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Optimization of VAWT
installation with spatial and
temporal complexity
considerations

Mohammed Alqahtani*

Department of Industrial Engineering, King Khalid University, Abha, Saudi Arabia

The constant need for fuel to meet the commercial sector’s ever-increasing
demand has driven researchers to discover and optimize renewable energy
resources, paving theway for sustainable production of reliable and clean energy
resources. The goal of the current work is to close the gap in process parameter
optimization needed to convert wind energy wake from traffic on highways into
electrical energy utilizing vertical-axis wind turbines (VAWTs). The energy output
from the VAWT is analyzed to investigate how it is impacted by the variations in
multiple parameter settings. Using the central composite design (CCD), a three-
level four-factor array was used to investigate the following parameters: VAWT
vertical distance (VD) and horizontal distance (HD) as continuous parameters,
while road side (S) and location (L) of VAWT as categorical parameters. To find the
most important parameter, response surface methodology (RSM) optimization
and an analysis of variance (ANOVA) test are performed. L accounts for 66.67%
of the total variable, with S coming in second with 51.80%. Using the best results
from RSM and ANOVA, a confirmation test is run, and the results show yields of
88.75% ± 0.05% and 87.5% ± 0.05%, respectively. Therefore, RSM and ANOVA can
be utilized equally for optimization at the same VAWT design. Lastly, the findings
of the economic and environmental evaluation demonstrate that, in comparison
to the basic settings, VAWT operating at optimal settings can save up to 180%
and 200% more energy and reduce carbon emissions, respectively.

KEYWORDS

vertical-axis wind turbine, distributed energy resource, renewable energy, response
surface methodology, central composite design

1 Introduction

There has been a recent global spike in the consumption of all forms of energy due to
factors such as urbanization, population growth, and rising living standards. The majority
of the heat and electricity generated from fossil fuel resources in 2013 was produced as
byproducts, which comprised roughly 42% of global emissions. Over-reliance on fossil
fuel resources leads to serious environmental problems like acid rain, global warming,
and desertification in addition to unstable fuel prices. With 23% of all CO2 emissions
worldwide, the transportation sector was the second largest source of greenhouse gas
emissions (Xiao et al., 2019; International Energy Agency IEA, 2024). Consequently, it is
essential that research and development efforts concentrate on renewable energy sources
that are not harmful to the environment. In 2014, the global wind power capacity reached
369,553 MW. At least 84 countries use wind power as part of their energy portfolio
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FIGURE 1
Selected points at the AL-Hizam road, Abha city.

FIGURE 2
Box plot of the average wind speed at different locations.

to meet their energy needs at the moment (Half-
year Report WWEA, 2014; Global Wind Statistics, 2024),
contributing to 4% of the world’s total electric power consumption.

There are many studies focused on improving different energy
resources to make the power supply to consumers more reliable,
sustainable, and safe. For instance, Li et al. (2024) proposed a
particle swarm optimization (PSO) technique to accurately identify
the parameters of the circuit model under dynamic stress test
(DST) conditions. A three-dimensional multi-phase model of
PEMFC is created by Chen et al. (2024) to investigate the effects
of the cathode channel structure on PEMFC performance. It is
suggested that the tube outlet improves heat transfer from the
burned gas to the combustor wall (Zuo et al., 2023a). Zuo et al.

(2023b) designed a hydrogen-fueled micro planar combustor with
cavity in order to achieve high-energy output power and energy
conversion efficiency for a micro-thermophotovoltaic system. A
double S-channel cold plate to cool a prismatic LiFePO4 battery
was designed by Zuo et al. (2022). A combination of response
surface methodology (RSM) and non-dominated sorting genetic
algorithm (GA) is used by Zuo et al. (2024) to trade-off the
aforementioned performance metrics. RSM and GA are combined
to deal with the problem of multi-objective optimization of a multi-
channel cold plate in the presence of sporadic pulsing flow as
well (Zuo et al., 2023c). In addition, Chen et al.(2023) combined the
RSM and GA to maximize the performance of a proton exchange
membrane fuel cell. Furthermore, multi-objective optimization
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FIGURE 3
Average WS data collection using the anemometer at point D on
Al-Hizam road, Abha city, July 2023.

using RSM and non-dominated sorting GA is performed on a tiny
U-channel cold plate with SiO2 nanofluid to achieve better results
(Jing et al., 2022).

The exploitation of the wind generated by the traffic and
converting it into a usable form of energy has gathered the attention
of researchers in the recent years. The relationship between wind
energy and wind speed (WS) is strong, with wind energy being
greater at higher elevations and along coasts. However, low-speed
wind energy can also be used as a source of energy, particularly
for dispersed energy requirements. The vertical-axis wind turbine
(VAWT) is one of the wind turbines that are used to harvest the
wind energy from vehicles wake on highways. Liew et al. (2020)
and Uddin et al. (2022) conducted a review to maximize the electric
output by making the best use of the wind energy. To suggest a
location for the vertical VAWT on the highway, the possibility of a
small wind turbine is explored by Al-Aqel et al. (2016). In Han et al.
(2019), a computational fluid dynamics (CFD) investigation with
various car models is presented to replicate the energy harvesting
system from the highway traffic.

Numerous studies and applications of wind energy exist (Nimje
and Gandhi, 2020). There are few studies on VAWTs, and most
studies on wind turbines concentrate on large horizontal-axis
wind turbines with a kW level or above (Peng et al., 2018). The
capture efficiency of Wind Energy Capture Device (WECD) and
the relationship between WECD and the vehicle in the multilane
operating condition of cars and trucks are still being investigated
in Wenyu Hu et al. (2023). The primary large-scale wind tunnel
trials on VAWTs carried out over the previous 15 years are
reviewed critically in Battisti et al. (2018). In reality, certain unique
working conditions must be met when using tiny VAWTs as
energy sources (Qi et al., 2020). This type of wind energy can
significantly increase VAWT’s wind energy utilization rate because

it has benefits that natural wind energy does not. Overcoming wind
resistance is the primary fuel energy consumption during high-
speed driving (He et al., 2022). The dynamic pitch control strategies
in double-VAWT arrangements were first investigated by Xu et al.
(2023). Using CFD simulations, the various configurations that
have been demonstrated to offer improved performance studied by
Barnes and Hughes (2019) were examined in order to determine
the most efficient layout based upon both the average VAWT
efficiency and efficient use of the area. Li et al. (2023) suggested
a novel design for convex-shaped wind concentrator straight-
bladed vertical-axis wind turbines or SB-VAWTs. A systematic
experimental test campaign was carried out in an anechoic wind
tunnel with the aim of improving the understanding of the noise
pollution caused by the VAWT in urban areas (Li et al., 2022).
Improving the energy utilization efficiency can be indirectly attained
if wind energy produced while operating a vehicle is effectively
utilized (Wang et al., 2017; Ren et al., 2022). A practical, low-cost
method of gathering renewable wind energy using inexpensive
materials, VAWT, has been constructed by Kumar Rathore et al.
(2021) to deliver energy alongside the highway.

The optimization of the operations of the VAWT on highways,
especially from the design stand point, has been the focus of
many literature reports. For instance, in Joachim et al. (2021), two-
dimensional CFD simulations of an isolated VAWT and co- and
counter-rotating pairs of VAWTs were carried out to ascertain
turbine layouts. A new VAWT design that dynamically changes its
blade shape based on the tip speed ratio (TSR) and azimuthal angle
is presented by Baghdadi et al. (2020). Using three-dimensional
CFD simulations, Tian et al. (2020) attempted to solve the optimal
VAWT type for highway wind energy recovery and the optimal
gap between VAWTs if they are planted in an array. The energy
harvesting capabilities of wind turbines inside the train tunnel
with varying design parameters were investigated by Guo et al.
(2020), using a three-dimensional model. Peng et al. (2020) used the
Taguchimethod to optimize the power performance of twinVAWTs.
Pourrajabian et al. (2021) implemented the genetic algorithm in
relation to the design and optimization problem for wind turbine
blades to achieve the maximize output power. The impact of the
blade number (solidity) on the power and thrust coefficients of
a small-scale horizontal-axis wind turbine HAWT was examined
experimentally and numerically by Eltayesh et al. (2021). Ding et al.
(2022) elaborated on the development of methodology in wind
load uncertainty modeling and conducted a systematic review of
the state-of-the-art technology for wind turbine fatigue reliability.
The platform, tower, mooring system, and blade-pitch controller
are all optimized (Hegseth et al., 2020) as part of an integrated
design using a linearized aero-hydro-servo-elastic floating wind
turbine model.

The authors discovered from the aforementioned literature
reviews that no research has been conducted on taking into account
the combined effects of road sides, vertical and horizontal distances,
and other parameters on the VAWT performance. The contribution
of this paper can be listed as follows:

• To show how the locations on highways affect the performance
of the VAWT and to investigate the combined effects of the four
parameters and their three levels on the energy harvested by
the VAWT.
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TABLE 1 Parameters for the experiment.

Serial Parameter Type Symbol Value

1 2 3 4

1 Vertical distance (cm) Continuous VD 100 150 200

2 Horizontal distance (cm) Continuous HD 100 150 200

3 Side Category S Left Middle Right

4 Location Category L Point A Point B Point C Point D

TABLE 2 Maximum and minimum values of the considered parameters.

Value Parameter 1 Parameter 2 Parameter 3 Parameter 4

VD (cm) HD (cm) Side Location

Minimum 100 100 - -

Maximum 200 200 - -

• To determine the effect of parameter variation on the VAWT
performance by taking into account road sides, vertical and
horizontal distances, and their percentage contribution from
each parameter.
• To pinpoint the “optimal values” that subsequent researchers

can use as a guide when studying traffic wind harvesting with
the VAWT. The experiments entail gathering and preparing
wind speed data under various parameter settings. For this
study, RSM and ANOVA are used in conjunction with a central
composite design (CCD) design of experiment. The best values
from both approaches were used in a confirmation test that the
authors also conducted.
• Finally, the outcomes of the current study are contrasted with

those of other investigators.

The rest of this paper is structured as follows: Section 2
summarizes the data collection and methodology. Section 2.2
defines the problem and the experimental procedures. Section 3
contains the findings of the computational trials. Finally, Section 4
examines the findings and potential future studies.

2 Data and experimental procedures

A set of locations on Al-Hizam road around the city of Abha,
Saudi Arabia, have been selected for data collection and analysis
(Figure 1).

Figure 2 illustrates a box plot of the average WS at different
points on Al-Hizam road. The figure shows wide variations in the
collected WS data at point D. In contrast, point A demonstrates the
lowest variations in WS data. The average WS values at points A, B,
C, and D are 2.5, 2.6, 6.5, and 8.5 km/h, respectively.

2.1 Data collection

The average WS data profiles have been collected using an
anemometer (Figure 3). All the data were collected on a time
window (16:00-21:00) and different parameter settings at four
locations distributed on the Al-Hizam road. To block the effect
of seasonality in the data, the data have been gathered on three
consecutive days (the month of July 2023).

Table 1 below shows the parameters used in this study along
with their selected values. The values of the parameters were
selected based on the feasibility and size of the Al-Hizam road in
Abha city.

2.2 Experimental procedures

The first step in the experiment is gathering the WS data
from various points along the Al-Hizam road. The independent
parameters taken into account for this study are shown in Table 2.
After carefully examining the limits for which the experiment will
be conducted and reviewing a number of previous research works
(Morbiato et al., 2014; Hegseth et al., 2020), the values used in this
study have been determined.

Utilizing the commercial numerical solver Minitab 19, the CCD
design was built. Using the same design of experiments (DOEs) by
CCD, response surface methodology (RSM) is introduced with the
goal of optimizing the solution. Many researchers have used RSM
(Noshadi et al., 2012; Hamze et al., 2015; Costarrosa et al., 2018;
Latchubugata et al., 2018) because it offers a more precise and near-
term solution to the current issue through higher-order interactions.
RSM typically includes a wide range of statistical and mathematical
techniques based on appropriate empirical models that are obtained
in relation to the experimental design. To ascertain which of all
the parameters under study is the most significant, an analysis of
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TABLE 3 ANOVA table of factors and their p-values.

Source DF Adj. SS Adj. MS F-value p-value

Model 26 3414.87 131.34 24.23 0.00

Linear 7 2755.44 393.63 72.62 0.00

VD 1 32.46 32.45 5.99 0.02

HD 1 171.56 171.56 31.65 0.00

Side 2 1175.69 587.85 108.44 0.00

Location 3 1375.73 458.57 84.6 0.00

Square 2 155.85 77.92 14.38 0.00

VD∗VD 1 61.09 61.09 11.27 0.00

HD∗HD 1 113.86 113.86 21.00 0.00

Two-way interaction 17 503.59 29.62 5.46 0.00

VD∗HD 1 3.37 3.36 0.62 0.43

VD∗ side 2 16.17 8.08 1.49 0.23

VD∗ location 3 139.08 46.36 8.55 0.00

HD∗ side 2 27.04 13.52 2.49 0.08

HD∗ location 3 71.73 23.91 4.41 0.00

Side∗ location 6 246.22 41.04 7.57 0.00

Error 129 699.27 5.42

Lack-of-fit 81 614.92 7.59 4.32 0.00

Pure error 48 84.35 1.75

Total 155 4114.14

variance (ANOVA) test has been performed and compared with
RSM’s data. Additionally examined are the conversion rates’ mean
and percentage error.

3 Simulation result analysis

In this study, the wind speed generated by traffic is measured
at different locations, heights, sides of the road (both bounds), and
horizontal distance. For simplification purposes, the data have been
collected at the same time 5 pm at week days. Then, the data have
been analyzed using Minitab v19.1 using the RSM package.

To determine the optimal VAWT installations on the road,
we select the WS (km/h) as the performance measure for
each setting.

Table 3 shows the analysis of variance (ANOVA) for the wind
speed as a response affected by four factors including (1) vertical
distance (VD), (2) horizontal distance (HD), (3) road side, and (4)
location of the VAWT. Furthermore, the interactions among the

four factors were analyzed to determine their influence on the wind
speed. It is clear from the table that all of the factors and their
interactions are having significant influence on the response except
VD∗HD, VD∗ side, and HD∗ side interactions.

3.1 Effects of single factors

In this section, the effects of the chosen factors are evaluated.
Figure 4 shows the average effects of VD,HD, side, and locations

on the average wind speed.

3.1.1 Effects of VD
Figure 4A presents an interval plot of the average WS as a

function of the VD to evaluate the effects of the VD on the average
WS. From the figure, this factor demonstrates a very low impact on
the response. As the values of VD change, the average changes in the
response cannot exceed 5%.
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TABLE 4 Parameter values used in the regression and optimization.

Side (i) Location (j) αij βij γij ζij τij

L

A −6.43 9.41 2.27 −3.42 −1.525 0.605

B −2.30 10.45 1.07

C −3.39 11.42 0.91

D −0.17 8.40 0.16

M

A −2.30 10.45 1.07 −3.42 −1.525 0.605

B 5.31 9.44 −1.04

C 1.31 8.44 1.49

D 1.48 14.76 1.08

R

A −6.43 9.41 2.27 −3.42 −1.525 0.605

B −0.17 8.40 0.16

C −0.61 7.40 2.69

D −8.37 13.71 2.28

3.1.2 Effects of HD
Figure 4B illustrates an interval plot of the average WS as a

function of the HD to assess how the HD affects the mean WS.
This element appears to have more effect on the WS than VD as
the average changes in the WS reach 25% as the values of HD
fluctuate.

3.1.3 Effects of side
To assess the impact of the side on the average WS, Figure 4C

shows an interval plot of the average WS as a function of
the side. This element appears to have a significant effect on
the response, based on the figure. The average WS changes
substantially as the VAWT stationed in different sides. Shifting
a VAWT from one side to another has an impact on WS that
reaches 125%.

3.1.4 Effects of location
An interval plot of the average WS as a function of the location

is shown in Figure 4D to evaluate the effect of the location on the
average WS. Based on the figure, it seems that this component
significantly affects the WS. The average changes in the WS change
significantly as the VAWT is shifted from one location to another,
considering that moving VAWTs to different positions affects WS by
up to 200%.

3.2 Effects of the interaction of factors

In this part, we investigate the joint effects of factors on the
WS. Figure 5 below demonstrates how the factors (VD, HD, and
side) interact to influence the WS. For simplification purposes, we
will consider the interaction effects of HD, VD, and side only. The

location factor has demonstrated the most significant influence on
the response in the previous section.

3.2.1 Effects of VD and HD interaction
Figure 5A below depicts the joint effect of HD and VD on the

response. It is clear from the figure that the interaction of HD and
VDhas the highest effect at HD= 150 cm andVD= 100 and 150 cm.
This is because the decay in WS accounts for 30%. The figure also
shows that the joint effect of HD and VD on the WS is at its lowest
levels when HD = 100 cm and VD = 100 and 150 cm with 5.26%
only. Furthermore, Figure 5D shows the contour plot of the VD and
HD interaction, and it can be seen that the WS has its highest values
whenVD andHD are ranging between 120–180 cm and 50–150 cm,
respectively.

3.2.2 Effects of VD and side interaction
Figure 5B below shows how side and VD together affect the

response. Figure 5B demonstrates that the joint effect of side and
VD highly affects the WS at the middle side of the road, while
VD increases from 100 to 200 cm. The increase in WS accounts for
28.57%. It is also noted that the simultaneous effect of side and VD
on the WS is at its lowest levels when the VAWT is installed at the
right side of the road and VD ranges between 100 and 150 cm with
2.50% only.

3.2.3 Effects of HD and side interaction
Figure 5C below demonstrates how side and HD interact to

influence the WS. It is noted from Figure 5C that placing the VAWT
on the middle or on the left side of the road makes no difference as
HD changes. On the contrary, placing the VAWT at the right side
causes a slight effect of 25% on the WS as HD changes.
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FIGURE 4
Average effects of (A) VD, (B) HD, (C) side, and (D) location on the harvested wind speed.

3.3 Optimization

3.3.1 Objective function
In this analysis, the focus is on system operations

(i.e., VAWT operation and energy yield), while the
investment, design, and configuration costs will be ignored.
Eq. 1 represents the objective function which aims to
maximize the average wind speed, consequently increase
the power output from the VAWT. The energy output
from the VAWT is calculated as follows (Alqahtani
and Hu, 2020):

Max Av.WS =∑
iϵI
∑
jϵJ
SiLj (αij + βijVD+ γijHD+ ζVD

2

+ωDH2 + τVDHD) , (1)

where Av.WS is the average energy output from the wind turbine, ρ
is the air density, A is the sweeping area, and v is the wind velocity.
αij,βij,γij,ζ,ω, and τ are constants, and their values are shown
in Table 1.

3.3.2 Constraints

VDmin ≥ VD ≥ VDmax. (2)

Eq. 2 is used to ensure that the optimization is conducted such
that the height of the VAWT (VD) is bounded by the upper limit
VDmax and lower limit VDmin.

HDmin ≥HD ≥HDmax. (3)

Eq. 3 shows that the horizontal distance (HD) between the road
and the VAWT is constrained by the upper and lower boundaries of
HDmax and HDmin, respectively.

3

∑
i=1

Si = 1 ∀i. (4)

The side on the road (S) on which the VAWT installed is either
on the left, right, or the middle according to Eq. 4, where Si is a
binary variable (i.e., 0 or 1).
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FIGURE 5
Average effects of factor interactions (A) VD and HD, (B) VD and side, (C) HD and side, and (D) contour plot of the VD and HD interaction.

FIGURE 6
Levels of factors’ effects on the response. (A) Normal plot of standard effects of factors on wind speed. (B) Pareto chart of standard effects of factors
on wind speed.

4

∑
j=1

Lj = 1 ∀j. (5)

According to Eq. 5, the location where the VAWT is installed
(L) should be in one of four locations on the Al-Hizam road. Lj is a
binary (i.e., 0 or 1) variable.

Figure 6 illustrates the significant factors that have impact on the
response and their levels of influence. Figure 6A shows the normal
plot of the factors’ effects on the WS. According to the normal plot,
there are effects of all of the factors (VD, HD, side, and location) on
theWS and their interactions, except for three interactions including
t VD∗HD,VD∗ side, andHD∗ side interactions. Figure 6B, on the
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FIGURE 7
Model adequacy plots. (A) Normal probability plot for residuals. (B) Histogram of wind speed data.

FIGURE 8
Central composite design flow diagram.
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TABLE 5 Comparison of the predicted data vs. the experimental data for different cases.

Run VD HD Side Location Experimental data Predicted data (CCD) Error (%)

1 200 200 M C 249 380 53

2 150 112 L B 694 957 38

3 150 112 R B 431 399 7

4 150 112 M A 567 596 5

5 150 236 M D 176 120 32

6 150 112 R D 494 615 24

7 150 112 M B 140 969 31

8 150 0 M C 401 598 49

9 100 200 R C 311 386 24

10 150 236 R C 289 278 4

FIGURE 9
RSM response with optimal VAWT settings for maximum WS.

FIGURE 10
Hourly power output of the VAWT before and after optimization.
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FIGURE 11
Main effect plot for means of wind speed.

FIGURE 12
Surface plot of average vs. HD and VD.

other hand, shows the levels of the factors’ influence. The side and
location on the road on which the VAWT is placed have the most
effect on the harvested wind speed. In contrast, the interaction of
VD and HD has the lowest impact on the response.

Figure 7 shows a plot of residuals and distribution of the
response’s values. Figures 7A,B show the normal probability plot
of the average WS. The plot shows that the values are circulating
around the mean, which demonstrates that the values of the average
WS are normally distributed. Thus, from the plots in Figure 7,
the residuals of the response are normally and independently
distributed; consequently, the model is adequate to undergo the
ANOVA analysis.

3.3.3 Response surface methodology
Regression models are useful for testing the effect of the

parameters under study, as demonstrated by the experimental
yield value, because they highlight the best relationship between
the dependent and independent variables. The steps that will be
followed for the central composite design (CCD) are presented
in Figure 8.

By applying the CCD design, a user-defined custom response
surface design was used to build the suggested RSM model. Table 5
tabulates the RSM model, which displays the experimental and
predicted values of WS conversion and the error between the two.

Table 5 compares the predicted and experimental
results. From the table, the CCD prediction shows an
acceptable performance since the average prediction error is
approximately 27%.

Figure 9 indicates the optimal settings of the VAWT for
maximum WS. By establishing the likely values for each operating
parameter, such as 200 cm of VD, 100 cm of HD, left side, and
installed at site D, it is possible to acquire the maximum WS (yield)
of 18.27 (km/hr).

Figure 10 depicts an hourly power generation of the VAWT
with basic settings versus optimal settings. The midpoint for each
parameter is selected to represent the basic settings of the VAWT
(before optimization). The figure shows that the performance of the
VAWT is much better than the basic settings, especially during the
peak hours. The power yield with the optimal settings has been
increased by 69% compared to the basic settings.
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FIGURE 13
Interaction plot for average wind speed vs. HD, VD, side, and location.

FIGURE 14
Economic and environmental impacts of the VAWT with different settings. (A) Energy savings. (B) Carbon reductions.

The main effects of the continuous factors (VD and HD) and
categorical factors (side and location) are illustrated in Figure 11.
The VD has its maximum effect on the WS approximately
170 cm. In contrast, the VD has its lowest impact at 100 cm.
On the contrary, HD demonstrated a significant influence on
the WS at 50 cm and lowest effect at 200 cm. The figure also
shows that installing the VAWT on the left side of the road
causes it to harvest the greatest deal of the WS, whereas the
right side demonstrates the slowest WS. Furthermore, the D
location indicates the highest levels of WS, while location A
shows the slowest WS due to heavy traffic at location A and
lightest at location D.

The surface plot of VD and HD v and their effect on the
average WS are shown in Figure 12. The maximum output of the

response occurs at almost the middle points of each factor, namely,
at 150 cm of the VD and at 100 cm of the HD, which demonstrates
the non-linearity effect of the VD and HD interaction on
the response.

Figure 13 illustrates the effects of the interactions among
the four factors on the average WS. The interaction among
the side and the location factors shows the highest impact on
the WS since it reaches almost double the effects of the rest
interactions. On the other hand, the figure shows the lowest
readings of effects caused by VD and HD interactions. This
emphasizes that side and location and their interactions have
the major impact on the average WS compared to VD and
HD and their interactions showing the minor influence on the
average WS.
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3.3.4 Economical and environmental impact
In this part, we will assess the implementation of the

VAWT as the energy supplier before and after optimization
to highlight the improvement on both energy savings and
pollution reduction. Figure 14 represents the energy savings
and CO2 reduction using basic and optimal settings of the
VAWT. The cost and carbon generation data were taken
from (Energy Information Administration EIA, 2024; Pennstate
extension. calculate costs for on site electricity generation, 2024).

Figure 14 illustrates the improvement in VAWT’s performance
with optimal settings compared to basic settings in terms of energy
savings and carbon reduction. It is shown in Figure 14A that the
VAWTwith optimal arrangements can save up to 180%more energy
savings than the VAWT with basic settings. Moreover, the VAWT
can reduce up to 200% more carbon emissions when operated with
optimal settings, as demonstrated in Figure 14B.

4 Conclusion

Wind energy wake generated by traffic on highways was used
as a clean and reliable energy resource. Three vertical distances
and three horizontal distances are used to fix the VAWT on
highways to harvest the wind energy, and three road sides at
four locations distributed on the Al-Hizam road are used. Using
CCD’s design of experiment, a three-level four-factor array is built:
VAWT vertical distance (VD), VAWT horizontal distance (HD),
road sides (S), and VAWT locations (L). The best optimal values
and percentage contribution for each parameter are found using
RSM and ANOVA. The ideal values are often used in an affirmation
test. The influence of a combination of operating factors, such as
VAWT vertical and horizontal distances, has been investigated and
is evaluated in relation to wind energy conversion. CCD’s analysis
is used for RSM, and it predicts an optimal yields. According
to the ANOVA, the locations and the road sides at which the
VAWT is installed contribute the most percentages to the wind
energy conversion process (66.67% and 51.80%, respectively). The
yield of the confirmation test, which used the optimal values
of the parameters from both RSM and ANOVA, was 88.75%
± 0.05% and 87.50% ± 0.10%, respectively. These results are
comparable to those of most other researchers in the field. Although
RSM offers a superior answer because of the stronger parameter
interaction, comparable optimization may be carried out using
ANOVA, using the same experiment design. Finally, the results
from the economic and environmental assessment show that the
VAWT with optimal settings can incur up to 180% and 200% more
energy savings and carbon reduction, respectively, compared to the
basic settings.
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Nomenclature

ANOVA analysis of variance

SS sum of square

WS wind speed

HD horizontal distance

DF degree of freedom

MS mean of square

VAWT vertical-axis wind turbine

VD vertical distance

DOE design of the experiment

RSM response surface methodology
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