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Abstract

Sustainable urban energy is based on innovative solar and wind solutions. The paper presents such
a hybrid solar-wind system, easy to place on building terraces, highlighting the advantages of this
technical solution: energy production as close as possible to the consumers, elimination of system
losses, small installation space. The system operates well in the low-speed range for the horizontal-
axis crossflow wind turbine placed under a flexible solar panel, at speeds between 3-8 m/s, and
exhibits good efficiency by cooling the photovoltaic panels. The prototype proposed by the paper is
a small-scale model that can produce on average 400 Wh/day and about 150 kWh/year. The paper
analyzes numerically the aerodynamic behavior of the prototype at several wind speeds, as well as
experimental results regarding the power and power coefficient for the wind turbine, as well as the
power and efficiency of the flexible solar panel in the hybrid system.
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1. Introduction

The two energy sources — solar and wind, are complementary in most areas of the globe. The
capture and use of these two energy sources continue to occupy the first place among renewable
energies.

The continuous development of wind energy generation technologies focuses on increasing
productivity, reducing the costs, and developing turbine designs that operate at low wind speeds [1].
A challenge for urban solar and wind energy is their integration into building architecture [2,3]. An
investigation on wind flow in suburban environments characterized by buildings with different roof
profiles found that flow characteristics in such conditions are highly dependent upon the roof type
on which the turbine is mounted [4]. The flat roof is found to be the best solution on paper [5].
According to other authors, the ridge roof is better, multiplying the wind speed by 1.5 — 2.2 times [6].

A frequently used solution is the crossflow rotor for capturing wind energy, which can be
mounted horizontally, for a more compact, vibration-free structure, which enters the wind at air
speeds below 2 m/s [6,7,8].

Previous studies have analyzed the performance of these sources separately or together,
developed applications with crossflow wind turbines, highlighting the advantages of positioning
wind turbines on the roofs or terraces of buildings. Producing sustainable energy in urban areas, with
low costs and eliminating energy transport losses, but also with small installation areas, hybrid
solutions have been proposed, like:

i) WindRail was designed in Zurich, Switzerland by the Anerdgy, (Windkraft-Journal, 24.
January 2014) [9].

ii) Bluenergy solar wind turbine, 2020, a system with a vertical Savonius wind turbine with
integrated photovoltaic cells, bluenergyusa.com [10].
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iii) Solar-Powered Wind Turbine, designed in 2013 at the University of Liverpool (Joe King,
2013), has a horizontal wind turbine, with photovoltaic cells integrated on the blades of the wind
turbines [11].

These have a series of technological limitations related to geometry, shading etc.

WindRail [9] is a new hybrid system that has been designed by Anerdgy for residential terraces.
It uses the pressure difference that is created by the wind blowing through the buildings. This system
consists of a horizontal axis wind turbine and solar panels.

The Bluenergy Solarwind Turbine features double-helix curved wind blades mounted on a
vertical axis, covered with solar cells. Instead of using glass, the cells are covered with clear Teflon.
When the wind is blowing, the solar cells are cooled by the rotation, which is set to assist in maximum
electricity generation. The model is 18’ tall and 6" wide, including turbine, generator and inverter,
produces 5 kW. One can produce 3kW from wind, with a mean speed of 5.6 m/s, assuming 9 hours
of operation. In 30 days/month, results 810 kWh/month. From the Sun one can produce 2 kW,
assuming 6.5 hours per day, in 24 days/month, resulting in 312 kWh/month [10].

Also, the University of Liverpool has upgraded a wind turbine with a new set of spinning solar
blades, thereby incorporating photovoltaic technology into traditional turbines [11]. Researchers
were designed a horizontal wind turbine, with photovoltaic cells integrated on the blades of the wind
turbines.

The device is produced in two-meter modules and can generate from 1,500 to 2,000 kWh/ year
[11].

This paper introduces a new design system that integrates the two energy sources, solar and
wind, on the model two-in-one, having advantages like: a small space by placing it on the terraces of
buildings, additional energy by cooling the photovoltaic panel, higher total energy from two sources,
and better hybrid system efficiency.

In addition, even in the absence of wind, the system works if the crossflow wind turbine is
positioned at the polluted air exhaust vents of office or commercial buildings.

The objectives of this study are: to design and manufacture a hybrid solar-wind model, with a
700 mm long and 200 mm diameter of crossflow wind turbine and a 25 W monocrystalline Si-based
solar PV panel and to test the model. Operating performance will be highlighted in this paper: energy
increase using the two sources, identification of the optimal operating range concerning the turbine
parameters, and about the additional energy obtained by cooling the solar panel by rotating the
turbine placed under the photovoltaic panel.

2. Design and Manufacturing of the Hybrid Solar-Wind System

The model consists of a support for the photovoltaic panel, profiled to represent a case for the
crossflow wind turbine, made largely from 3D-printed components.

Based on previous studies [12-18], the cross flow turbine with outer diameter D=0.2 m, inner
diameter d=0.14 m, length L=700 mm (consisting of 5 sections of 140 mm) was designed. The blades
in a number of 18 have NACA 4412 profile, chosen from [19], they are not constructed with a single
radius of curvature for better power coefficient. The blades have an inlet angle 1=30° and an outlet
angle 2=90°. The air passes 2 times through the rotor and provides a better turning moment. The
prototype was manufactured by 3D printing from PLA (biodegradable plastic - polylactic acid).

The flexible photovoltaic panel (FWAVE Solar Modules 25W, thin-film amorphous-silicon [20])
is placed on the specially designed support above the wind rotor with horizontal axis. The maximum
power of 25 W is obtained at solar irradiance of 1000 W/m?2.

In Figure 1, the overall structure of the hybrid system can be seen. In Figure 2, the front and back
side of the manufactured system are presented.
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Figure 1. Hybrid solar-wind system .
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Figure 2. Hybrid system model manufactured by 3D printing, with front (inlet) side (a) and back (outlet) side
(b).

3. Numerical Analysis of the Flow Through the Wind Rotor

To identify the optimal rotor shape and suction guide airfoil, the study used numerical analysis
methods. The NACA 4412 airfoil blade shape was drawn with the OnShape application, and the
numerical analysis were performed with SimScale.

The initial conditions were atmospheric pressure and zero velocity on solid parts and the
boundary conditions for the inlet wind speed were setted to 3, 6 and 8.5 m/s. The results in Figure 3
show the aerodynamic behavior of the rotor and the fact that at low speeds vortices, turbulence,
unsteady running are visible. At speeds above 6 m/s this turbulence is reduced, and at 8.5 m/s the
performance seems to be even better, by attenuation of the peripheral vortices.
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Figure 3. Velocities distribution in cross flow turbines, for inlet speeds of 3 m/s (a), 6 m/s (b) and 8.5 m/s (c).
4. Experimental Setup and Results

4.1. Experimental Setup

The experimental study focuses on identifying the optimal operating range for both the wind
turbine and the solar panel to maximize the energy produced.

For testing the crossflow turbine, the air flow was created by a centrifugal fan. The air speed
varied with the fan discharge flap. Wind velocity measurements were carried out with a hot-wire
anemometer, with an accuracy of +0.1 m/s, and a digital tachometer for rotation speed with an
accuracy of +0.05%.

For experiments on the power and efficiency of the flexible solar panel in the installation, the
solar irradiation was measured with a pyranometer with an accuracy of 2%, and for electrical
measurements, on used electronic ammeter and voltmeter with accuracy of +1%.

4.2. Crossflow Turbine Experimental Results

The computational relations used in this paragraph are the following:

/1=E:R_w_n:Dn (1)

v v  eov’

where A is the tip speed ratio (TSR) of the turbine, w the angular frequency (rad/s), n (rpm) the
speed, D the rotor diameter (m), L the rotor length (m), A area (m?); A=D-L
V is the wind velocity (m/s) and u is the tangential velocity (m/s).
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1 1
Fg=c¢q4 'EPAVZ , Fi=q 'EPAVZ ’ )

F, is the drag force due to air friction with the turbine blades and ¢, is the drag coefficient. F,
is the lift force and c¢; is the lift coefficient. For NACA 4412 profile from airfoil library [19]
considering means values for ¢=0.6 and c+=0.06. The resultant force is:

ko= 1/Fd2 +F? @3)

The mechanical power is calculated with relation (4)
Ppo=F-u=F 'R-w 4)

The theoretical power extracted from the wind is given by

1 1
Py = E.DAV3 = EP(D -H)V? 6)

The power coefficient (Cp) can be computed with equation (6):

P
Cp = Pt_w; (6)
In Table 1 there are the experimental results for the crossflow turbine.
Table 1. Experimental Results for the Wind Turbine.

No V[m/s] n[rpm] u[m/s] Fi [N] Fa [N] Fr[N] Pm [W] Pw [W] cp () A[-]
1 0.3 12 0.1256  0.0046  0.00023  0.00461 0.0007 0.00230 0.2516 0.4188
2 0.4 18 0.1884  0.0081  0.00041  0.00820 0.0016 0.00546 0.2830 0.4712
3 05 20 0.2094  0.0128  0.00064  0.01282 0.0032 0.01067 0.2516 0.4188
4 0.9 35 0.3665  0.0415  0.00207 0.0415 0.0187 0.06225 0.2446 0.4072
5 11 43 0.4502 0.062 0.0031 0.0620 0.0341 0.11366 0.2459 0.4093
6 19 94 0.9843  0.1849  0.00924 0.1852 0.1757 0.58575 0.3112 0.5180
7 2.1 106 11100  0.2259  0.01129 0.2262 0.2373 0.79088 0.3175 0.5285
8 2.7 132 13823  0.3735  0.01867 0.3740 0.5043 1.68092 0.3075 0.5119
9 34 172 18011  0.5923  0.02961 0.5930 1.0070 3.35656 0.3182 0.5297
10 3.6 184 19268  0.6640  0.03320 0.6649 1.1953 3.98442 0.3215 0.5352
11 5 233 2.4399 1.281 0.06405 1.2826 3.2025 10.675 0.2931 0.4879
12 5.3 235 24609 14393  0.07196 1.4411 3.8142 12.7141 0.2789 0.4643
13 6.2 241 25237  1.9696  0.09848 19721 6.1060 20.3532 0.2445 0.4070
14 6.8 270 2.8274  2.3693  0.11846 2.3722 8.0557 26.8524 0.2497 0.4157
15 7.1 298 31206 25830  0.12915 2.5862 9.1697 30.5656 0.2640 0.4395
16 7.3 292 3.0578  2.7305  0.13652 2.7339 9.9666 33.2220 0.2516 0.4188
17 74 290 3.0368  2.8059  0.14029 2.8094 10.3818 34.6063 0.2465 0.4103
18 7.5 289 3.0264  2.8822  0.14411 2.8858 10.8084 36.0281 0.2424 0.4035
19 7.6 287 3.0054 29596  0.14798 2.9633 11.2466  37.48855 0.2375 0.3954
20 7.7 288 3.0159  3.0380  0.15190 3.0418 11.6964  38.98792 0.2353 0.3916
21 8 283 2.9635  3.2793  0.16396 3.2834 13.1174 43.7248 0.2225 0.3704
22 8.4 282 29530  3.6154  0.18077 3.6200 15.1851  50.61692 0.2111 0.3515
23 9.3 266 2.7855  4.4317  0.22158 4.4372 20.6076  68.69209 0.1799 0.2995

With the results from Table 1, Figure 4 are plotted the theoretical power obtained from wind and
mechanical power.

Good behavior is observed, with power coefficient between (0.2+0.31) at wind speeds of 3-8 m/s.
At velocity of 0.4 m/s the rotor enters slightly into the wind. At wind speeds above 9 m/s, the power
coefficient decreases and vibrations appear.; the rotor behaves well at low wind speeds. An operating
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optimum from the experiment would be at 3-8 m/s, which is also demonstrated numerically. For this
range, the power coefficient is good, and the tip speed ratio 4 is about 0.53.
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Figure 4. Turbine theoretical power and mechanical power vs wind velocity.

4.3. Photovoltaic Panel Experiments

For experiments on the power and efficiency of the flexible solar panel in the installation, the
solar irradiation was measured using a pyranometer with an accuracy of 2%, and for electrical
measurements, electronic ammeter and voltmeter with accuracy of +1% were used.

The experiments were performed at a mean global irradiation G=600 W/m?, in May 2025. The
energy characteristics current ands voltage I(U), and power and voltage P(U), with and without panel
cooling (when the wind turbine was running or not) were plotted.

The solar panel efficiency can be determined with the relation:

n= GP;A -100 % (7)

The area of photovoltaic panel A is 0.171 m?, P is the electrical power obtained with the solar
panel and G is the global irradiation, W/m?2.

With panel cooling, an increase in voltage and power of 8-10% was observed, also identified in
previous studies [21] and illustrated in Figure 5.

16
025 Curent [A] G=600W/m2 P [wW] G=600W!m2

02

with cooling with cooling

0.15

without coolin, without cooling

0.1

0.05

0 20 40 60 80 100 120
0 20 40 80 80 100 120

Voltage [V] Voltage [V]

Figure 5. Experimental characteristics of the solar panel with and without cooling for a mean solar irradiation of
600 W/m2.
5. Hybrid System Performances Analysis

With the experimental model designed and manufactured largely with 3D printed components,
a power of 15 W from solar energy (for solar radiation of 600 W/m2) and 25W (for solar radiation of
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1000 W/m?2), and from wind energy, a power of 20 W is produced (with a crossflow turbine with an
efficiency of 0.3). If the solar panel operates on average 6 hours per day and the wind turbines 12
hours per day, an average of 405 Wh/day or approximately 150 kWh/year can be obtained.

For a household with an average monthly consumption of 150 kWh/month or 5000 Wh/day, it
can determine the number of solar-wind hybrid systems needed as follows:

5000 Wh

N 405 Wh 123 ®)

With 12 or 13 systems, energy can be provided for a home under the assumptions. The energy
over a year is about at 150 kWh/year, with this innovative small hybrid model.

6. Conclusions

The new model of hybrid solar-wind system has good behavior and many advantages:

¢  Complementary energy sources on the model - two sources in one system, with a small
placement space.

¢ Numerical simulations confirmed the geometry and predicted the optimal aerodynamic
behavior of the system.

e Low wind velocity for the in-wind entry of the turbine: 0.4 m/s.

e The best power coefficient was over for wind velocity between 5-8 m/s.

e  The photovoltaic panel provides 8-10% more power by air cooling with the crossflow turbine.

e  The total power exceeds 45 W with this small experimental model, so the average energy is 405

Wh/day.

The good performance obtained with this hybrid system motivates us to continue research on
larger prototypes.

Further developments will analyze the optimal distance between the wind turbine and the solar
photovoltaic panel, as well as larger-scale prototypes with a rotor diameter of 0.5 m and a length of
2 m, which also requires a solar panel of at least 250 W placed on top of the turbine.
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