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Abstract 14 

The transformation of urban energy structure is an urgent problem to be solved in sustainable construction. To 15 

fully exploit and utilise renewable energy, this study proposes a novel wind–solar energy hybrid harvesting 16 

system that combines an inclined solar panel and a Savonius wind turbine installed on a building roof. The 17 

effects of the tilt angle of the solar panels and tip speed ratios (TSRs) on the aerodynamic performance of the 18 

turbine were investigated using high-fidelity large-eddy simulations (LES) at a Reynolds number of Re = 4.4519 

×105. Five tilt angles in the range of 30° to 60° were tested, and the range of TSR was 0.2 to 1.6. For 20 

comparison, two other installation cases were also studied, including the case of a Savonius turbine alone and 21 
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the case of a single Savonius turbine placed at a fixed height position on a forward-facing step. The results 22 

showed that the power coefficient of the Savonius turbine increased and then decreased with tilt angle or TSR. 23 

When TSR = 1, the power coefficient in the system reached a maximum value of Cpmax = 0.638 at a tilt angle 24 

of 45°, 254.4% and 11.7% higher than those of the other two installation cases, respectively. The flow-field 25 

comparison results reveal why the proposed system can improve the energy harvesting efficiency. The 26 

presence of a solar panel with a suitable tilt angle increases the velocity and volume of the airflow hitting the 27 

advancing blade, creating a greater pressure difference around the blades that is caused mainly by the decrease 28 

in the low pressure on the concave surface of the advancing blade. Thus, the net torque applied to the turbine 29 

blades increases, which is conducive to driving turbine rotation. The proposed system is beneficial for 30 

improving the aerodynamic performance of Savonius turbines and the utilisation of renewable energy in urban 31 

areas. 32 

Keywords: Aerodynamics; Large-eddy simulations; Savonius wind turbine; Solar panel; Urban wind energy  33 

1. Introduction 34 

With the intensification of the energy crisis and global warming, the development and utilisation of 35 

renewable energy have attracted great interests [1-5]. Wind and solar energy are widely used as clean and 36 

sustainable energy sources in offshore, urban, and mountainous areas.[6-9]. Energy projects in urban 37 

environments are close to end-users, reducing costs and avoiding transmission power losses [10].  38 

Wind energy in a city can be captured using small-scale turbines [11]. Depending on the direction of the 39 

axis of rotation, wind turbines can be classified as horizontal-axis wind turbines (HAWTs) or vertical-axis 40 

wind turbines (VAWTs) [12-15]. Compared with HAWTs, VAWTs do not need to be aligned with the incoming 41 

wind, and have low noise levels, low maintenance costs, and the ability to operate in highly turbulent wind 42 

conditions. As such, they are more suitable for utilisation in urban built environments[16]. Previous studies 43 



 

 

have found that the location of VAWTs on the roof has a significant effect on the power-generating efficiency 44 

[17, 18]. Liu et al. [19] compared the difference in the power coefficients of VAWTs under different installation 45 

cases. The results showed that the power coefficient of a wind turbine placed on a step with a fixed height was 46 

higher than that of a wind turbine placed on a flat surface for both a single wind turbine and three wind turbines 47 

in a fixed arrangement. Larin et al. [20] studied the effects of the placement position, blade number, and 48 

circumferential length on the turbine power for two types of VAWTs placed on the roof of a building. The 49 

results showed that the power coefficient increased from 0.043 to 0.24 in the optimal case of a seven-bladed 50 

turbine with double-cut blades installed on the roof of a building. 51 

The Savonius wind turbine is one of the simplest VAWTs. It consists of two semi-circular blades facing 52 

opposite directions, with a small overlap between the blades and an overall s-shaped cross-section. The rotor 53 

is not only simple and robust in construction but also has good self-starting properties and can operate at low 54 

cut-in wind speeds [21, 22]. Unfortunately, its energy conversion efficiency is low; its aerodynamic 55 

performance must be improved. Research has been conducted to make it an effective design for urban energy 56 

harvesting, including blade shape improvement, adding deflectors, and layout optimisation [23-27]. 57 

Aboujaoude et al. [28] added an axisymmetric truncated cone deflector around the Savonius turbine to 58 

investigate its effect on increasing turbine power. Three-dimensional numerical simulations showed that the 59 

axisymmetric deflector improved the turbine power by 25% in all wind directions, and the maximum power 60 

coefficient reached Cpmax = 0.31. Talukdar et al. [29] experimentally investigated the effect of a new arc-61 

elliptical-bladed rotor on the performance improvement of Savonius turbines compared with the conventional 62 

semi-circular-bladed rotor. They found that the power coefficient was increased from 0.176 to 0.213 with the 63 

assistance of arc-elliptical blades. To improve the performance of the Savonius turbine, Mohamed et al. [30] 64 

introduced an obstacle plate placed at the windward side of the Savonius turbine and optimised the shape of 65 

the blade skeleton. The CFD simulation results indicated at least a 30% increase in the power coefficient in 66 



 

 

the simulated range of the tip speed ratio (0.3 ≤ TSR ≤ 1.4). Golecha et al. [31] used a deflector plate to 67 

improve the performance of the Savonius rotor by providing a flow obstacle to the returning blade. The results 68 

showed that incorporation of the optimally positioned deflector plate resulted in a 50% power coefficient 69 

increase in the Savonius rotor at TSR = 0.82.  70 

Although many measures have been demonstrated to improve turbine performance, some simple devices 71 

(e.g. deflector plates) are more beneficial for maintaining the simplicity, compactness, robustness, and low 72 

cost of Savonius turbines, and bring efficiency improvements at lower cost and with less complexity [32]. 73 

Solar panels are thin-plate structures with simple aerodynamic shapes and are widely used to collect solar 74 

energy. They are suitable for placement on the roof of a building to facilitate energy harvesting [33]. The 75 

presence of solar panels has a significant impact on the flow-field of a roof [34]. 76 

Accordingly, we propose a novel wind–solar energy hybrid energy harvesting system in which wind 77 

turbines and solar panels are combined and placed on a building roof. The system is feasible and 78 

environmentally friendly; its working principle is shown in Fig. 1. In this system, the solar panel is used as a 79 

deflector plate. The solar panel and the building roof work in synergy to enhance the performance of the wind 80 

turbine more effectively, thereby increasing wind energy utilisation. Moreover, the system allows for the 81 

simultaneous collection of two kinds of clean energy. Wind and solar energy complement each other because 82 

wind speed and solar irradiation vary with daily solar cycles and seasons, which creates a more stable power 83 

generation system. 84 

In this study, the performance of a Savonius turbine in the system was tested at different tilt angles and 85 

TSRs. For comparison, two baseline cases were chosen: one with a Savonius turbine alone and one with a 86 

single Savonius turbine placed at a fixed height on a forward-facing step to simulate roof conditions. The main 87 

research includes the following: (1) The effect of different tilt angles of the solar panel on the power coefficient 88 

and flow-field of the Savonius turbine was studied to determine the optimal angle. (2) The aerodynamic 89 



 

 

performance of the Savonius turbine in the hybrid harvesting system with an optimal angle at different TSRs 90 

was investigated and compared with two base cases to test the effect of the hybrid system in improving wind 91 

energy utilisation. Finally, we briefly estimate the CO2 emissions that could be reduced by utilising a Savonius 92 

wind turbine to generate electricity in the novel hybrid powertrain. 93 

 94 

Fig. 1. Working principle of wind–solar energy hybrid harvesting system. 95 

2. Numerical method 96 

Regarding the VAWT calculation, the relevant physical effects can be captured, and the numerical 97 

computation cost can be reduced using two-dimensional models. However, the estimation of the power 98 

coefficient is not sufficiently reliable [35]. Ferrari et al. [36] reported that the power coefficient calculated by 99 

two-dimensional numerical simulations is often overestimated and the shape of the characteristic curve cannot 100 

be accurately replicated; the same conclusion was obtained by Li et al. [37]. A power coefficient using three-101 

dimensional models has higher accuracy, and can more reasonably estimate the performance of a VAWT. Thus, 102 

a high-fidelity three-dimensional numerical simulation was used in this study for the Savonius wind turbine. 103 



 

 

2.1 Savonius geometry 104 

The installation schematic of the Savonius wind turbine is shown in Fig. 2. A forward-facing step was 105 

used to simulate the roof of the building. The step height H was set to 6 m, the height of a typical small 106 

building. The horizontal distance from the centre of the Savonius wind turbine to the front of the step is X, 107 

and the vertical distance to the surface of the step is Y. For all investigated cases, X and Y were fixed, and 108 

both equal to 1.5 m. There are typically one to three semi-cylindrical blades in a conventional Savonius wind 109 

turbine. Based on existing research results, we selected a two-blade system with the best performance [21]. 110 

The overall diameter of the Savonius rotor (D) was set to 1 m; the main blade diameter (Db) was 0.93 m, and 111 

the overall length (L) was 2 m. The ratio of the turbine length to turbine diameter (L/Db) is referred to as the 112 

aspect ratio (AR), and was 2.15. The semi-cylindrical blade diameter (d) was 0.5 m; the overlap distance (e) 113 

was 0.075 m, and the thickness of all blades (t) was set to 4 mm. The ratio e/d represents the dimensionless 114 

gap width. Fujisawa [38] and Akwa et al. [21] proposed that the optimal turbine efficiency was generated at 115 

e/d = 0.15. Thus, the overlap ratio in this study was set as 0.15. The length (Lp) of the solar panel was 2 m; the 116 

width (Wp) was 1.5 m, and the thickness (tp) was 0.03 m. The tilt angle of the solar panel is denoted as α. 117 

 118 

Fig. 2. Schematic of Savonius turbine viewed from positive z-axis. 119 



 

 

2.2. Computational domain and boundary conditions 120 

The computational domain and boundary conditions are illustrated in Fig. 3. The computational domain 121 

was set to 70 m (70D), 30 m (30D), and 30 m (30D) along the x-, y-, and z-directions, respectively. In the x-122 

direction, the lengths ahead and behind the step were set to 30 m (30D) upstream and 40 m (30D) downstream, 123 

respectively. The entire computational domain was divided into three parts from the inside to the outside: the 124 

rotating, wake, and stationary regions. The rotating region indicates the flow-field near the Savonius turbine 125 

surfaces; its diameter and length were set to 1.1 D and 1.1 L. Outside the rotation region is the wake region, 126 

where the grid was refined to ensure calculation accuracy [19, 39]. For numerical computation of the unsteady 127 

region, a sliding mesh was applied in the rotating region with varying angular speeds according to the TSR. 128 

The data of the rotating and static regions were transmitted through the mesh interface zone in the shared faces 129 

where the meshes overlapped [40]. The outermost stationary region represents the majority of surrounding air. 130 

For the boundary conditions, a no-slip condition was applied to the fixed walls of the stationary domain, 131 

as well as on the solar panel and wind turbine. A constant velocity of 7 m/s with a turbulence intensity of 5% 132 

was imposed at the inlet of the computational domain, and a pressure outlet condition (uniform and constant 133 

atmospheric pressure) with zero gradient for the velocity and turbulence quantities was imposed at the outlet. 134 

Both sides and the top surface of the domain were set as symmetry boundary conditions.  135 

 136 



 

 

Fig. 3. Computational domain and boundary conditions of a solar panel and a Savonius wind turbine placed on a forward 137 

step at a fixed height. 138 

2.3. Mesh generation 139 

The grids used for the calculations in this study consisted of unstructured tetrahedral elements, as shown 140 

in Figs. 4 and 5. An appropriate magnification was used from the inside to the outside of the grid such that the 141 

number of grids could be reasonably reduced to improve the calculation efficiency while ensuring accuracy. 142 

As small flow structures are typically produced close to solid walls, a finer mesh adjacent to solid walls is 143 

crucial. Thus, the inflation option was introduced, with a boundary layer mesh of five inflation layers and a 144 

growth rate of 1.1 applied to the blade and solar panel surfaces. The first grid height of the boundary layer 145 

was 0.00015 m to satisfy the requirements of the turbulence model. The grid near the solar panel and step was 146 

refined to capture the flow-field details. 147 

 148 

Fig. 4. Global grid, generally showing the underside of the domain from the outlet. 149 



 

 

 150 

Fig. 5. Side view of computational domain with different zone grid densities. 151 

2.4. Simulation setup 152 

The segregated approach was selected to solve the discretised continuity and momentum equations, and 153 

a second-order implicit formula was used for temporal discretisation. The SIMPLE algorithm was adopted in 154 

the simulation to solve the pressure–velocity coupling problem. A bounded central difference scheme was 155 

adopted for the spatial discretisation of the momentum. 156 

Twenty iterations were performed at each time step to ensure that the residual was sufficiently small, 157 

which was set to 10−5. Considering the calculation accuracy and efficiency comprehensively, the time step 158 

was set to 0.001 s, which is more refined than the setting of 1/120 cycles (0.0035 s when TSR = 1 in this study) 159 

[39]. 160 

An LES has a lower time and computational cost than direct numerical simulation (DNS) and higher 161 

information integrity than Reynolds-averaged Navier–Stokes (RANS). Li et al. [37] reported that the LES 162 

results are in better agreement with experiments than RANS results when investigating the aerodynamic 163 

characteristics of VAWTs. Thus, at the Reynolds number Re = 4.45×105, LES based on the Smagorinsky-164 

Lilly model was chosen for the numerical calculation [40]. A typical y+ plot obtained through post-processing 165 



 

 

is shown in Fig. 6, and satisfies the calculation requirements of y+ <5. 166 

 167 

Fig. 6. Plots of simulation results of typical y+ values for a Savonius wind turbine mounted on a forward-facing step with 168 

incoming wind speed U∞ = 7 m/s and TSR = 1. 169 

2.5. Case summary 170 

This study includes two baseline cases: the first with a Savonius turbine alone (ST) and the second with 171 

a single Savonius turbine placed at a fixed height on a forward-facing step (ST-ffs).  172 

For the wind–solar energy hybrid harvesting system (combination of Savonius wind turbines and a solar 173 

panel mounted on a forward-facing step, abbreviated as ST-sp-ffs), simulations were first performed at TSR 174 

= 1, and the solar panel was placed at various tilt angles (α = 30°, 40°, 45°, 50°, and 60°). The selection of the 175 

tilt angle studied is based on the range of tilt angles commonly used for solar panels in China, and the need to 176 

achieve a desirable deflective effect in the flow field structure. Then, the tilt angle case with the highest power 177 

coefficient was selected for the numerical simulation with different TSRs (0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.5, 1.6). 178 

The simulated cases are summarized in Table 1. 179 

Table 1 Working case settings 180 

Installation case 
Tilt angle 

α (°) 

Tip speed ratio 

TSR 

Place position 

X/Wp 

ST 

(A Savonius turbine alone) 
- 0.2, 0.4, 0.6, 0.8, 1.2, 1.4 - 

ST-ffs - 0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.5, 1.6 - 



 

 

(A Savonius turbine on a step) 

ST-sp-ffs 

(Combination of Savonius wind turbine 

and solar panel on a step, namely the 

wind–solar energy hybrid harvesting 

system) 

30 1 1 

40 1 1 

45 0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.5, 1.6 1 

45 1 1, 1.2 

50 1 1, 1.2 

60 1 1 

3. Simulation results validation 181 

3.1. Data processing 182 

To measure the ability of a wind turbine to convert wind energy into mechanical energy, two important 183 

parameters, the torque coefficient Ct and power coefficient Cp [19, 24, 41], are introduced in this study. They 184 

are expressed as 185 

𝐶𝑝 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑖𝑛𝑑
=

𝑇 × 𝜔

1
2 𝜌𝐴𝑈∞

3
 186 

where T is the torque developed around the axis of the wind turbine (N·m), ω is the angular velocity of 187 

the turbine (rad/sec), ρ is the air density (kg/m3), A is the projected area of the turbine (m2), and U∞ is the 188 

incoming wind speed. 189 

𝐶𝑡 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑟𝑞𝑢𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑎𝑙 𝑡𝑜𝑟𝑞𝑢𝑒 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑖𝑛𝑑
=

𝑇

1
2 𝜌𝐴𝑈∞

2 𝑅
 190 

where R is the radius of the turbine (m). 191 

The tip speed ratio (TSR or λ) is defined as the ratio between the tangential speed of the blade tip and the 192 

incoming wind speed, and is calculated as 193 

𝜆 =
𝜔 × 𝑅

𝑈∞
 194 

Thus, the relationship between Cp and Ct can be expressed as 195 

𝐶𝑝 = 𝐶𝑡 × 𝜆 196 



 

 

3.2. Grid independence verification 197 

The case of the hybrid system with α = 30° was used for grid-independence verification. The verification 198 

was performed by evaluating the Cp of turbine for grid densities of 4.5 million, 5.9 million, 7.4 million, and 199 

10 million elements. The results are presented in Table 2. It is observed that Cp changes slightly from 200 

Refinement level 3. Considering the balance between accuracy and time cost, a grid of 7.4 million elements 201 

was chosen for subsequent numerical simulations. 202 

Table 2 Grid-independence test at TSR = 1 203 

Refinement level Number of elements Ct Cp 

1 4168168 0.341 0.341 

2 5955438 0.278 0.278 

3 7328694 0.224 0.224 

4 10751196 0.214 0.214 

3.3. Model feasibility validation 204 

Power coefficient Cp, a key indicator of wind turbine performance, is commonly used to verify the 205 

reliability of numerical results. The feasibility of the proposed numerical model under the grid parameters of 206 

this study was validated before proceeding to subsequent studies. First, the case of a Savonius wind turbine 207 

alone was used for validation. For Savonius turbines with similar geometric parameters in this study, Cp was 208 

tested in particle image velocimetry experiments by Dobrev et al. [42]; later numerical simulations were 209 

conducted by Ferrari [36] and Longo [43]. The results are compared in Table 3; the error was within 8%. 210 

Subsequently, the case of a Savonius turbine on a step was used for validation. As shown in Fig. 7, the 211 

Cp values at different TSRs are consistent with the results of Liu et al. [19] and Goh et al. [18]. Thus, it is 212 

believed that the reliability of the numerical simulation is acceptable for subsequent simulation processes. 213 



 

 

Table 3 Feasibility verification of numerical model for the case of a Savonius turbine alone 214 

Data source Method 
Cp (Error%) 

TSR = 0.6 TSR = 0.8 TSR = 1 

Current study Numerical simulation 0.178 0.186 0.180 

Dobrev [42] PIV experiment 0.176 (1.14%) 0.180 (3.33%) 0.167 (7.78%) 

Ferrari [36] Numerical simulation 0.186 (4.3%) 0.202 (7.92%) 0.188 (4.26%) 

Longo [43] Numerical simulation 0.186 (4.3%) 0.201 (7.46%) 0.187 (3.74%) 

 215 

Fig. 7. Comparison of Cp curves for a single Savonius turbine placed on a forward-facing step. 216 

4. Results and discussion 217 

4.1. Aerodynamic performance of Savonius turbine  218 

Ct and Cp were analysed as measures of Savonius turbine performance. The Cp values at selected tilt 219 

angles (α = 30°, 40°, 45°, 50°, 60°) in the hybrid system at TSR = 1 are shown in Fig. 8; the Cp values for the 220 

two base cases are indicated by coloured dotted lines. It is observed that the Cp values of the Savonius turbine 221 

in the hybrid system exceed those of the Savonius turbine alone at most tilt angles and those of a Savonius 222 

turbine on a step in an angle range of approximately 40–45°. The Cp value of the Savonius turbine reached the 223 
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maximum (Cpmax = 0.638) for all tested angles at α = 45°, with a power increase of approximately 254.4% 224 

compared to a Savonius turbine alone (Cp, ST = 0.180) and 11.7% compared to a Savonius turbine on a step (Cp, 225 

ST-ffs = 0.571). When the tilt angle was approximately 60°, the Savonius turbine failed owing to inappropriate 226 

airflow guidance. The tilt angle of the solar panel in the hybrid system has a significant impact on the 227 

performance of the Savonius turbine; a reasonable tilt angle is essential for improving energy efficiency. 228 

 229 

Fig. 8. Comparison of Cp curves with different tilt angles (α). 230 

Fig. 9 compares the instantaneous Ct in the hybrid system with typical tilt angles and the instantaneous 231 

Ct for a Savonius turbine on a step. It is observed that a solar panel at α = 45° significantly enhances Ct, 232 

producing the highest peak value compared to all the cases. However, with tilt angles of 30° and 60°, Ct was 233 

reduced with the presence of the solar panel, especially at 60°. As the parameter settings of the numerical 234 

simulation such as inlet wind speed and TSR are consistent for all cases in Fig. 9, the variation in Ct can 235 

indicate the variation in Cp. 236 
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 237 

Fig. 9. Instantaneous values of Ct with different tilt angles (α). 238 

Previous results have shown that Savonius turbine performance is optimal at α = 45°. Thus, we performed 239 

simulations for the hybrid system with α = 45° at other TSRs (0.2–1.6); the results are presented in Fig. 10. 240 

The Cp results for the two baseline cases and another study are also included in Fig. 10, as well as the existing 241 

result from another study[18]. It is observed that Cp in the hybrid system with α = 45° at the tested TSRs is 242 

significantly higher than Cp for a Savonius turbine alone and for a Savonius turbine on a step at approximately 243 

TSR < 1.2. Cp increases to the maximum value with an increase in TSR and then decreases with a further 244 

increase in TSR. The peak Cp of Savonius wind turbines occurs at different TSRs in different installation 245 

environments. Cpmax = 0.638 occurs at TSR = 1 for the hybrid system with α = 45°; Cp(max,ST) = 0.187 occurs 246 

at TSR = 0.8 for a Savonius turbine alone, and C p(max,ST-ffs) = 0.615 occurs at TSR = 1.2 for a Savonius turbine 247 

on a step. In all cases, the maximum power coefficient is observed at α = 45°; Cpmax is 241.2% greater than 248 

Cp(max,ST), and 3.7% greater than C p(max,ST-ffs). Thus, it is concluded that the power performance of the turbine 249 

can be enhanced by installing a solar panel at a suitable tilt angle, improving wind energy utilisation. 250 
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 251 

Fig. 10. Comparison of power coefficient in this study and Refs[18].  252 

4.2. Flow-field of hybrid harvesting system 253 

The power of the Savonius wind turbine is provided by the pressure difference on the blades, which can 254 

be interpreted as a difference in the drag force. To understand the interaction of forces or momentum between 255 

the blade surface and fluid flow, it is necessary to investigate the pressure distribution on the Savonius blade 256 

surface. To better represent the pressure difference, the normalised pressure can be calculated as 257 

𝑃

𝑞
=

2𝑃

𝜌𝑈∞
2

 258 

where P is the pressure, and 𝑞 =
𝜌𝑈∞

2

2
 = 30 (Pa) is the dynamic pressure. 259 

The normalised pressure contours of the Savonius turbine on the step and the hybrid system with typical 260 

tilt angles are shown in Fig. 11. Relatively similar pressure distributions around the turbine blades are observed 261 

for the case of α = 45° and a Savonius turbine on a step (ST-ffs). Owing to the impulse of the airflow, positive 262 

pressure is generated on the concave surface of the advancing blade, while a negative pressure appears on the 263 

convex surface. Thus, there is a large pressure difference around the advancing blade. The additional force 264 

generated by the larger pressure difference leads to an increase in the net torque acting on the blade, resulting 265 
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in an increase in the Cp of the Savonius turbine, explaining the higher Cp in both cases. It is observed in Fig. 266 

11(b) that the degree and range of high and low pressures on the blade surface at α = 30° are reduced; the 267 

reduction in the pressure difference of the advancing blade leads to relatively low power of the Savonius wind 268 

turbine. For the α = 60° case shown in Fig. 11(d), the tilt angle of the solar panel is too large, making it 269 

impossible for the airflow to hit the blade and generate a pressure difference to drive the turbine.  270 

 271 

Fig. 11. Normalised pressure contours of ST-ffs and ST-sp-ffs with typical solar panel tilt angles at TSR = 1. 272 

The pressure difference is presented in Fig. 13 to help analyse the pressure distribution along the blade 273 

surface for different cases. The data point locations are shown in Fig. 12. The driving on the advancing blade 274 

and the restriction on the returning blade were generated by the pressure difference between the upper and 275 

lower turbine surfaces. Comparing Fig. 13(a) and Fig. 13(c), the pressure distribution along the concave 276 

surfaces of the two blades differs slightly. For a solar panel with α = 45°, the low pressure on the convex 277 

surface of the advancing blade is smaller, resulting in a larger pressure difference, which is favourable for 278 

driving the advancing blade. The low pressure on the convex surface of the return blade is smaller and has a 279 

less restrictive effect on the return blade. For α = 30°, the pressure difference around the advancing blade was 280 



 

 

significantly reduced, resulting in a decrease in Cp, as shown in Fig. 13(b). For α = 60°, the pressure difference 281 

around the blade surface was essentially negligible, as shown in Fig. 13(d), and the Savonius wind turbine did 282 

not function. The highest Cp occurred at α = 45°; the driving pressure difference of the advancing blade was 283 

the largest, and the restricting pressure difference of the returning blade was smaller. 284 

 285 

Fig. 12. Diagram of numbered positions. 286 

 287 

Fig. 13. Instantaneous normalised pressure distribution curves along blade surface at TSR = 1. 288 



 

 

The velocity streamline plots of the Savonius turbine on the step and the hybrid system with typical tilt 289 

angles are shown in Fig. 14. It is observed that when the incoming wind approaches the step, it is influenced 290 

by the corner of the building and advances in the upwind direction along the step; flow separation occurs at 291 

the front boundary of the step[20, 44]. For the case without solar panels shown in Fig. 14(a), a large vortex 292 

was generated in front of the upper surface of the step, and an acceleration region was formed above the vortex. 293 

A small portion of the accelerated airflow moved along the passage between the vortex and the returning blade; 294 

the majority rushed to the blade, causing the turbine to rotate by striking the advancing blade. A similar 295 

streamline patterns can be found in the study of Liu et al.[19]. For the hybrid system, when the tilt angle is 296 

30°, the solar panel disrupts the original vortex on the step and creates a large vortex above the panel surface, 297 

as shown in Fig. 14(b), causing the original acceleration region to shift upward, leading to a reduction in both 298 

the airflow and velocity toward the advancing blade. As shown in Fig. 14(d), the 60° tilt-angle solar panel 299 

guides most of the airflow away from the advancing blade, resulting in power failure of the Savonius turbine. 300 

For α = 45°, as shown in Fig. 14(c), the solar panel played a positive role in guiding the airflow separated by 301 

the edge of the step, blocking part of the airflow originally flowing to the passage. As a result, the airflow 302 

velocity in the acceleration region is increased, allowing higher velocity airflow to hit the advancing blades, 303 

generating a greater wind load to drive the rotation of the wind turbine, thus improving its aerodynamic 304 

performance. 305 



 

 

 306 

Fig. 14. Velocity streamline plots for ST-ffs and ST-sp-ffs with typical solar panel tilt angles at TSR = 1. 307 

To investigate the reason for the highest Cp at α = 45°, the normalised pressure contours at different 308 

azimuth angles are shown in Fig. 15. For the case of a single Savonius turbine placed on a forward-facing step, 309 

as shown in Figure 15(b), the pressure distribution is similar to that of existing studies[18, 19]. In Fig. 15(b), 310 

when the tilt angle of the solar panel in the hybrid system is 45°, there is a more significant pressure difference 311 

on the advancing blade at all investigated azimuth angles, mainly caused by the larger area of the low-pressure 312 

region on the convex surface. The returning blade is less restricted due to the smaller high-pressure region on 313 

its convex surface (which is more pronounced at azimuths of 60° and 120°). A larger pressure difference 314 

indicates that the turbine is subjected to additional wind loading. As a result, in the α = 45° case, a higher net 315 

torque is produced for the Savonius turbine on a step, which leads to an increase in the Cp value. 316 



 

 

 317 

Fig. 15. Normalised pressure contours at different azimuth angles for (a) ST-ffs; (b) ST-sp-ffs with α = 45°. 318 

Figs. 17 and 18 show a comparison of the vertical profiles of the normalised streamwise velocity and 319 

turbulence intensity (TI), respectively, at TSR = 1 and at different positions (P1 to P5) shown in Fig. 16. The 320 

legend range is -1.5 < y/D < 0.5, where y/D = 0 is the height of the geometric centre on the Savonius turbine. 321 

As shown in Fig. 17, a solar panel with an extremely large tilt angle (α = 60°) leads to a significant reduction 322 

in the velocity in the upper region of the panel, resulting in a loss of momentum. The α = 45° case has a higher 323 

velocity than all other cases in the region of a certain height on the panel. At positions P4 and P5, which are 324 

closer to the Savonius turbine, the region where the airflow can directly hit the advancing blade to drive the 325 

turbine rotation is defined as the "effective region". In the effective region, the α = 45° case has a higher 326 

velocity, implying better performance of the Savonius turbine. In contrast, for the α = 30° case, the velocity is 327 

lower than for the Savonius turbine on a step because the panel does not play a positive guiding role, leading 328 

to a lower Cp after installation of the solar panel. TI is calculated as 𝑈’ /U∞, where U ' is the root mean square 329 

of the streamwise velocity. It is observed that TI tends to increase overall as the airflow develops from the 330 

edge of the step to the front of the Savonius turbine, as shown in Fig. 18. Addition of the solar panel leads to 331 

a significant increase in TI at a certain height on the upper surface of the panel, particularly in the α = 45° case, 332 



 

 

where the maximum value of TI reaches 0.35. 333 

 334 

Fig. 16. Diagram of selected research locations. 335 

 336 

Fig. 17. Comparison of vertical profiles of normalised streamwise velocity at five isometric locations (dots indicate upper 337 

and lower surface boundaries of the panel, and y/D = 0 is the height of the turbine centre). 338 
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 339 

Fig. 18. Comparison of vertical profiles of turbulence intensity at five isometric locations (dots indicate upper and lower 340 

surface boundaries of the panel, and y/D = 0 is the height of the turbine centre). 341 

Figs. 19 and 20 show a comparison of the vertical profiles of the normalised streamwise velocity and 342 

turbulence intensity for -1.5 < y/D < 1.5, respectively, at different positions (W1 to W4) in the wake region 343 

described in Fig. 16. The height of the Savonius turbine is indicated by the dotted yellow line. For W1 and 344 

W2, the normalised streamwise velocity and TI profile trends for the α = 60° case are different from the other 345 

cases because an excessive solar panel tilt angle significantly changes the flow field. It is also observed that 346 

the normalised streamwise velocity of the α = 60° case is lower at W1 and W2 in the wake region than in the 347 

other cases. The minimum velocity in the wake region occurs at approximately the height of the lower edge 348 

of the Savonius turbine, y/D = -1.5. In addition, observing the figure from left to right, as the wake develops, 349 

the normalised velocity in the region decreases, whereas the TI generally increases (especially at a height 350 

above the turbine, y/D > 0.5). 351 
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 352 

Fig. 19. Comparison of vertical profiles of normalised streamwise velocity in the wake region (the yellow dotted line 353 

indicates the height of the Savonius turbine). 354 

 355 

Fig. 20. Comparison of vertical profiles of turbulence intensity in the wake region (the yellow dotted line indicates the 356 

height of the Savonius turbine). 357 

Fig. 21 illustrates a comparison of the horizontal profiles of the time-averaged normalized pressure for 358 
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the step surface location (S1) depicted in Figure 16. The location of the Savonius turbine is indicated by the 359 

yellow area. It can be seen that in the wind-solar energy hybrid harvesting system, the negative wind pressure 360 

on the step surface shows smaller magnitudes than that in the case of only a forward-facing step. That is, the 361 

Savonius wind turbine and solar panel placed on the step reduce the wind suction on the step surface. Therefore, 362 

in the novel system proposed in this study, the effect of reducing the wind load on the step surface can be 363 

achieved. 364 

 365 

Fig. 21. Comparison of horizontal profiles of time-averaged normalized pressure on the step surface (yellow area indicates 366 

the location of the Savonius turbine). 367 

4.3. Estimation of Carbon Dioxide emission reductions 368 

Fig. 21 gives a brief quantitative estimation of the CO2 emission reductions that can be achieved from a 369 

Savonius wind turbine. In this study, the highest power coefficient of the Savonius wind turbine reaches 0.638, 370 

and the corresponding power output is 0.25 kW. Based on the 35% capacity factor[45], it is assumed that the 371 

actual load hours per day for a Savonius wind turbine are 8.0 h, namely, the ratio between the actual load hours 372 

per year (2920 h are assumed) and the maximum number of hours in a year (8760 h) is 33.33%. The electricity 373 

loss in the system was assumed to be negligible[46], and the annual power generation of a Savonius wind 374 

turbine is 730 kWh. According to the China Power Industry Annual Development Report 2021, the national 375 
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CO2 emissions per unit of thermal power generation are about 832 g/kWh[47]. Thus, the annual CO2 emission 376 

reduction of a Savonius wind turbine in the novel hybrid system (ST-ffs-sp) reaches 606 kg. Under the same 377 

conditions, compared with a Savonius wind turbine placed on the building roof (ST-ffs) and a Savonius wind 378 

turbine alone (ST), the annual CO2 emission reduction for ST-ffs-sp is increased by 64 kg and 435 kg 379 

respectively.  380 

 381 

Fig. 21. Comparison of CO2 emission reductions from a Savonius wind turbine for wind power generation at different 382 

TSRs. 383 

5. Conclusion and future perspectives 384 

In this study, a wind-solar energy hybrid harvesting system combining an inclined solar panel and a 385 

Savonius wind turbine installed on a building roof was proposed for more stable power generation and 386 

improved energy utilisation. High-fidelity numerical simulations (LES) were performed on a three-387 

dimensional scaled model. At an incoming wind speed of 7 m/s, the effect of tilt angle on the aerodynamic 388 

performance of a Savonius wind turbine was investigated and compared to two base cases to determine the 389 

optimal tilt angle. Subsequent simulations were performed for multiple TSRs, and the relevant flow-field 390 

characteristics were analysed. The primary conclusions are summarised as follows. 391 
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(1) In the novel hybrid system, the aerodynamic performance of the Savonius wind turbine can be 392 

significantly improved. When the turbine is operating at a TSR of 1.0, the power coefficient of the Savonius 393 

turbine increased and then decreased with an increase in the tilt angle of the solar panel. The maximum 394 

power coefficient (Cpmax = 0.638) occurred at a tilt angle of approximately 45°. At this condition, Cpmax was 395 

254.4% higher than the power coefficient of a Savonius turbine alone (Cp, ST = 0.180) and 11.7% higher than 396 

the power coefficient of a Savonius turbine placed on a forward-facing step (Cp, ST-ffs = 0.571). 397 

(2) For different installation cases, the peak power coefficient was observed at different TSR values. It 398 

occurs at approximately TSR = 1.0 in the hybrid system with a tilt angle α = 45° (Cpmax = 0.638), at TSR = 0.8 399 

for a wind turbine alone (Cp (max, ST) = 0.187), and at TSR = 1.2 for a Savonius turbine placed on a forward-400 

facing step (Cp (max, ST-ffs) = 0.615). Cpmax was 241.2% greater than Cp (max, ST) and 3.7% greater than Cp (max, ST-401 

ffs). In summary, the Savonius wind turbine in the hybrid system with a 45° tilt angle exhibits the most excellent 402 

wind energy conversion performance. 403 

(3) The improved wind turbine performance results from the changes of flow field guided by the hybrid 404 

system. When a Savonius turbine is installed on a forward-facing step, an acceleration flow region is formed 405 

in front of the turbine owing to the Venturi effect. By introducing a solar panel with a 45° tilt angle, part of 406 

the airflow that originally flowed to the passage near the returning blade is blocked, increasing the airflow 407 

speed in the acceleration region. The airflow with higher velocity hits the advancing blade, producing a larger 408 

pressure difference (mainly due to the decrease in the low pressure on the concave surface of the advancing 409 

blade), resulting in an increase in the net torque applied to the turbine blades and increasing the power 410 

coefficient of the Savonius turbine. When the tilt angle of the solar panel is too large (60°), the airflow is 411 

unable to directly hit the advancing blade due to unsuitable guidance, resulting in turbine failure. When the 412 

tilt angle of the solar panel is low (30°), the original acceleration region is destroyed, leading to a reduction in 413 

the power coefficient. Thus, a hybrid system with a suitable tilt angle can improve the aerodynamic 414 



 

 

performance of the Savonius turbine and increase its energy collection efficiency. 415 

Limitations to this study are also stated herein for the reference to further research. In this study, a 416 

canonical forward step model was applied to represent a flat roof building, which shows similar flow dynamics. 417 

In the real world, the shape of the building roof is much more complex, and the performance of the proposed 418 

hybrid system will be validated for real buildings. This system also contains many parameters that can be 419 

studied, such as the shape and tilt angle of the solar panel, the tip speed ratio, overlap ratio, aspect ratio and 420 

blade shape of the Savonius wind turbine [48, 49]. However, due to the limitations of the length and structure 421 

of the article, two of the most important parameters are discussed in this paper, namely the tilt angle and the 422 

tip speed ratio. Future work will include the investigation and optimization of other parameters in this hybrid 423 

system and even the extension of the research to the field of hydrokinetic turbines [50]. In addition, this study 424 

mainly focuses on the aerodynamic performance of the wind turbine in the proposed hybrid system, and the 425 

solar energy harvesting efficiency of the solar panel will also be explored in future work [51]. 426 
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