosphere varies with wind speed, 

turbulence level and the type of surface. The power law is an empirical equation expressed in equation 5. 

For neutral stability conditions, α is approximately 1/7, or 0.143, regarded as a reasonable but 

conservative estimate [19]. 

Where: u is the speed at a particular point, uref is the reference speed, z is the height at a particular point 

and zref is the reference height.
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                       Figure 6. Representation of the boundary layer profile and turbulence intensity.  

4. Results and discussion 

4.1. Evaluation of airflow and pressure profiles 

Using the benchmark model, Figure 7 displays the contour levels for static pressure as the air comes in 

contact with the building. A positive airside pressure was created as the air stream came in direct contact 

with the building façade. This was due to the force being directly perpendicular to the area of interaction. 

As a result, a negative pressure was created on the opposite end at the immediate downstream of the 

building where the air velocity increased due to the streamlined body of the structure. The analysis 

showed that a total pressure differential of 29.2 Pa was created for the entire geometry.

         Figure 7. Contour levels of static pressure formation upstream and downstream of the building. 

Figure 8 displays the contour levels of turbulence intensity, upstream and downstream of the benchmark 

model. At the windward side of the building, it was observed that the layers of turbulence intensified in 

inverse proportion to the height of the building with an average value of 0.45 %. The turbulence intensity 

was however found to increase (maximum value of 1.05 %) at the leeward side of the building as the 
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 wind came in contact and sheared away towards the sides of the structure.  

           Figure 8. Contour levels of turbulence intensity upstream and downstream of the building. 

Figure 9 displays the formation of air velocity profile for all analysed models in order to illustrate the 

effect of the building morphology on the wind speed received by the wind turbines.  
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Figure 9. Air velocity streamlines representing the formation of resulting flow using: (a) triangular 

cross-section (b) benchmark model (c) square cross-section (d) circular cross-section.

At a reference speed of 6 m/s, the only successful augmentation of the speed was achieved using the 

circular cross-section with the mean velocity at wind turbines determined at 6.6 m/s. The investigation 

showed that the mean air velocity at the wind turbines using the configuration of the existing benchmark 

model was 55 % of the inlet velocity. This was superior to an equilateral triangular cross-section which 

showed the least recovery in wind speeds with the turbines capturing only 42 % of the inlet velocity. 

A graphical representation of the variation in velocity and pressure profiles with respect to the height of 

the building is shown in Figure 10. A periodic increase in air velocity was observed for the square and 

circular cross-sections with the wind speed augmenting with increasing amplitude. The three regions of 

distinct peaks represent the elevation levels of the three wind turbines used in this study. The average 

wind speed across the profile was 6.6 m/s and 6.0 m/s for the circular and square cross-sections, thereby 

indicating the optimum extraction of the prevailing inlet wind. The average wind speeds for the 

triangular and benchmark configurations were 2.9 m/s and 3.7 m/s thus confirming the inability of the 

structural design to capture the incoming wind when blown perpendicular to the building. With regards 

to the static pressure formations, negative pressure gradients were recorded for the circular and square 

cross-sections while the other two designs displayed positive pressure profiles, thus confirming the 

reason for the reduction in wind speed. 
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                    Figure 10. Formation of velocity and pressure layers with periodic rise in altitude.

4.2. Power density and wind turbine capacity factor 

Following the numerical investigation, an estimation of the wind power characteristics was calculated 

theoretically. Using the rotor diameter of 29 m for the wind turbine used in the Bahrain Trade Centre (the 

benchmark model), a comparison between power in the wind and the tip speed ratio is illustrated in 

Figure 11. Wind turbines are designed to operate at their optimum tip speed ratio in order to extract as 

much power possible from the air stream. For a grid connected wind turbine with three rotor blades, the 

optimum tip speed ratio is recommended between 6 and 8 [20]. While a linear increase in wind power 

was obtained with increasing wind speeds, the recommended tip speed ratio values were found to be at 4 

m/s and 5 m/s respectively. 
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 Figure 11. Relationship between wind power and tip speed ratio at increasing wind speeds. 

Using the wind speeds obtained from the CFD models, the conservative figures of estimated power 

generation capability of wind turbines for all analysed cases is displayed in Table 2. Three wind turbines 

were used on the buildings which were categorised as Turbine 1 (Low-altitude), Turbine 2 (Mid-altitude) 

and Turbine 3 (High-altitude). For the triangular cross-section, the results showed that none of the wind 

turbines were able to meet the cut-in wind speed requirement, thereby indicating no production of power. 

Using the benchmark model, the study quantified an estimate power generation of 6.4 kW indicating a 

capacity factor of 2.9 %. The square and circular cross-sections however determined greater capacity 

factors of 12.2 % and 19.9 %, recording an estimated power production capability of 26.9 kW and 35.1 

kW and confirming the largest extraction of the incoming wind stream. The results quantified that the 

wind turbines located between the circular building morphology had the highest power density of 203 

W/m2 using the high-altitude turbine. Figure 12 displays the breakdown of results in a pie-chart 

representation for the estimated power generation capacity of wind turbines integrated in buildings 

having different structural morphologies. 
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Figure 12. Power generation comparison between the analysed structural morphologies.  

The extracted wind speeds by the three wind turbines for all four cases is shown in Figure 13. Despite its 

streamlined façade, the average speed at the wind turbines for the benchmark model was 2.7 m/s lower 

than the incoming speed of 6 m/s. For the square cross-section, the average speed was only 0.2 m/s lower 

than the incoming speed this indicating a high percentage of wind extraction. The square cross-sectional 

configuration indicated a 41 % superior extraction of incoming wind than the benchmark model. 

However, the optimum cross-sectional configuration for installing wind turbines in high-rise buildings 

was the circular orientation as the average wind speed at the wind turbines was 0.3 m/s greater than the 

incoming wind resulting in an average augmentation of 5 %. The maximum wind speed of 6.9 m/s was 

recorded at wind turbine 3 which was located at an altitude of approximately 160 m from the ground 

level. The circular configuration depicted a 49 % superior extraction of incoming wind than the 

benchmark model. In general, the findings of this study highlighted that circular cross-section is the most 

suitable orientation for integrating wind turbines, particularly suited to regions with a dominant 

prevailing wind direction. 
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5. Conclusion 

In this paper, the feasibility of implementing building-integrated wind turbines was determined by 

investigating the effect of structural morphology on the extraction of prevailing inlet wind. The power 

generation capacity of wind turbines was determined using the specifications of the Bahrain Trade 

Centre which was taken as the benchmark model and the findings were compared against triangular, 

square and circular cross-sections of the same building. The three-dimensional Reynolds - averaged 

Navier-Stokes (RANS) equations along with the momentum and continuity equations were solved using 

the commercial CFD code for velocity and pressure field simulations. Using a reference wind speed of 6 

m/s, the study quantified an estimate power generation of 6.4 kW indicating a capacity factor of 2.9 % for 

the benchmark model. The square and circular cross-sections however determined greater capacity 

factors of 12.2 % and 19.9 %, recording an estimated power production capability of 26.9 kW and 35.1 

kW and confirming the highest extraction of the incoming wind stream. The findings from this study 

highlighted that circular cross-section is the most viable building orientation, particularly suited to 

regions with a dominant prevailing wind direction as a mean wind speed augmentation of 5 % was 

achieved at the turbines. 
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A B S T R A C T
Avocado has a great potential as a commercial crop in southern Brazil, for its high productivity, rusticity, 

and multiple uses. Its high oil content can be explored for biodiesel production with advantages over other 

crops. This study comprised six avocado cultivars-Geada, Fortuna, Fuerte, Margarida, Primavera and 

Quintal-belonging to the Agronomic Institute of  Paraná (IAPAR) collection, from Londrina, Brazil (23° 23′ 

S, 50° 11′ W). Analysis of fruit  growth (length and diameter) allowed the classification of the cultivars into 

groups showing early, midseason, and late maturation, which were harvested in March/April, May/June, 

and July/August, respectively. The fruits were analyzed to assess their pulp, peel, and seed proportions, and 

their levels of oil (pulp) and starch (seed). Results showed these six cultivars are good alternatives for oil 

extraction. Fuerte stands out as the most adequate for biodiesel production from pulp and seed due its 

higher yield of oil and starch. The fruit cycle diversity of these cultivars might allow them for prolonged fruit 

production, both for fresh fruit marketing and biodiesel supply, as well as possibly using fruit pulp for oil 

extraction and seed starch for alcohol production. 

Keywords: biodiesel; growth curves; oil content; starch content; acidity; peroxide

1. Introduction  

Avocado is considered a tropical fruit, although its genetic diversity allowed it to adapt to subtropical 

climate conditions. In Brazil, it is present in nearly every state; however, the commercial plantations that 

are concentrated in the South, Southeast, and Northeast were responsible for producing 157,000 t in 

2013, according to the Brazilian Institute of Geography and Statistics [1]. Several avocado cultivars are 

found throughout the Brazilian territory presenting different shapes, colors, sizes, and chemical 

composition. 

In Brazil, avocado is mainly consumed naturally (raw fruit), or used in confectionery, cosmetics, and oil 

productions [2]. Another potential use is the extraction of its pulp oil for the production of biodiesel. 

Given the diversity of cultivars, wide climate adaptation, and high oil content with adequate physical and 

chemical quality [3], avocado is a promising crop for biodiesel production. In addition, it has the 

advantage of enabling the extraction of two important raw materials, the oil from the pulp and the ethanol 

from seed [4]. The fruit oil content is third after palm and olive [5]. Previous studies showed a variation 

from 5 to 30% in pulp oil content, and from 8 to 26% in seed starch content between different avocado 
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cultivars. This pointed out the need for a thorough evaluation of cultivars, in order to select those with 

high levels of pulp oil and seed starch for further uses of avocado’s raw material [2,6]. 

Avocado has an extremely low fruit set, typically less than 0.3% under natural pollination to about 5% 

with manual pollination [7]. In the first month after flowering a large drop in potential fruit production 

occurs due to low fertility and abnormal flowers; later, a natural fertilized seed dropping also occurs due 

to competition for vegetative flux [8]. Therefore, evaluations of the development cycle of the fruits 

should only start after this natural seed dropping. Avocado also presents protogynous dichogamous 

flowers [9] i.e., female parts of flowers mature before the male parts separating cultivars into two groups 

(A and B). However, in order to ensure pollination it is necessary to mix cultivars from both groups in the 

same area. 

Fruits (raw material) need to be produced for a prolonged period in order to supply the industry and/or 

the market, so that the processing structure and the consumer may have full access to the product. In this 

sense, species with diverse production cycles such as avocado have a great potential for industrial use.

Knowledge on the periodicity of climate conditions, on soil and environmental conditions and on the 

effects of these factors on plants biological cycle, including reproductive organs development and 

vegetative growth, is important for the study of avocado phenology [10]. Information on phenology then 

enables planning of planting and fruit harvesting and marketing, allowing taking advantage of market 

opportunities and maximizing industrial activity. According to [11], the different thermal conditions and 

cycles of avocado cultivars enable fruit harvesting throughout most of the year, providing favorable 

conditions for supplying the biodiesel production industries in Paraná state, Brazil. 

Nevertheless, for the raw avocado materials to be used in the industry it is necessary to fulfill certain 

efficiency and quality requirements. In this work, we examine the production cycle, harvest season, and 

physicochemical properties of six avocado cultivars from Paraná, in order to determine their potential 

for biodiesel production.

2. Materials and Methods 

The field study was based on data collected in the orchards of the experimental farms belonging to the 

Agronomic Institute of Parana State (IAPAR), in Paranavaí (23° 05′ S, 480 m of altitude) and Londrina 

(23° 23′ S, 566 m of altitude), Paraná, Brazil. The climate of this region is Cfa, according to Koeppen 

classification. The average annual temperature is 21 ℃ to 22 ℃ with precipitation from 1300 to 1600 
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, according to IAPAR historical records. The rainy season begins in September and ends in March-April 

[12]. Severe frosts are infrequent and do not constitute a risk factor for  avocado [13]. Between 1986 and 

1996, data of 24 avocado cultivars were collected from these two locations [11], from flowering to 

harvest, which was determined as the time when fruits started to fall naturally. These data allowed 

classifying the cultivars into three groups according to their phenological cycle: early, midseason, and 

late harvest. Based on the results of that study a more detailed research was carried out in Londrina 

between June 2011 and December 2012, comprising data from six cultivars belonging to the three 

harvest groups: Geada and Fuerte (early), Fortuna and Quintal (midseason), Primavera and Margarida 

(late). Geada and Fuerte fruits are pear-shaped whereas the others are rounded. The climatic conditions 

during the experimental period in Londrina are in Figure 1. The assessments in this study were as 

follows. 

2.1. Fruit growth curves  

Three representative plants were selected from each cultivar. Within each plant, four branches belonging 

to the middle third and distributed across the four quadrants of the tree canopy were selected. Every 

week, fruits from each tree were counted and their length and larger diameter were measured using a 

caliper; the average value per quadrant and per plant was obtained for each evaluation. As avocado fruits 

grow in both length and diameter, and this growth can occur unevenly, an index (Gi) corresponding to the 

sum of these two parameters was defined. Measurements were taken after the natural fruit dropping, 

starting November 4, 2011, and continuing until Gi values remained constant for each cultivar, when 

harvest time was assumed to start. The values of Gi for each cultivar were adjusted to sigmoid functions. 

Figure 1. Monthly means of temperature and rainfall from August 2011 to October 2012 in Londrina, 

PR, Brazil. 

2.2. Weight percentage of pulp, peel, and seed  
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After growth stabilization, four fruits of each cultivar were collected randomly, one from each quadrant, 

but avoiding the marked branches. The fruits were weighed and stored in a cool place until they were 

mature (indicated by their soft consistency). After maturation, fruits were weighed once again to 

determine the weight of the pulp, peel, and seed relative to the total weight of each fruit.

2.3. Seed starch content  

A portion of seeds taken from four fruits aleatory chosen from each cultivar was dried in a forced 

circulation stove at 50–60 ℃ until it reached a constant weight. This seed portion was then ground and 

kept at –20 ℃ until further analyses. To hydrolyze seed starch, 50 mg of ground seed were transferred to 

a test tube with a screw cap; after adding 25 mL of 0.7 M HCl, this mix was stirred and placed in a 96 ℃ 

water bath for 90 min; following a cooling period, this solution was neutralized with 3M NaOH in a 500 

mL volumetric flask to which distilled water was supplemented; the content of reducing sugars (RS) (RS 

fraction of the hydrolyzed starch) was determined after filtering this solution using Whatman NO.1 filter 

paper [14]. To perform the alcoholic extraction of glucose (RS fraction of the alcoholic extract), 200 mg 

of ground seed were added to 10 mL of 80% ethyl alcohol contained in a centrifuge tube. After thorough 

agitation, the mixture was placed in a shaking water bath at 80 ℃ for 30 min and then centrifuged at 804 

× g; the supernatant was then collected in a beaker. This operation was repeated three times, resulting in 

30 mL of alcoholic extract that was subsequently evaporated at 50 ℃ until there were only about 5 mL of 

extract left in the beaker. This residue was transferred into a 100 mL volumetric flask, the volume 

completed with distilled water, and the content of RS further determined. The acidic hydrolysis of 

sucrose (RS fraction of the hydrolyzed sucrose) was performed by adding 2.5 mL of concentrated HCl 

(purity of 37%) to 25 mL of the alcoholic extract diluted (to 100 mL volumetric flask) obtained during 

glucose extraction. This mixture was kept at room temperature for 16 h and neutralized with 3 M NaOH 

in a 100 mL volumetric flask to which distilled water was supplemented, before proceeding with the RS 

fraction determination. In all the fractions mentioned above, i.e., starch, glucose, and sucrose, the RS 

was determined employing the method of Somogyi and Nelson [15] as follows: 1 mL of Somogyi’s 

reagent was added to 1 mL of each fraction, and this mixture was boiled for 10 min; after its immediate 

cooling on ice, 1 mL of Nelson’s reagent was added and the mixture was stirred; 7 mL of distilled water 

was subsequently added and the mixture was again stirred. The RS percent content of each fraction was 

then determined by spectrophotometry at 535 nm. The standard curve was obtained with a glucose 

solution at 0.1% of benzoic acid (1 to 10 mg 100 g–1). All determinations were performed in duplicate. 

Seed starch, sucrose, and glucose contents were expressed as a percentage, according to the following 

equations: 

AIMS Energy (Volume- 13 , Issue - 2, May - August  2025)                                                                                                               Page No. 23



2.4. Fruit pulp oil content 

Oil content was determined using the Soxhlet method [16]. Sample preparation consisted of collecting a 

part of the pulp of four fruits aleatory chosen for each cultivar. The pulp was homogenized and 

macerated to obtain a paste and dried in a forced circulation oven at a temperature ranging from 50 to 60 

℃, until constant weight. The dried pulp was then grounded in a blender and frozen at –20 ℃. One gram 

of this pulp was transferred to filter paper cartridges and dried again at 60 ℃ for 12 h. The cartridge was 

subsequently transferred to a Soxhlet extractor where it was kept under reflux for 16 h, using petroleum 

ether as the solvent extractor. After extraction, the cartridges were dried at 60 ℃ and weighed. Oil 

content was expressed in 100 g–1 of dry weight of pulp. Three replicates were performed for each 

cultivar.

2.5. Acidity index (Ai) 

The Ai of avocado oil for each cultivar was determined using the following solution: 0.5 g of avocado oil 

extracted as described above were dissolved in 10 mL of ethyl alcohol, previously neutralized by 

titration with 0.01 N NaOH. The oil titration was carried out using phenolphthalein as an indicator and 

until a pink color persisted for 30 seconds [17]. The oil acidity index was determined according to the 

equation:

2.6. Peroxide index (Pi) 

The Pi was determined according to the methodology described in [17] and using 1 g of the avocado oil 

extracted as described above. This gram of oil was dissolved in 30 mL of acetic acid: chloroform solution 

(3:2 volume ratio), to which 0.5 mL of saturated potassium iodide were added; after stirring this solution 

for 1 min, 30 mL of distilled water and 0.5 mL of a 1% starch solution were added. The starch solution 

was prepared by dissolving starch in distilled water, heating this solution up to 80 ℃, followed by 

cooling titration with 0.01 N sodium thiosulfate. The peroxide index value was calculated by the 

following equation: 

AIMS Energy (Volume- 13 , Issue - 2, May - August  2025)                                                                                                               Page No. 24



2.7. Refractive index (Ri) 

The analyzes were performed employing a refractometer Astral bench (mod. EEQ9001). About 3 to 4 

drops of avocado oil were transferred to the prism and performed refractometer readings of the refractive 

index at 20 ℃. 

2.8. Statistical analyses 

To compare oil and starch contents between cultivars, data were subjected to an analysis of variance 

(ANOVA) followed by Tukey’s tests at the 5% probability level in order to evaluate the significance of 

means’ differences. Principal component analysis (PCA), applying the Waard clustering method, was 

used to determine the parameters associated with characteristics favorable to the production of biodiesel. 

Analyses were performed using the statistical software XLSTAT version 2008.4.02 [18].

3. Results and Discussion 

The study of the characteristics of the phenological cycle of these avocado cultivars can give indications 

of the periods in which there will be supply of raw material for in natura consumption or production of 

biodiesel, ensuring the continuity of production and commercialization throughout the year. Fruit 

diameter plus length (Gi) growth curves adjusted to sigmoid functions are shown in Figure 2. Fuerte has 

the smallest Gi and Primavera and Quintal cultivars have the highest. Table 1 shows each cultivar’s 

adjusted equation with its respective coefficient of determination (R2) and number of days needed to 

complete a cycle (DCC). Considering that flowering started in August but mainly occurred in the 

beginning of September, the average duration of a complete cycle, from flowering to harvest, could be 

obtained by adding 60 days (measurements started to be taken in the beginning of November) to the 

values of DCC shown. The ideal commercial maturation point for avocado is not easy to be determined. 

Visual aspects and size of the fruit are mostly used in the  field [19,20]. There is an uncertainty in using 

the start of ripening as a criterion, since it is not always accompanied by visual external changes of the 

fruit [21]. Periodical fruit size measurements in the orchard could be a good criterion to determine the 

exact harvesting time for each cultivar. 
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Avocado fruits grew according to the genetic characteristic of each cultivar (Figure 1): Geada was the 

first to reach the maximum Gi in the beginning of March (120 days), followed by Fuerte and Fortuna in 

the middle of April (160 days); Quintal completed fruit growth in late May (200 days), therefore being 

classified as midseason. The fruits of Primavera and Margarida cultivars were the last to reach their 

maximum growth-late June for Margarida (240 days) and early August for Primavera (280 days). 

These results are very important to the raw fruit production and market distribution (in natura 

consumption) as well as for the production of biodiesel from avocado. Thus, by combining the different 

cultivars in orchards, one can have avocado fruits available from mid-March to late September-October, 

considering that after reaching their maximum growth the fruits remain on plant for an extended period. 

This is interesting for fresh fruit consumption, as this long supply period reduces the risk of getting a low 

market price associated with productions concentrated in short harvesting intervals. In addition, this 

longer harvest period is also important for the biodiesel production industry as it implies a shorter idle 
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time of the processing facilities [2,11]. 

Yield of pulp, seeds and bark of avocado fruits as well as oil content of pulp and starch in seeds provide 

important information indicating potential cultivars for biodiesel production. Table 2 shows the 

percentages of pulp, seed, and peel of the fruits from the six cultivars. The pulp content ranged from 

63.20 to 80.10%, with a coefficient of variation (CV) of 8%. The influence of the local thermal regime on 

the cultivars cannot be neglected, as different cultivars adapt differently to the environmental [11,22].

The highest oil percentage was found in Fuerte, followed by Primavera (Table 3). Oliveira  et al. (2013) 

obtained the highest percentage of oil in Fuerte and Haas in a comparison among eleven cultivars of 

avocado in the state of São Paulo, Brazil [20]. Found highest oil concentration in the pulp of the cultivars 

Hass and Fuerte and the lowest values in Fortuna and Margarida. Regarding the seed’s starch content, 

this ranged from 45.37 to 62.22% but no significant differences were found between cultivars. The 

starch content values obtained in the present study for Fortuna, Fuerte, and Quintal are very close to 

those reported by [6]: 51.60% for Fortuna, 56.60% for Fuerte, and 37.20% for Quintal. These authors 

evaluated the oil (pulp) and starch (seed) contents in 24 cultivars and found that cultivars with high oil 

content showed a starch content above the average; our results also seem to agree with this, as the 

cultivar with the highest oil percentage-Fuerte-also presented the highest starch percentage (72.14 and 

62.22%, respectively). 
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In previews studies, the authors pointed out that the ethanol extracted from avocado seeds can be a 

secondary raw material for biodiesel production [4]. The avocado seed has potential for the production 

of ethyl alcohol due to its high total starch content that, when subjected to a hydrolysis process, raises the 

Brix content of the broth providing conditions for fermentation to occur.  

Acidity index, peroxide index and refractive index are evaluations of avocado oil that may reveal the 

quality and stability to oxidation processes of this raw material (crude oil). The average values of the 

acidity, peroxide, and refraction indices obtained for the avocado oil extracted from each of the six 

cultivars are shown in Table 4. 

3.1. Acidity index (Ai) 

Quintal presented the highest Ai among cultivars (1.16%) while Fuerte presented the  lowest (0.39%); 

the other cultivars had intermediate values ranging from 0.57 to 0.87%. Acidity values indicate the 

amount of free fatty acids present in the oil. According to [23], the oil conservation status is related to the 

nature and quality of the raw material, to the quality and degree of oil purity, and to oil processing. The Ai 

of vegetable oils should be the lowest possible. High levels of Ai indicate alterations that prevent its use 

as a fuel or for human consumption [24]. Storage conditions are also very important as heat and light 

accelerate the decomposition of  glycerides (rancidity), and this is almost always accompanied by the 

formation of free fatty acids [25]. These free fatty acids form fatty acid salts (soap) in basic media, which 

is responsible for the formation of emulsions during the purification step of biodiesel production, 

leading to a reduction of the yield. High acidity may catalyze intermolecular reactions, which affect the 

thermal stability of the fuel in the combustion chamber, and have a corrosive action on the metallic 

components of the engine.

3.2. Peroxide index (Pi) 
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The peroxide content of Fuerte was the highest among cultivars. Average values ranged from 1.79 mEq 

kg–1 in Fuerte to 0.56 mEq kg–1 in Primavera, and can be considered low when compared to other 

species [26,27]. The peroxide content in vegetal oils estimates the degree of degradability of raw 

material. The values found in this work are much lower then the maximum accepted values of  10 mEq 

kg–1 [27], and indicate therefore a low possibility of oxidative deterioration in avocado. 

3.3. Refractive index (Ri) 

The Ri obtained for the oil of each of the six cultivars ranged from 1.466 to 1.478. The refractive index of 

oils and fats is widely used as identification and quality criteria, as this index increases with increasing 

iodine content and can thus be used for controlling unsaturated oils hydrogenation processes [28]. 

3.4. Principal components analysis (PCA) 

Bilateral relations between the variables account for physiological events, but when the intention is to 

verify the possibility of discriminating a group of samples, the best choice is the analysis by multivariate 

techniques. Among the several multivariate techniques, Principal Component Analysis (PCA) was used 

to reduce the dimensionality of a data group, explaining the variance. In this process, the original 

variable data is linearly transformed into a small number of uncorrelated components. From these 

components, the samples are projected in the plane formed by the components and their proximity to the 

projection of the variables allows to infer the similarities between them [29]. The PCA performed 

allowed to analyze the simultaneous influence of pulp, seed, and peel percentages, as well as oil and 

starch contents, in the Ai, Pi, and Ri of each  cultivar (Figure 3), in order to discriminate avocado 

cultivars and verify which components, or set of components, could be used for selecting cultivars for 

biodiesel production. The first two components explained 81% of the total variance according to the 

following equations:  

Peel, seed, and pulp (Table 2), and oil and starch contents (Table 3) refer to percentages of these fractions.  

The principal component F1 was positively correlated to the acidity index, refractive index, and 

percentage of peel, and negatively correlated with oil content and starch and pulp percentage; F2 was 

positively correlated with the peroxide index value, oil content, and percentage of seed. 

As can be observed from Figure 2, the cultivars Quintal, Geada, and Primavera are characterized by high 
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refractive and acidity indices, and high percentage of peel (F1 +) whereas Fuerte, Margarida, and 

Fortuna differed from the others by their high oil and starch contents, and high percentage of pulp (F1 –). 

Regarding cultivars’ differentiation according to F2 +, Fuerte and Quintal cultivars showed the highest 

levels of oil, peroxide index, and percentage of seed. 

The cultivar Fuerte presented high oil and starch content, and high percentages of seed and  peel (Tables 

1, 2 and 3). Although its percentage of pulp was the lowest among all cultivars, it showed the highest oil 

extraction and peroxide values (value still within the allowable range). This profile is interesting for 

obtaining biodiesel through seed and pulp processing, because the highest oil content was obtained from 

the lowest percentage of pulp and the highest starch content was obtained from the highest seed 

percentage.

The cultivars Margarida and Fortuna showed very similar profiles, with intermediate levels of oil and 

starch, pulp, seed, and peroxide index. 

The cultivars Primavera and Geada also performed similarly to each other. They were characterized by 

higher refractive and acidity indices and percentage of peel, and lower values of percentage of oil, 

peroxide index, and percentage of seed. 

The cultivar Quintal separated from the others for its larger values of refractive, acidity and peroxide 

indices, percentage of peel, seed, and lower oil content (Tables 1, 2 and 3). This cultivar has the least 

favorable profile for biodiesel production due its higher acidity and peroxide indices. This fact would 

result in a greater risk of oil degradation, which would imply additional steps of oil pretreatment. 

Figure 3. Biplot of the principal components 1 and 2 for oil yield, parameters analyzed in the oil, 

proportions of the fractions (pulp, peel and seed) and starch content in the seed of the cultivars. Pi = 

peroxide index, Ri = refractive index, Ai = acidity index.
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In general, all cultivars showed potential to be used as a source of biodiesel given their physiochemical 

properties and the diversity of maturation cycles that would enable a long production period, but we can 

highlight the cultivar Fuerte that stood out for presenting the composition and physicochemical 

characteristics more suitable for potential use in the production of biodiesel. A study considering each 

cultivar’s oil stability is thus necessary in order to combine this high potential of extraction with a higher 

oil quality, avoiding the use of additional steps in raw material treatment, which would increase biodiesel 

production costs.

4. Conclusions 

The diversity of maturation cycles observed in this study shows the advantage of combining avocado 

cultivars with different harvest times in production orchards, enabling the market and biodiesel 

production supply at different times and for a longer period. 

Although all avocado cultivars are potentially suitable for biodiesel production, Fuerte stands out as the 

most adequate for biodiesel production from pulp and seed due to its higher yield of oil and starch, when 

compared to the remaining five. 
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A B S T R A C T
Solar irradiance is one of the most important parameters that need to be estimated and modeled before 

engaging in any solar energy project. This article describes a non-linear regression model based on genetic 

programming technique for estimating solar irradiance in a specific region in the United Arab Emirates. 

The genetic programming is an evolutionary computing technique that enables automatic search for 

complex solutions. The best nonlinear modeling function that can estimate the global solar radiation on 

horizontal will be developed taking into account measured meteorological data. A reference approach to 

model the solar radiation is first presented. An enhanced approach is then presented which consists of multi 

nonlinear functions of regression in a parallel structure where each function is designed to estimate the 

global solar irradiance in a specific seasonal period of the year. Statistical analysis measures have been 

used to evaluate the performance of the proposed approaches. The obtained results are comparable with the 

outcomes of models developed by other researchers in the field.

Keywords: global solar radiation; estimation; genetic programming; evolutionary computation; 

meteorological data; statistical analysis; RMSE; MBE

1. Introduction  

With the increased concern and interest in energy preservation and environmental protection, the world 

today is moving into a new era; transition from almost total dependence of the fossil fuel to an increased 

use of alternative sources of energy. Solar radiation is one of the promising and potential renewable 

energy sources especially in regions like UAE. 

An accurate and detailed long-term knowledge of the available global solar irradiance on horizontal 

surfaces is of a major importance for the design and development of solar energy systems in a given 

region. Information about solar radiation can be obtained by installing expensive measuring sensors 

(pyranometers) at as many locations as possible in this region thus, requiring daily maintenance and data 

acquisition; consequently, increasing the cost of collecting solar radiation data. In most of the cases, the 

potential sites for solar energy implementation are not covered by measuring stations, especially in the 

deserted regions. Many countries do not have sufficient network of weather stations for collecting solar 

data. For such regions, empirical models have to be developed using meteorological data from available 

measurement stations. These models are then used to estimate solar irradiance values at other locations 

in the region where solar energy systems are planned [2].  
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UAE is among countries having potential for solar energy where the solar irradiance has significant 

strength, the average annual solar hours is approximately 3568 h (i.e. 9.7 h/day), which corresponds to an 

average annual global solar irradiance of approximately 2285 kWh/m2 (i.e.     6.3 kWh/m2 per day) [2]. 

Numerous researchers have developed statistical and empirical regression models to predict the monthly 

average daily global solar irradiance in their regions using various weather      parameters [3–20]. The 

mean daily sunshine duration and air delta temperature were the most available and commonly used 

parameters. The most popular model developed by researchers was the linear model by Angström-

Prescott. This model establishes a linear relationship between global solar irradiance and sunshine 

duration taking into account extra-terrestrial solar irradiance and the theoretical maximum daily 

sunshine hours. Many studies with empirical regression and machine learning models were presented in 

the literature for many regions around the world. Recently, different models predicting global solar 

irradiance using various meteorological and climatological variables have been published [16–37]. 

Assi et al. [25,26] used four meteorological 12-years data between 1995 and 2007 to train and validate a 

Feed Forward ANN-based estimation system of solar radiation in Al-Ain city in UAE. The authors 

examined several MLP architectures and tested more than twelve alternatives based on various 

derivatives of back-propagation training algorithms. 

Antonanzas et al. [27] presented a new methodology to build parametric models for the estimation of 

global solar irradiation. The models were adjusted to specific on-site characteristics based on an 

evaluation of the variables importance. Authors have adjusted general parametric models such as the 

Bristow and Campbell BC models [27] with the on-site particularities. The presented methodology was 

appropriate for the investigated case study. The daily range of maximum and minimum temperatures, the 

logical variable of rainfall, and the daily mean wind speed were among the parameters that showed 

higher correlation with solar irradiance and that were included in the newly developed models.

Ahmed and Adam [28] applied a feed forward back- propagation neural network on weather data 

measured at Qena-Egypt during the year 2007. The proposed approach used location coordinates and 

sunshine hours to estimate monthly average daily global solar radiation. The authors presented a 

comparative study between the described MLP-based approach and other empirical models. Based on 

their experimental results, authors showed the advantages of the MLP-based estimation technique for 

solar radiation estimation over the existing empirical regression models. Khatib et al. [29] developed a 

feed forward multi-layer perceptron with four inputs: longitude,latitude, day of the month, and sunshine 

radiation to predict the clearance index. The clearance index helped in calculating the solar irradiation. 

The models used long term solar radiation data for 28 sites in Malaysia measured between years 1984 
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and 2004.  

Ramedani et al. [30] investigated two models based on Support Vector Regression technique (SVR) 

which is a type of Support Vector Machines (SVM) for predicting Global solar Radiation GSR in Tehran 

province. The authors examined two kernel functions for SVR: a radial basis function and a polynomial 

function. The authors designed and validated their approach on a measured daily data consisting on 

Temperature and sunshine parameters and belonging to seven-year period. The proposed approach, 

mainly the one based on radial basis function (SVR-rbf) showed better performance when compared to 

an ANN-based and a Neuro-Fuzzy based systems. Olatomiwa et al. [31] proposed a hybrid approach for 

predicting solar radiation based on SVMs coupled with the meta-heuristic Firefly algorithm FFA. The 

FFA has been applied to detect the optimal parameters of the SVM algorithm. The performance of the 

proposed approach showed superiority comparing to others based on ANN and GP when they have been 

tested on temperature and sunshine hour’s data records collected from three different regions in Nigeria. 

Mohamadani et al. [32] presented a comparative evaluation among three soft computing methodologies 

for estimating global solar radiation in a specific region in Iran based on temperature measures. The 

developed models are an Adaptive Neuro-Fuzzy inference system ANFIS, a radial basis function SVR 

(SVR-rbf), and a polynomial basis function SVR (SVR-poly). The statistical analysis showed a 

superiority for the SVR-rbf over the two remaining examined models when validated on daily 

temperature measures. Kizi [33] proposed a Fuzzy-Genetic FG approach to model and predict solar 

radiation. The heuristic genetic algorithm has been used to find the optimum parameters of the Fuzzy 

inference method. The author used latitude, longitude, and altitude as inputs to the FG model to estimate 

one month ahead solar radiation in some regions in Turkey. 

Recently, many researchers tried to instigate the most significant meteorological variables and 

parameters for estimating and predicting GSR [34,35]. Mohamadi et al. [34] examined the influence of 

meteorological parameters on horizontal GSR. They examined nine climatological parameters collected 

from three different cities in Iran. The authors applied an adaptive neuro-fuzzy inference technique in 

their selection procedure, and they determined the most influential parameters’ combinations for each 

city and have concluded that it is not possible to introduce an optimal combination of inputs for all cities. 

They justified their conclusion by the fact that GSR, which is special for each region, depends on climate 

conditions and geographical location that are special for each region.  

Demirhan and Atilgan [35] presented a robust coplot optimization approach coupled with a GP 

technique for solar radiation estimation. The robust coplot analysis technique has been applied on the 

measures of solar radiation and other related parameters to identify the optimal set of covariates in a data 

that consists of solar radiation, meteorological, and terrestrial variables. The main goal was to handle the 
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multicollinearity problem that may exist among variables, and to eliminate the effect of outliers on the 

space of solar radiation modeling. The optimal set of covariates have been then used in a GP technique to 

construct monthly and yearly solar radiation estimation models. Pan I et al. [36] presented a GP-based 

approach for predicting solar radiation using six geographical and sunshine duration data from India. 

The authors introduced what they called Multi-Gene Genetic Programming (MGGP) models where 

each individual solution, named a gene, is composed by a weighted combination of sub-individuals 

named Single-Gene Genetic Programming (SGGP) models. The authors indicated that the MGGP based 

approach has outperformed the other ones based on simple individual SGGP models as well as other 

classical regression models. 

The current article investigates the prediction of global solar irradiance on horizontal using evolutional 

computational technique, namely the genetic programming (GP). Recently, the GP techniques showed 

good performance and flexibility in modelling non-linear regression    problems [38,39]. Practically, 

The GP demonstrates its advantages in dynamically building complex formulas (solutions), and its 

flexibility to choose a set of functions and operators that match the problem to be solved. Such flexibility 

is possible due to the fact that the structure of the binary trees that represent solution candidates can be 

dynamically changed during the evolutionary process. These characteristics give the GP the ability to 

skip out of the local minima problem commonly found in the neural networks models especially in their 

feed-forward structures with back-propagation training algorithms. In the solar radiation estimation 

literature, the Genetic Algorithm GA has been used to select the optimal parameters of machine learning 

based models [33], whereas the GP algorithm has been used as core models of estimation [35,36]. 

In this article, the design and validation of a new GP based approach to estimate global solar irradiance 

using meteorological data will be described. The main idea is to find the best model for the relation 

between a set of meteorological parameters and the solar irradiance on a specific geographical area. Two 

approaches have been validated: A reference approach that consists of one global model that estimates 

the solar irradiance with respect to four climatological parameters, and a second approach that consists 

of a set of several models in a parallel structure. Each model consists of a nonlinear function that is 

dedicated to estimate the global solar irradiance in a specific seasonal or bi-seasonal period of the year. 

The experimental results indicated the advantages of using such type of multi-model structure when 

dealing with a set of data with large variability during the year. The remaining of this article is organized 

as follows: In section 2, the genetic programming is explained as an optimization heuristic technique, the 

GPLAB toolbox of MATLAB® that has been used in the adopted approach is then introduced. In section 

3, the GP based reference approach that consists of one estimation function is described. Then, an 

enhanced approach also based on GP is given. Moreover, the dataset used for the design and the 

validation of the proposed approaches is introduced and described in this section. Discussion of the 
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results is presented in section 4. Finally, section 5 includes conclusions and future perspectives.  

2. Genetic Programming and GPLAB Toolbox 

2.1. Genetic Algorithm 

The GP is an extension of the conventional genetic algorithm [40,41]. Genetic Algorithm (GA)  is a 

metaheuristic method usually used to find an optimal solution in optimization problems based on a 

natural selection process. The GA starts by an initial population of random individuals. Each individual 

is represented by what is called chromosome that is an array of genes. Each gene represents a parameter 

to be optimized. Every individual (chromosome) represents a possible solution of the optimization 

problem and has its own fitness measure. The fitness is a measure for each individual that indicates how 

the solution related to this individual is suitable to solve the problem.  

The GA uses the so called genetic operators: crossover, mutation, and cloning to evolve from a 

population to another until it reaches a population that consists of an optimal solution based on a chosen 

fitness objective function [40,41]. It starts by an initial random population of individuals. 

Then, in each generation, the GA performs the following steps: - 

Select from the present population the individuals that have the best computed fitness. - - 

Use the best individuals to generate the next population by the crossover of those individuals. 

This is similar to the biological reproduction based on natural selection. A new individual has part of its 

genes coming from the first parent and the other part from the second parent. 

Based on a computed probability, a mutation operator may be applied to one or many chromosomes by 

changing the value of one of its genes. Similarly, and based on another computed probability, a 

chromosome with good fitness may be cloned and promoted to evolve to the next generation. 

This procedure is repeated until an optimum individual is found. Figure 1 illustrates the operations of 

crossover and mutation of two individuals to produce new individuals for the next generation.
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Figure 1. The crossover and mutation operators of the GA. The crossover produces two new children 

individuals from two parent individuals, and the mutation changes randomly the values of one or more 

than one gene. 

2.2. Genetic Programming  

The GP aims to find the best computer program (function) that is composed of both data and operators 

and that solves a specific problem [41,42,43]. A chromosome in GP is represented by a binary tree data 

structure where internal nodes represent algebraic and/or logical operators whereas the external ones 

represent numbers and parameters related to the problem to be solved. Figure 2 shows examples of 

binary trees that represent mathematical expressions/functions. A function can be considered as a 

computer program that consists of a set of data (terminals) and actions (operators). 

The process of evolution in GP starts by an initial random population of chromosomes that represent 

possible solutions (functions) and tries to generate new populations subsequently [42]. 

                         Figure 2. Examples of binary trees that represent algebraic functions. 

The evolution is controlled by a fitness function that is equivalent to the objective function adopted in 

local heuristic search techniques. The fitness function is special for each optimization problem and 

allows the evaluation of fitness of each chromosome (solution) in a population. Figure 3 illustrates the 

effect of the crossover operator on two selected individuals.
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Figure 3. The crossover of two individuals to produce two new ones for the next generation. 

2.3. GPLAB toolbox 

GPLAB is a Genetic Programming toolbox for MATLAB® [44]. GPLAB provides most of the features 

and operators commonly used in GP. Its modular structure allows considering it as an extendable tool 

that is suitable for prototyping new techniques of heuristic local search in GP. GPLAB enables a set of 

facilities and features to handle and control the structure and the size of both: the chromosomes that 

represent individual solutions and the populations that represent sets of those individuals. In addition, 

GPLAB allows the dynamic control of the variable size of populations during run time. This feature is 

indeed important in case of limited computational resources [45,46,47]. 

Moreover, GPLAB implements a technique for automatically adjusting the probabilities of adopted 

genetic operators during runtime. This feature allows the use of the GPLAB toolbox as a test workbench 

for new genetic operators 

3. Genetic Programming Based Systems 

In this work, a GP based approach to estimate solar irradiance is designed, implemented, and validated. 

In the first phase of this work, a reference system is proposed, which consists of a single function that can 

model the relation between solar irradiance and a set of climatological factors in a specific geographical 

area. The reference system showed promising performance. In the second phase, the performance of the 

reference system is analyzed and an enhanced one that consists of multiple independent models is 

suggested. Each model is dedicated to estimate the solar radiation amount in a specific seasonal period of 

the year. All components of the two proposed approaches were designed, implemented, and validated 

using the GPLAB toolbox. 

In the design and validation phases, a meteorological dataset provided by the National Center of 

meteorology and Seismology (NCMS) in Abu-Dhabi—UAE is used. The dataset consists of daily data 

records for the period between 2004 and 2007. Each daily record includes the measures of: air 

temperature, wind speed, relative humidity, and sunshine duration. The dataset has been divided into two 

subsets; a design subset having records for the years between 2004 and 2006 inclusive and a test subset 

that includes records for the year 2007. Table 1 shows some samples of the dataset. In this table, the first 

four columns represent the four meteorological records. 
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3.1. The Reference System 

The problem of developing an appropriate function that models the relation previously discussed, looks 

like a search problem for an optimal state that represents the expected function. In our case, the targeted 

function includes operand and operators. The operands consist of the climatological parameters and 

other constants that may appear in the resulting function. Besides, the set of operators may include 

arithmetic operators, exponential operators, and any other algebraic or non-algebraic ones like: square 

root, natural log, exponentials, etc. 

The functions investigated in this work can be represented by binary trees data structures, where the 

internal nodes represent the operators whereas the terminals represent the operands. Figure 4 illustrates 

an example of a binary tree that represents a solution candidate. In Figure 4, X1, X2, X3, and X4 

represent temperature, wind speed, sun hours, and humidity respectively.  

Figure 4. An example of a binary tree that represents a function for modeling (estimating) solar 

radiation.  

Equation (1) shows the algebraic function that can be obtained using the binary tree of Figure 4. In this 

equation, sr, tmp, sh, ws, and hum stand for solar radiation, temperature, sun hours, wind speed, and 

humidity respectively. The internal nodes in the tree include the four arithmetic operators: addition (+), 

difference (-), and division (/), and multiplication (*), plus it includes the decimal log, as well as the 

square root (     ). Figure 4 shows that the depth of the tree is equal to six. Actually, the maximum depth 
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allowed for trees in each population is one of the adjustable parameters in a GP evolution process. 

As for the probabilities of applying each of the genetic operators, the GPLAB allows either to fix the 

values of those probabilities or to dynamically compute them at each iteration during the run time. The 

computation in this case is based on the history of each operator in producing individuals with the best 

fitness and on statistics about the newly produced individuals [44]. The results presented in the right 

most column of Table 1 indicate that the best fitness value (in this case the lowest) is the one related to 
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dynamic probabilities of operators and tournament sampling method. Figure 5 shows the binary tree 

associated to the best individual in the last population of the best combination. Equation (3) represents 

the function stored in that binary tree. 

3.2. The Multi-Model System  

The results obtained using the reference system show remarkable difference between the measured 

values and the estimated ones. Figure 7 compares the measured and the estimated monthly average daily 

global solar irradiance values.  

The records of the design dataset have been investigated, and the values of each meteorological factor 

have been analyzed. Analysis showed that the values of some factors, especially the humidity, have wide 

variations, i.e. a large deviation around the average value over a year. Such variations make the search for 

an optimal model quite difficult.   

One of the suggestions to improve the whole performance is by estimating the global average solar 

irradiance over relatively short period of time in a year by using a multi-model approach. The main idea 

is to find the function with best fitness for estimating the global solar irradiance for each seasonal period 

of the year. Applying this strategy lead to build proficient functions. A function has been built for each 

two consecutive months of the year. Thus, the multi-mode system consists of six nonlinear functions. 

Figure 6 illustrates the structure of the proposed approach.
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                                           Figure 6. Structure of the multi-model approach. 

The evolutional computation process is launched with the same combination of parameters described in 

the 1st and 4th rows of Table 2. The estimation performance is significantly improved. Table 3 shows the 

obtained enhancement in terms of fitness of the best individual when the multi-model strategy is applied. 

The best performance is obtained with dynamic probabilities of genetic operators, tournament sampling, 

and set of functions that contains arithmetic, algebraic and logarithmic operators.

Error statistical analysis showed good improvement as will be described in the next section.

4. Results 

The estimation performance of the suggested approach was assessed through a statistical analysis of 

error. The analysis was conducted by computing the RMSE and Mean Bias Error MBE that measure the 

variation of estimated values against the measured available ones. Low RMSE and MBE values are 

desired and indicate an accurate estimation. The RMSE computation is described earlier in equation (2), 

whereas the MBE computation is described in equation (3).  
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Table 4 compares the values of RMSE of the best two reference models and the new model that consists 

of parallel multi-functions.  

Figure 7 and Figure 8 show the measured and estimated values of monthly average daily global solar 

irradiance for the best reference model and the multi- model. The later shows better performance in 

estimating monthly average daily global solar irradiance. 

Figure 8. Monthly average daily global solar irradiance estimation of the multi-model system.
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Figure 9 shows the binary tree that represents one of the best functions in the multi-model approach. 

Equation (4) represents the function of the binary tree shown in this Figure.

The suggested genetic programming based approaches show comparable performance with respect to 

other empirical regression and neural models. Table 5 compares the RMSE of the results obtained by the 

suggested approach to those obtained by other models conducted by other groups.

Table 5. The RMSE of the multi-functions model compared to other models. 

5. Conclusions and Perspectives 

This article described new approaches for estimating global solar irradiance using meteorological 

records. The suggested methods are based on a GP heuristic technique. The first method (reference 

system) consists of estimating the nonlinear function that can model the relation between solar 

irradiance and four meteorological parameters. The performance of the reference system is promising. 

An enhanced model that consists of multi-function was proposed and it showed better performance with 

respect to the first method. The performance of the proposed approaches was evaluated using statistical 
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analysis measures.  

The GP showed its advantages in dynamically building complex formulas that represent solution 

candidates for the problem to be solved. As an evolutionary process, the GP shows its ability to resolve 

the local minima problem and to converge toward a global minima. The problem of local minima is 

commonly found in the neural networks models especially in their feed-forward structures commonly 

used in the literature coupled with the classical back-propagation training algorithm. Moreover, the GP 

technique provides analytical expressions as solutions, like the expression given in Equation (3), which 

is not available in most of the machine learning techniques, for instance the neural and the neuro-fuzzy 

models. The later property is important for researchers to understand the contribution of each variable 

input in the calculation of the dependent variable output.  

In our experiments, we controlled the well-known bloat (inflation) problem of GP by using a set of 

techniques provided by the GPLAB environment [44]. Some of those techniques consist of automatic 

resizing of the population in runtime to save computational resources. Those techniques are adequate in 

cases of complex problems when the complexity of the expressions’ models increases dramatically 

during the evolutionary process.  

A similar approach to our enhanced one has been proposed in [35] with two main differences: First, in 

that approach the input data has been pre-analyzed by using an optimization technique to handle the 

multicollinearity problem that may exist among the variables, which is not available in our approach that 

has been applied on data records of four meteorological variables. Second, the approach in [35] consists 

of a set of twelve models, each model is dedicated to estimate the solar radiation in a specific month of 

the year whereas our approach consists of six models. Each of our parallel models is devoted to estimate 

the solar radiation for a semi-seasonal period of the year. In general, the increase of number of learning-

based models requires more training data records to adjust those models during the design phase which 

may not be always possible. One of our future suggestions is to automate the splitting of data into 

seasonal subsets based on an automatic learning technique in order to optimize the estimation 

performance.  

In this work, the proposed GP approach is not compared to other learning based estimation techniques of 

the same type. Such comparison needs comparing the convergence time of each approach as well as the 

performance of estimation using the same data sets and same leaning parameters. This could be one of 

our future perspectives. On the other hand, the obtained results in this work are comparable to those 

obtained by mathematical regressions and neural models that were conducted by other research groups. 

Finally, the obtained results showed the advantage of using the parallel modular structure over the global 
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one.  

Three main future perspectives can be drawn for this work. The first one consists of finding a way to 

automatically splitting the data into seasonal or semi seasonal periods in order to optimize the 

performance of estimation. The second perspective consists of comparing or GP based approach with 

ther machine learning based techniques by using the same data sets. The third perspective consists of 

validating the proposed approach using new meteorological datasets with larger number of weather 

parameters in each record.  
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