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Abstract: Nowadays, by increasing energy demand and considering the importance of environmental
issues in recent decades, the use of renewable energies is expanding. Among renewable energies,
wind power and its technology are growing and evolving more rapidly. Resource assessment in Iran
has revealed the significant potential of wind energy around the country. To further develop wind
energy in the country and create large-scale wind power plants, the consideration of distributed power
generation using small wind turbines for applications in agricultural and residential use is needed.
Conventional small wind turbines and small wind lens turbines have been developed in recent years.
In this research project, a small wind lens turbine is designed. The advantages of this turbine are an
increased production capacity and reduced cut-in speed and noise pollution. In this study, a lens
(or shroud) is added to a small turbine, and the maximized annual energy production (AEP) and
minimization of the levelized cost of energy (LCOE) are modeled. We applied the NSGA-II algorithm
for optimization to find the best answer. The input parameters in the objective function of the AEP
are cut-in, cut-out, rated speeds, scale factor, and shape factor. Additionally, the input parameters in
the objective function of the LCOE are the power production, initial capital cost, annual operating
expenses, and balance of energy. The results indicate that installing a wind lens turbine in Kish
Island led to an LCOE decrease of 56% on average, and we can see an 83% increase in the AEP. In the
Firoozkooh area, an average reduction of 59% in the LCOE and 74% increase in the AEP for a wind
lens turbine is observed.

Keywords: wind lens turbine; optimization; annual energy production; LCOE; NSGA-II

1. Introduction

In recent decades, regarding the Kyoto Protocol and the Paris Agreement, it is clear that the
world is ready for a change in terms of energy consumption and greenhouse gas (GHG) emission.
Regardless of international laws, most countries are taking their first steps toward a new energy era [1].
In addition to the development and achievement of new technologies, humans gradually trend toward
new energy sources. The introduction of new energy sources and their market share enhancements has
been a slow process for several decades. New technology must allocate at least 20% of the market and
be reliable for other new technologies to play a crucial role in the world’s energy supply. According to
International Energy Agency (IEA) reports, almost half of the world’s newly installed power generation
capacity has been contributed by renewable energies since 2014 [2,3]. The future transition of energy
may not lead to a specific source of energy. It seems that several energy sources are simultaneously
competing with each other to increase their market shares. Therefore, wind energy, like other renewable
energy sources that are geographically distributed and decentralized, is growing its share in current
global energy markets [4–6].
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In 1956 [7], investigations on the windmill, which were equipped as ducted land types, reporte a
30% increment in power output. It was reported that the windmill’s power was proportional to the
expansion of a cross-section of the duct. It was also noted that the impact of sudden fluctuations on
the wings of the windmill was decreased. In the 1970s, significant experiments on wind tunnels were
conducted by Oman Foreman, K.M., Gilbert, B.L. [8], Igra [9], and Kogan and Seginer [10], and their
results were more critical than in preliminary investigations. The first study of the modern wind
turbine, equipped with shrouds, was presented by Igra [9]. Igra pointed to the positive impact of the
lens on the output power’s efficiency and noted that the cross-sectional area’s excess increment toward
the output stream led to flow separation within the shroud and reduced turbine efficiency.

Moreover, in the supplementary report in 1980, Igra presented the effect of lens channels
tested in a wind tunnel, in which an 80% increment of efficiency was observed. In the 1980s,
Gilbert, Oman, and Foreman [11], Gilbert and Foreman [12], and Igra [13] studied turbines with a
similar mechanism, known as a diffuser-augmented wind turbine, which was based on employing a
diffuser around the wind turbine for wind energy concentration. A slot on the diffuser, the boundary
layer control, and increasing the pressure drop simultaneously prevented flow separation and increased
the wind turbine’s inlet flow [14–16].

Phillips, Flay, and Nash [17] tested a wind lens turbine named Vortec 7. The original idea of
the wind lens turbine was given by Vortec 7. Another improvement of this area came from Abe and
Ohya [18], who test small-type wind turbines by adding a flanged diffuser. Their results showed
an incremental increase in production capacity and power coefficient. Ohya et al. [19] performed
experimental studies and simulations with the diffuser shroud and succeeded in presenting the next
generation of turbines, called wind lens turbines. Their turbine’s most crucial feature was an expanding
loop design at the end of the diffuser shroud.

Al-Sulaiman and Yilbas [20] carried out a thermoeconomic analysis of wind lens turbines.
Using exergy analysis and mathematical modeling, they investigated the impact of the external
and internal cross-sectional area ratio and free flow velocity on the turbines’ performance.
Their investigations resulted in a decreasing total energy cost as a function of wind velocity [21] using
MATLAB’s Simulink and a fuzzy neural network algorithm, improving a model to determine some
main parameters’ effects on wind lens turbine performance. They used the simulation data as input for
their model to calculate the effects of adding a flow diffuser on the power factor, coefficient of torque,
and rotation velocity.

Kosasih and Tondelli [22] performed an optimization study on the shrouded micro-wind
turbine’s geometrical characteristics. They studied the three types of wind turbines: straight diffuser,
nozzle diffuser, and diffuser brim. A micro-turbine executed their experiments with a 190 mm diameter
rotor. Setting up a straight diffuser and a nozzle diffuser led to a 60% increase in output power
performance, and a diffuser brim led to a 63% increase. Although no effect was observed by increasing
the diffuser’s length, using the brim to increase the turbine’s efficiency was observed, decreasing the
cut-in speed and improving optimal values.

In recent years, numerous optimization studies were performed to investigate the various aspects
of wind turbine sites. Marmidis, Lazarou, and Pyrgioti [23] minimized wind farm costs by using
Monte Carlo simulations. Emami and Noghreh [24] used genetic algorithms to solve such optimization
problems. In both optimizations, only the minimization of the total energy cost was considered;
the turbine’s design was not considered. Wang [25] minimized the rotor cost as a function of the
variation in wing shape; he was using NSGA-II. Kamjoo et al. [26] studied the optimized hybrid system
of photovoltaic panels, wind turbines, and battery storage. Their objective function was minimizing
total costs and maximizing system reliability.

Part of the competition between renewable energy sources depends on the level of technology.
The efficiency of technologies or high-density energy resources plays a deterministic role in the current
market [27]. By reducing the volume of necessary energy, high-efficiency energy technologies perform
this role [28]. During the past decade, wind turbine technology has been prominently developed
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and progressed; the wind lens turbine and the Invelox turbine [29] are two high energy efficiency
examples. Researchers have shown that increasing wind power utilization is possible via a lens around
the rotor [30].

According to the mentioned investigations, increasing the efficiency and utilization of renewable
energies should be considered a strategic policy for Iran, especially in the electricity generation industry.
Regarding this important issue, the distributed generation of renewable energy projects has been
established to elevate the country’s distributed generation and increase electricity generation from
renewable energies. To reduce the wind lens turbine’s levelized cost and improve its technology,
Iran requires a strict policy for assessment and the creation of distributed generation power plants.
Considering the two different Iran regions when regarding wind patterns, the optimization algorithm
(NSGAII) is used to investigate the annual energy production and the levelized cost in this paper.
In addition, the importance of distributed generation via this technology is represented. It is the first
time a lensed wind turbine is modeled, analyzed, and tested for different wind patterns in Iran. We plan
to develop and generate an optimized version of this small-lensed turbine to use in the agricultural
sector for water pumping systems in low-wind areas. The annual energy cost and the levelized cost
are compared for wind turbines with and without the lens in two regions with different wind patterns.
If lensed turbines are approved in the levelized cost of energy (LCOE), it can be useful for other readers
in different areas, particularly in the Middle East region.

2. Optimization

The multi-objective optimization can be defined as follows:
Maximize y = f(x) = (f1(x), f2(x), . . . , fk(x));
Subject to e(x) = (e1(x), e2(x) , . . . , em(x));

x = (x1, x2, . . . ,xn) ∈ X
y = (y1, y2, . . . ,yk) ∈ Y

where X is a decision vector X is a decision space, and Y is an objective space.
Once the optimization includes more than one function, finding one or more optimal solutions

can be called optimization. In optimization problems, a solution that optimizes all objective functions
simultaneously does not necessarily exist; therefore, the Pareto front is introduced. Pareto analysis is a
technique used for decision-making based on the 80/20 rule. This means the Pareto analysis is based on
the idea that 80% of a project’s benefit can be achieved by doing 20% of the work or, conversely, 80% of
its problems can be traced to 20% of the causes. The Pareto analysis is a decision-making technique
that statistically separates a limited number of input factors as having the most significant impact
on an outcome, either desirable or undesirable [31]. In this technique, by applying the 80/20 rule,
problems can be sorted based on whether they affect profits or technical issues, maximize the power,
and so on. Each of these issues is given a rating based on revenue or energy and time lost.

Two essential principles for optimization can be named [32]: guiding the search path to achieve a
Pareto front and creating the optimal solution for the final population. Several Pareto front solutions
are usually considered as the definitive answer to decision-making. In this study, to solve the (bi-level)
problems, evolutionary algorithms were used, which were selected among the nondominated sorting
genetic algorithm’s available techniques.

3. Non-Dominated Sorting Genetic Algorithm

After presenting the first version of the algorithm in 1995, Deb proposed another variation of
Goldberg’s approach in 2002 [32] with the abbreviated name of NSGA-II [33]. The algorithm has
become multi-objective by adding two essential functions to the common single-objective genetic
algorithm. Instead of finding the best answer, the algorithm provides a series of best solutions,
known as the Pareto front. These two functions are nondominated and crowding distance functions.
These functions help the algorithm explore the fitness landscape. Algorithms have been made in
MATLAB software, as have the obtained objective functions. The following steps are summarized
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in the flowchart of the NSGA-II algorithm to find a set of small wind turbines based on this work
(Figure 1) [34].
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Figure 1. Flowchart of the NSGA-II optimization algorithm [35].

The variables are as follows: Pr = power wind turbine, x3 = annual operating expenses (AOE), x1

= turbine capital cost (TCC), and x2 = balance of station cost (BOS). The BOS includes foundations,
control or electrical hardware, site preparation, the electric collection system and transmission lines,
the substation, windfarm control and monitoring equipment, Operations and Maintenance (O and M)
facilities and equipment, initial spare parts, shipping, resource assessment, surveying, legal counsel,
project management, administration, permits, construction insurance, and engineering services.

The optimization problem can be defined as

minPr,TCC,BOS,AOE {−Eann , LCOE} (1)

The NSGA- II parameters for optimization are shown in Table 1, and the parameters of the
objective function for annual energy production (AEP) are shown in Table 2.

Table 1. NSGA-II parameters for optimization.

Parameters Values

Number of population 5, 6, 7, 8
Number of iterations 100
Percent of crossover 0.9
Percent of mutation 0.1

Table 2. Objective function parameters for the annual energy production (AEP).

Parameters Values

Vc 2.73, 3.5
Vr 10
Vf 25
m 2
αkish 1.71
αfiruzkuh 1.7
βkish 4.94
βfiruzkuh 6.36
ρ/ρ0 1
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In Table 2, Vc is the cut-in speed (m/s), Vr is the rated speed (m/s), Vf is the cut-out speed (m/s),
α is the shape parameter (Weibull slope), β is the scale parameter, ρ is the air density (kg/m3), and ρ0 is
the air density in standard conditions (kg/m3).

4. The Study Areas

Two areas in Iran with different wind conditions were analyzed for selected diffused small wind
turbines for economic feasibility. Kish Island has a 90 km2 area located 18 km from the southern
coast of Iran, with the geographical coordinates of 53 degrees east longitude and 26 degrees north
latitude. The dominant winds of Kish Island are mostly from the west and southwest. Firoozkooh is
a city located 115 km from the capital city of Tehran. Its geographical coordinates are 52 degrees
east longitude and 35 degrees north latitude, and it has an altitude of 1450–4076 m above sea level.
Firoozkooh is located in the foothills of the Tehran province and has a semi-humid and cold climate. In
the Kish and Firoozkooh wind stations, several sensors were installed to measure the wind speed and
direction at three heights: 10, 30, and 40 m and 10, 20, and 40 m, respectively. The desired size for data
extraction was 10 m, typically equivalent to the small wind turbine’s hubs’ height. This information
was collected and published by the Renewable Energy Organization of Iran (SUNA). The data used for
Kish Island and Firoozkooh city were from 2006 to 2008 and from 2002 to 2004. The wind data’s time
resolution was 10 min, collected in the wind stations installed by SUNA. The Weibull function values
and average annual speed are provided in Table 3, which were obtained by analyzing the Kish Island
and Firoozkooh city stations’ wind data.

Table 3. Weibull function parameters and average annual wind speed.

Kish Island Station

Height (m) 40 30 10

Weibull function parameters α β α β α β

Fitting average annual speed (m/s) 1.65 5.87
5.37 1.41 5.55

4.96 1.71 4.94
4.43

Firoozkooh Station

Height (m) 40 20 10

Weibull function parameters α β α β α β

Fitting average annual speed (m/s) 1.81
5.22 6.65 1.78

4.71 6.6 1.7 6.36
4.98

5. Small Wind Turbine Selection

According to the definition in 2-61400-IEC, wind turbines with a rotor swept area less than 200 m2

and a production capacity of about 50 kW are defined as small wind turbines [36]. According to the
definition, the wind lens turbine is a kind of turbine surrounded by a brim or lens, making it more
efficient [37]. A wind lens turbine is shown in Figure 2.

Small turbines must be designed to have the functionality of working in adverse building
conditions. For the promotion of turbines in urban areas, their safety must be assured; they should
not cause any inconvenience to the public. How well a building can withstand the turbine rotor’s
vibrations should be examined, and the turbine should be matched with the surrounding environment
in terms of appearance. Among the mentioned problems, the small wind lens turbine can provide a
few solutions for these problems [38].

The turbine studied in this research was a commercial small wind turbine whose specifications
are shown in [39]. The lensed turbine, in some cases, responded to the questions raised in the previous
paragraph. Table 4 shows the full details, along with the data necessary to calculate the levelized cost
of energy for the selected wind turbines.
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Table 4. Specifications of selected small wind turbines.

Rated Power (kW) 1 2 3 5 6 10 15 20 30 50

Rated Rotation Speed (rpm) 450 360 280 220 200 180 155 90 75 60

Rotor Diameter (m) 2.8 3.2 4.2 5.2 5.6 8 9.8 10 12 13.8

Hub Height 8 8 8 10 11 12 15 18 18 18

Cut-in Speed (m/s) 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

Cut-out Speed (m/s) 25 25 25 25 25 25 25 25 25 25

Rated Wind Speed (m/s) 10 10 10 10 10 10 10 10 10 10

6. Objective Functions

6.1. Minimize the Levelized Cost of Energy

In the levelized cost of energy (LCOE) method, an approach that is the same as the present value
method is used. In this method, the costs become uniform to the annual payment. In other words,
the LCOE is defined as a fixed amount of income for selling a single product that can cover all the costs
of the project during its lifetime [41].

This paper’s main objective is to select a set of small wind turbines with a new configuration that
can produce energy at a minimum cost. To estimate the LCOE, we applied the model suggested by
Tegen [42]. The LCOE can be calculated according to Equation (2):

LCOE =
FCR ∗ ICC + AOE

AEP
(2)

where LCOE is the levelized cost of energy ($/kWh); FCR is the fixed charge rate (1/year); ICC is
the initial capital cost ($); AEP is the annual energy production (kWh/year); and AOE is the annual
operating expenses ($/year).

The AEP was calculated by combining the wind turbine power curve’s polynomial modeling with
the assumed Weibull probability distribution of the wind. The fixed charge rate was the percentage of
the total cost required over the life cycle for one year to cover the minimum annual income requirements:

FCR =
d(1 + d)n

(1 + d)n
− 1
∗

1− (T ∗ PVdep)
(1− T)

(3)
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where d is the discount rate (%); n is the operational life (years); T is the effective tax rate (%);
and PVdep is the present value of depreciation (%). For this study, the discount rate for Iran was 0.18,
the operational life was equal to 25 years, and the effective tax rate was 0.15.

In a general case, the fixed charge rate includes income taxes, insurance, property tax,
and return on investment. For this paper, the FCR included financing fees, income tax, property tax,
depreciation, return on debt and equity, and insurance. The amount of 0.1158 per year was suggested
by Fingersh and Laxson [43]. The initial capital cost is the summation of the turbine capital cost and
the balance of station cost:

ICC = TCC + BOS (4)

The turbine capital cost ($) included the rotor, lens, control system, condition monitoring,
drive train, nacelle, and the tower. To estimate the lens’s cost, we employed the empirical formula
based on material, dimension, production cost, and assembly. It should be noted that the dimension
lens was calculated by experimental data from Kosasih and Tondelli [22]. The balance of station ($)
was calculated for items similar to the foundation, transportation, assembly, engineering services,
and required permits.

Annual operating expenses (AOE) include the land lease cost, levelized O and M cost (LRC),
and levelized replacement and overhaul cost:

AOE = LLC +
(O&M + LRC)

AEP
(5)

where LRC ($/kWh) is a long-term replacement and overhaul of major components considered a
sinking fund factor, LLC ($/kWh) is the rental fees charged for the turbine installation, and O and M
($/kWh) covers the daily planned and random O and M costs of running a wind site.

6.2. Maximize Annual Energy Production (AEP)

The AEP is defined as the energy output for one year for a wind turbine [44]. The AEP can
be calculated by applying the averaged power from the power curve to the reference wind speed
frequency. In the current work, the turbine power curve was approximated by a polynomial similar
to [45,46]:

p(v) =


o v〈vc or v〉v f
pr vr < v < v f

vm
−vm

c
vm

r −vm
c

vc < v < vr

(6)

where vc is the cut-in speed (m/s), vr is the rated speed (m/s); vf is the cut-out speed (m/s), and m is
considered to be equal to 2. The AEP in this method can be suggested to be

AEP = 8760 pr
ρ

ρ0
(

vr∫
vc

vm
− vm

c
vm

r − vm
c

f (v)dv +

v f∫
vr

f (v)dv (7)

f(v) can be expressed as follows:

f(v) =
(
α

β

)(
v
β

)α−1

e−(
v
β )α (8)

where f(v) is Weibull distribution, α is the shape parameter (Weibull slope), β is the scale parameter,
Pr the rated power of the wind turbine (kW), ρ is the air density (kg/m3); and ρ0 is the air density in
standard conditions (kg/m3).

The main advantage of this model was its adequate accuracy, though only for pitch-controlled
wind turbines. In the present work, to pr is estimate the small wind lens turbine’s cut-in speed, we used
experimental data.
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7. Results and Discussion

In this study, the decision variables should have been selected in such a way that could maximize
the AEP while minimizing the LOCE. The acceptable ranges for decision variables are in Table 5.
The NSGA-II parameters in the optimization process are shown in Table 1.

Table 5. Range of variation for the decision variable.

Reason Constraints

Typical range for the small wind turbine 1 ≤ pr ≤ 50

Calculation based on the relation 6358 ≤ x1 ≤ 25033

Calculation based on the relation 1202 ≤ x2 ≤ 4153

Calculation based on the relation 2 ≤ x3−kish ≤ 97

Calculation based on the relation 3 ≤ x3− f irozkoh ≤ 157

8. Optimization Results

The results indicated that by increasing the turbine size, the levelized cost of energy decreased.
However, the TCC, BOS, and AOE simultaneously increased. Thus, there was an agreement between
the two objective functions.

8.1. Results of the Study Model Wind Turbine without a Lens for the Kish and Firoozkooh Stations

In the model for a wind turbine without a lens, the first objective function’s input parameters
are shown in Table 2. The second objective function’s input parameters were obtained from the
mathematical equations based on Fingersh’s work [43]. Moreover, it should be mentioned that the
population size parameter (in the NSGA-II code) was implemented in 4 different sizes (npop = 5, 7,
8, 10). In the wind turbines without lenses, npop = 6 for the Kish Island station and npop = 8 for the
Firoozkooh station had optimum performance. The NSGA-II was run on MATLAB, and the runtime
processes for Kish Island and Firoozkooh were 5 and 8.5 s, respectively. The output of the algorithm is
shown in Table 6 and in Figures 3 and 4.

Table 6. The Pareto front result for a wind turbine without a lens.

Area AEP (kWh/year) COE ($/KWh) P (kW)

Kish Island

79,692 0.319 50
47,815 0.497 30
23,907 0.564 15
15,938 0.773 10

Firoozkooh
135,700 0.187 50
81,420 0.291 30
40,710 0.331 15
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Figure 4. Pareto front results for a wind turbine without a lens in Kish Island (* shows COE by AEP).

The obtained answers complied with our goal to maximize the AEP and to minimize the LCOE.
To choose the best solution, the current tariff for purchasing electricity by the government for the
distributed generation was used, whose amount for wind power plants with a capacity of less than
1 MW is $0.23 per kilowatt-hour. Due to the mentioned amount, none of the Kish Island turbines that
did not have the lens were appropriate for investment, but a turbine without a lens with a capacity of
50 kW in Firoozkooh had the capability of investment.

8.2. Results of the Study Model Wind Lens Turbine for the Kish and Firoozkooh Stations

In this model for a wind lens turbine, the input parameters for the first objective function are
shown in Table 2, and the input parameters for the second objective function were obtained from the
mathematical equations based on Fingersh’s work [43]. Additionally, it should be mentioned that the
population size parameter (in NSGA-II code) was implemented in 4 different sizes (npop = 5, 7, 8, 10).
In the wind lens turbine, npop = 7 for the Kish Island station and npop = 8 for the Firoozkooh station
had optimum performance. NSGA-II was run on MATLAB software, and the runtime processes for
Kish Island and Firoozkooh were 3.92 and 6.23 s, respectively. The output of the algorithm is shown in
Tables 6 and 7and in Figures 5 and 6.
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Table 7. The Pareto front results for wind lens turbines.

AEP (kWh/year) COE ($/KWh) P (kW)

Kish Island

146,564 0.179 50
87,939 0.277 30
43,969 0.316 15
29,313 0.431 10
14,656 0.508 5

Firoozkooh

237,140 0.111 50
142,284 0.171 30
71,141 0.195 15
28,456 0.268 6
14,228 0.495 3
9485 0.709 2
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By comparing Tables 6 and 7 for the Kish Island station in the two different setups, an average
decrease of 56% in cost energy and an increase of 83% in AEP for the wind lens turbine model can be
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seen. In addition, the Firoozkooh area in two different models showed an average reduction of 59% in
energy cost and an increase of 74% in AEP for the wind lens turbine.

In the wind lens model, the obtained answers were compliant with our goal to maximize the AEP
and minimize the LCOE. To choose the best solution, the current tariff for purchasing electricity by the
government for the distributed generation was used, whose amount for wind power plants with a
capacity of less than one megawatt is $0.23 per kilowatt-hour. Due to the mentioned amount, only the
50 kW turbines for Kish Island and the 50, 30, and 15 kW wind lens turbines for Firoozkooh were
appropriate for investment.

In Figures 3–6, the F1, F2, AEP, and LCOE are shown. The red points show turbines with optimum
performance. It should be noted that the dispersion of the answer points in the NSGA-II is a result of
the crowding distance, and it can be ensured that the answer in the proximity (neighborhood) of the
optimal solution would be obtained if the standard and allowed values in the range of small wind
turbines were determined for the two objective functions.

9. Conclusions

Nowadays, regarding the global climate change concerns based on the Paris agreement, it is clear
that the world’s energy supply is subject to change toward cleaner energy technologies. Regardless of
international laws, most countries can take their first steps toward a new energy conversion era and
the management thereof. Wind energy can be one of the most attractive energy resources.

In this study, adding a lens (or shroud) to maximize the annual energy production (AEP) and
minimize the levelized cost of energy was discussed. The NSGA-II algorithm for optimization was
applied to find the best answer. The input parameters in the objective function of the AEP were the
cut-in speed, cut-out speed, rated speed, scale, and shape factor. Additionally, the input parameters
in the objective function of the LCOE were production power, initial capital cost, annual operating
expenses, and balance of station.

The results indicated that using distributed generation could be a useful solution for reducing the
levelized cost of energy and part of peak demand. High investment in the transmission system will
be removed from the national grid by using distributed generation. Regarding these facts, an initial
investment in wind energy has shown great promise. Still, with nearly 20 years of the life cycle and
LCOE considered suitable, it makes sense to focus on government policy toward this technology.

This study proposed a distributed generation by using a small wind lens turbine for two different
regions and analyzed the energy product and economic aspects. A genetic algorithm (NSGA-II) was
developed in which the annual energy production (AEP) and levelized cost of energy (LCOE) were
determined as the objective functions.

The case study results revealed that installing a wind lens turbine in Kish Island yielded an
average decrease of 56% in LCOE and an 83% increase in AEP. The Firoozkooh area in two different
models showed an average reduction of 59% in LCOE and a rise of 74% in AEP for the wind lens
turbine model.
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