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Fig. S2. Exploded view and module integration process of the WSR-EH.
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Fig. S3. 3D schematic diagram and prototype photos of WSR-EH.
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Fig. S4. Schematic diagram of power generation mechanisms. (a) Droplet TENG; (b) EMG.
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Fig. S6. Simulation mesh and dimensional information. (a) Medium grid model and size
settings; (b) Flow velocity distributions in plane-A and plane-B from medium grid calculations;

(c) Sparse grid; (d) Dense grid.
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Fig. S7. Streamline distribution of BcFA. (a) Streamline distribution around the BcFA at an
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Fig. S9. Flow acceleration in different structures.
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plane-A. (a) Effect of inclination angle; (b) Effect of hypotenuse length; (c) Effect of plane
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Fig. S11. Effect of structural parameters on flow velocity at the blade in BcFA. (a) Effect
of inclination angle; (b) Effect of hypotenuse length; (c) Effect of plane distance; (d) Parameter

settings diagram.
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Fig. S14. Schematic diagram of an EMG driven by vertical-axis blades.
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Fig. S15. Schematic diagram of raindrops falling and spreading.
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Fig. S16. Circuit model of droplet TENG. (a) TENG power generation mechanism; (b, c)

Circuit schematic of TENG.
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Fig. S19. The wind direction sensitivity of the EMG. (a) Wind direction diagram; (b) Peak

EMG voltages under different wind directions; (¢) EMG voltage curves under different wind

directions.
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Fig. S20. Temperature and humidity dependency testing of EMG. (a) EMG voltage output

at different temperatures; (b) EMG voltage output at different humidities.
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Fig. S21. EMG durability testing for 3600 seconds in a 90 % RH environment.
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Fig. S22. Load current and voltage curves of EMG. (a) Voltage and current curves of EMG

without BcFA enhancement; (b) Voltage and current curves of EMG with BcFA enhancement.
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Fig. S23. EMG application demonstration. (a) Driving an anemometer via EMG; (b) Driving

a Bluetooth thermo-hygrometer via EMG.
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Fig. S24. Testing system and droplet volume adjustment strategy for the droplet TENG.

Fig. S25. Photographs of PVC-based TENG, PET-based TENG, and PTFE-based TENG

under natural light.
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Fig. S26. Schematic diagram for droplet parameter settings.
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Fig. S27. Effect of droplet parameters on TENG voltage. (a) Voltage curves and (b) peak
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Fig. S29. Temperature and humidity dependency testing of TENG. (a) TENG voltage

output at different temperatures; (b) TENG voltage output at different humidities.
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Fig. S30. TENG durability testing for 3600 seconds in a 90 % RH environment. (a)

Photograph of the water film on TENG; (b) Voltage curves of TENG at different test times.
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Fig. S39. Conceptual diagram of WSR-EH as a power supply for a remote meteorological
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6.0
Solar: 1000 W/m? PV (9 units in parallel)
S 45 '/
(]
[=]
i)
©
> 3.04 |
g e
3 ()
7 159 L. 7N\
Solar: 500 W/m? @ 22 mF
0.0+ T T T T T T T T
0 2 4 6 8 10 12 14 16

Record time (s)

Fig. S40. Voltage curves of capacitor charging for WSR-EH under different light

intensities.
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Fig. S45. WSR-EH-powered smart greenhouse. (a) Demonstration of WSR-EH powering
the smart greenhouse; (b) Demonstration of the greenhouse under normal environmental

parameters; (c) Detailed view of the smart greenhouse.

24



Table S1. Comparison of WSR-EH with literature in terms of start-up wind speed, peak

power density, and energy adaptability.

References Start-up wind speed Peak power density Energy
Ref.58 3.5m/s TENG (1.91 W/m?) Wind
TENG (9.85 W/m?) Wind
Ref.45 /
PV (3.03 W/m?) Solar
TENG (0.47 W/m?) Wind
Ref.41 3.3 m/s
EEH (0.767 W/m?) Electric-field
Ref.63 2.2 m/s TENG (0.0907 W/m2) Wind
Ref.60 3.77 m/s TENG (10.5 W/m?) Wind
Ref.61 2 m/s TENG+EMG (22.39 W/m?) Wind
Ref.62 1 m/s TENG (23.9 W/m?) Wind
Ref.59 1.3 m/s TENG (4.72 W/m?) Wind
Ref.39 3 m/s TENG (0.33 W/m?) Wind
TENG+EMG (13.3 W/m?) Wind
Ref.42 23 m/s
EEH (0.0394 W/m?) Electric-field
Ref.11 2.2 m/s MEG (11.39 W/m?) Wind
Ref.57 3 m/s TENG (1.24 W/m?) Wind
Ref.38 0.32 m/s / Wind
TENG (1.525 W/m?) Wind
Ref.49 0.5 m/s
TENG (0.494 W/m?) Rain
TENG+EMG (0.25 W/m?) Wind
Ref.43 /
PV (29.3 W/m?) Solar
Ref.48 / TENG (6.18 W/m?) Rain
Ref.34 1.3 m/s TENG (0.178 W/m?) Wind
W-TENG (2.65 mW /m?) Wind
Ref.64 6 m/s
R-TENG (13.27 mW/m?) Wave Energy
Ref.15 / TENG (15.03 W/m?) Rain
EMG (14.158 W/m?) Wind
This work 0.4 m/s PV (63.47 W/m?) Solar
TENG (25.42 W/m?) Rain
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Table S2. A comparison of modular design and traditional stacked design.

Peak power

References | Power (W/m?) | Start-up capability Characteristics
Wind (1.525)
0.5 m/s TENG adheres to the spiral blades, and
Ref.49 Rain (0.494)
No optimization the blade rotation disrupts raindrops.
Peak power
Wind (0.0254)
10 m/s Those are two separate, non-contacting
Ref.65 Wave (0.56)
No optimization units that are bulky and lack integration.
Average power
Wind (9.85) 15 m/s
PV stacked on the surface of horizontal
Ref.45 Solar (3.03) No optimization
TENG, causing easy dust accumulation.
Peak power Limited direction
Wind (14.158)
0.6—0.4 m/s Module integration is based on BcFA.
Solar (63.47)
This work Reduced by 33.3 Wind power increases via BcFA by
Rain (25.42)
% via BcFA 86.87 %, TENG transmittance is 84.3 %.

aIn Ref. 49, the raindrop modules need to be bent and stacked on the wind blades. When rotating,

the blades interfere with the power generation of the raindrops.

b In Ref. 65, the wind-wave module is not structurally integrated. The two components are

essentially independent and bulky.

¢ In Ref. 45, the horizontally stacked wind-solar design is prone to dust accumulation. This also

results in insufficient utilization of droplet kinetic energy, and the wind-induced vibration TENG is

limited by wind direction.

4In our design, integration between modules is achieved through BcFA. The inclined surface of the
BcFA provides a natural integration platform for PV and TENG. The inclined design not only

addresses dust accumulation and liquid residue issues but also simultaneously increases the flow

speed of EMG blades (by 36.2 %) and power output (by 86.87 %).
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Table S3. Comparison of the results of the flow around a cylinder.

NorbergR3] JiangR4] Dong[R3] This work
S; 0.202 0.197 0.209 0.208
Cp / 1.19 1.11 1.12
Table S4. Parameters for EMG theoretical calculations.
Parameters Symbol Units Values
External wind speed Uy m/s 5
Rotor power coefficient 9 1 0.42
Rotational radius of the blade R mm 46
Blade drag coefficient Cp 1 1.2
Number of coil turns n 1 4400
Magnetic flux density B T 0.063
Inner radius of the coils re mm 1
Outer radius of the coils R, mm 7
Magnet radius Ry mm 6
Magnet thickness h mm 4
Equivalent pitch between coil and magnet d mm 7
Coil number in series m; 1 8
Magnet number on the turntable my 1 8
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Table S5. Selection criteria for the inclination angle of BcFA in WSR-EH.

a n of EMG | TENG Voltage | DDDI®”l | Peak o= 90°-agy (Beijing, 40°N)!¢]
0° 1
10° 5.3 g/m2
15° 1.258 225.67V
16.5° Summer
20° 4.5 g/m2
30° 1.386 25045V 3.7 g/m’
40° 3.2 g/m’
45° 1.344 256.97V
50° 2.7 g/m’
60° 1.252 240.01 V 2 g/m’
63.5° Winter
75° 1.196 200.88 V
90° 0.5 g/m2

2 Increasing the inclination angle can reduce surface droplet residue on the TENG, thereby
suppressing dust accumulation and adsorption.

®*DDD is inversely proportional to light transmittance. The smaller the inclination angle, the
larger the DDD, and the lower the light transmittance. Since light transmittance directly affects
effective irradiance, an increase in DDD will result in a decrease in PV output power.

¢ The test site is located at 40° north latitude. Taking into account both the annual solar
irradiance and dust accumulation, the optimal installation angle for the PV system is

approximately 40°.
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Note S1 Governing Equations for Large Eddy Simulation (LES)

Currently, common numerical simulation techniques used in flow field analysis
include Direct Numerical Simulation (DNS)R! Reynolds-Averaged Numerical
Simulation (RANS)[R?l and Large Eddy Simulation (LES)[%l. In this work, CFD
(Computational Fluid Dynamics) analysis is performed on BcFA using the LES
method. The focus of LES lies in depicting the motion and development process of
large-scale vortices. When performing LES, spatial filtering must be applied to the
unsteady Navier-Stokes (N-S) equations to resolve the effects of large-scale vortices in
the computations. Subsequently, utilizing the subgrid-scale model, the indirect effects
of small-scale vortices on large-scale vortices are approximated.

LES divides flow into large-scale and small-scale components:

Y=Y+Y (1)
where Y is large-scale vortices, Y’ is small-scale vortices.

The filter function is:

l,x’eV

G(x,x")=3V (2)
0,x' ¢V
where V represents the volume of the computational unit.

The filtering velocity is obtained from the filtering function G(x,x’):
u = ID u,G(x,x")dx 3)

Substituting Equation (3) into the three-dimensional incompressible N-S
equations yields the governing equations for spatially averaged LES:

o

5~ @)

ou oww,_ 10p | Fu o

o ox,  pox,  oxox, ox,

J J

()

where p is the fluid density, v is the kinematic viscosity, ¢ is time;
u; andu, represent the large-scale components of the flow along the x and y

directions, respectively; x; and x; are the components in the coordinate directions,
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pis the filtered pressure; 7;1s the subgrid-scale stress tensor, 0z, / Ox, represents
the influence of small-scale vortices on large-scale vortices in turbulent flow.

The subgrid-scale stress tensor of the Smagorinsky-Lilly model is:

T, —lrkké =215 (6)

i3 i
where 7, is the sublattice turbulent energy, £, is the turbulent viscosity coefficient,
o, 1s the Kronecker delta function, S, is the strain rate tensor.

The expressions for §; and 4, are as follows:

5, =L O | oui (7)
2 8xj ox.

1

H, Zpoﬂzgljglj (8)

Ly is the hybrid length at the submesh scale:
L, = min(kd,CV""?) )

where k is the Von Karméan constant, d is the distance from the computational cell

to the nearest wall, and C; is the Smagorinsky constant.
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Note S2 Mesh optimization and reliability verification of the simulation model

As shown in Fig. S5, the computational domain boundary conditions are set as
velocity-inlet (Up), pressure-outlet, and no-slip wall. The computational domain
dimensions are: length 1800 mm, width 1000 mm, height 1000 mm. The volume-center
of the BcFA model is 300 mm from the inlet and 500 mm from the side boundary. The
model employs a free tetrahedral mesh partitioning. The mesh is refined around the
BcFA, while coarse meshes are used at the far ends to enhance computational efficiency
and accuracy. The model is solved by a transient solver with a calculation time of 5 s
and a time step of 0.0001 s.

To validate the accuracy of the numerical simulation, the grid refinement of the
model is optimized first. As shown in Fig. S6, three grid resolutions are selected: sparse
grid (1415470 cells), medium grid (2612043 cells), and dense grid (3551072 cells). In
the three mesh configurations, the calculated average flow speeds at the blade
position in plane-B are 6.57 m/s, 6.72 m/s, and 6.722 m/s, respectively. Given the
high computational cost associated with dense grids, the medium grid density is
selected for subsequent studies.

To further validate the reliability of the model, simulations of the classical flow
around a cylinder are conducted. The Reynolds number used for validation is 10000.
The dimensionless coefficients employed for verification include the Strouhal number
S; and the drag coefficient Cp. As shown in Table S3, the computational results of the
model closely match those reported in the literature. This indicates that the established

simulation model is feasible in terms of accuracy and reliability.
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Note S3 The flow-speed amplification ratio model of the BcFA

As shown in Fig. S9, the flow acceleration performance of a traditional
variable-section structure is determined by the inclination angle a, the
hypotenuse length L, and the plane distance K. Since the structure is enclosed,
it satisfies the boundary condition for the dominant flow direction, which
requires streamlines to converge. In this case, the flow satisfies the law of

energy conservationR10l:

B+ pU; + pghy = B+ pU; + peh (10)
where Py and P1 are the static pressures before and after acceleration, g is the
gravity acceleration, and /4, and 4, are the fluid heights.

According to the continuity equation, the volumetric flow rate through

different cross-sections obeys the law of conservation(R10l:
AU, =AU, (11)
where 4, and 4, are the cross-sectional areas.
Therefore, the flow-speed amplification ratio for a closed structure can be
calculated as:

n=%=1+(2L/K)sina (12)

0

In this study, the BcFA has a semi-enclosed structure. As the airflow
passes through the BcFA, escape flow is generated. Since this portion of the
flow does not enter the gap, the flow speed U, is lower than the value predicted
by Equation (12). Therefore, we introduce a corrected empirical coefficient ¢
to adjust the above equation:

n=ﬂ=l+c(2L/K)sina (13)
UO

The coefficient ¢ is used to describe the escape of airflow. As shown in
Figs. 2b—g and Fig. S10, its value depends on L, K, and a. Because direct
measurement of the escape flow is currently not possible, we obtained average

flow speed results for specific structural parameters based on CFD simulations
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(Fig. S11). Next, the value of ¢ under different geometric conditions was
obtained using Equation (13). Using this value as the theoretical value, an
empirical relationship between ¢ and the structural parameters was established:
c=0.5¢" 0 g8 [0 (14)

The validity of this model can be verified by comparing the flow speeds
predicted by the formula with the measured results. As shown in Fig. 2i, the
two show excellent agreement, demonstrating the reliability of Equation (13).
Furthermore, this also validates the validity of the coefficient ¢ in Equation
(14). This is because the other parameters in the equation are measurable
values. Fig. S12 shows that the values of ¢ calculated using Equation (14)
exhibit excellent agreement with simulation and experimental data.
Specifically, the empirical formula not only captures the relationship between

c and structural parameters but also demonstrates high numerical accuracy.
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Note S4 Force-induced rotational generation theory model of EMG

As shown in Fig. S14, a vertical-axis blade is installed at the structural gap
of the BcFA. The blade will rotate under the action of airflow (U;). The driving
force acting on the blade is:

F,=0.5C,pAU} (15)
where Cp is the drag coefficient, and A4 is the wind-exposed area of the blade.

Under the action of the driving force, the driving torque M of the EMG is:

M= F,R (16)

where R is the rotational radius of the blade.
For vertical-axis systems, the input power gained by the blades from the
airflow istRel:

P, = 0.5pSU3 (17)

where 4 is the rotor power coefficient.
On the other hand, the power can also be expressed in terms of torque and

rotational speed:
P = Mo (18)

where w is the rotational speed (unit: 1/s, i.e., rad/s).

Combining Equation (15) to Equation (18) yields the rotational speed:
®=05pAU’3/F,R= U9/RC, (19)

According to the law of electromagnetic induction, the induced voltage in

a single cylindrical coil is:
V =nBSw=nBSU3/RC, (20)

where n is the number of coil turns, Sis the coil area, and B is the magnetic flux
density.
For a cylindrical magnet, the magnetic flux density generated in the

cylindrical coils is:

5 B d+h d o

2\ Jdrhp e i
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where B, is the residual magnetic flux density, d is the equivalent distance
between the coil and magnet, / is the magnet thickness, and r is the magnet

radius.
From Equation (20), it is observed that the EMG voltage is positively
proportional to the flow speed. Therefore, the voltage enhancement ratio of the

EMG after introducing BcFA corresponds to the flow-speed amplification ratio:

ﬁzﬂ:?]zl+c(2L/K)sina (22)
Vo U

As the magnet rotates with the blade, the area of direct alignment between

the magnet and the coils varies sinusoidally. Therefore, the dynamic output

voltage V| can be expressed as:

_ nm,BSU 3 Sin(mOUlel

4
RC, RC,

) (23)

where m, denotes the magnet number on the turntable, and m; denotes the number

1n series.
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Note S5 Force analysis and contact expansion of droplet TENG
As shown in Fig. S15, assuming the raindrop is a sphere with volume V,
the droplet diameter Dy is:
D, =6V, /)" (24)
The descent of the raindrop is influenced by the forces of gravity (F¢),

buoyancy (F3), and drag (Fp):

F,=p,V,g (25)
Fy=pV,g (26)
F= O.SCDpaAdV2 (27)

where p, is the density of the droplet, g is the gravitational acceleration, p, is
the density of air, 4,=nD;*/4 is the effective wind-exposed area of the droplet,
v is the instantaneous velocity of the droplet.

When the three forces are in equilibrium, the raindrop moves with uniform
linear velocity. The corresponding droplet velocity is defined as the terminal

velocity v,. The equation of motion for a falling droplet can be written as:

dv
PaVa— =Py = PIVsg =05C, p, A (28)
Let g' =24~ Pay and substitute A, and ¥, into Equation (28):
La
dv . 3C,p
D_ g gy, p="S0P 29
& BB 4p,D, (29)

When d,/d= 0, the terminal velocity can be determined:

y= \/g: \/4(pd_pa)ng (30)
B 3C,p,

On the other hand, it is necessary to calculate the relationship between the

droplet impact velocity and droplet height (#). From d,/d~d,/d,-d,/d~vd,/d,,
we obtain the equation of motion vdv/dy=g'— v’ . After separating the

variables, integrate:
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Y _av=["d 1
Rl N (31)

where y is the falling distance.
Letw=g'— v’ , dw=-2pvdv, so vdv=—dw/2/. The integral on the left-
hand side of Equation (31) is:

2t ' B2 Y r_ 2
[ dw/2f 1 e d_W:_LDnh‘ﬂzﬁ :_ilnig b ] (32)

S wo 2B w 2p
The integral on the right-hand side of Equation (31) is H. Then Equation

(31) can be further written as:

1 '~ BV’
——ln{g ,ﬂv ]:H (33)
2p g
Equation (33) can be further simplified to:
2 2
m[l_ﬁv, J=_2ﬂH—>1—ﬁ—v,:e2ﬂH (34)
g g
Therefore, the formula for calculating the droplet impact speed is:
2 g 2BH
v, = E(l—e ) (35)

Sincev,=4/g'/ B , the impact speed can be expressed as:

v =v(1—e ") zvt\/(l—exp(— 2g;Hj) (36)
\%

t

From Equation (36), it can be observed that when the droplet height is
sufficiently high (H—), the droplet impact velocity (v;) equals the terminal
velocity (v,). When H is small, the impact velocity is the velocity of free fall.

When a droplet impacts the TENG, it will spread across the FEP film
surface. The maximum spread area during the droplet spreading process is
denoted as Sp. The following assumptions are made for calculating Sp:

(1) The volume of the droplet remains constant before and after spreading.

(11) Neglecting energy losses such as viscous dissipation and vibration, all

kinetic energy is converted into an increase in surface energy.
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(ii1) At maximum spreading, the droplet assumes a cylindrical shape
(radius Rp, height /p), with a contact angle 8 equal to the equilibrium contact
angle on the FEP film.

(iv) Changes in solid surface energy are described by the Young equation:
vsy=ys.Tyrrcosf. ysyis the solid-vapor interfacial tension, yg; is the solid-liquid
interfacial tension, and y,p is the liquid-vapor surface tension.

(v) Conservation of Energy: Initial total energy (kinetic energy + initial
surface energy) = surface energy at maximum spreading.

The initial surface energy comprises the liquid-vapor surface energy
(4R *yLy, where R, is the droplet radius) and the solid-vapor surface energy
(ysvAsoia)- At maximum spreading state, the surface energy comprises solid-
liquid interfacial energy (ys;wRp?) and liquid-vapor interfacial energy (top
surface: y;ywRp?, side surfaces: y;-27Rphp).

Therefore, the initial total surface energy associated solely with the

droplet is:

E,ia= 477R(1277LV + Vv Asotia (37)

At the maximum spreading of the droplet, the total surface energy is:

Eﬁnal: Viv (”Rzz) +27[RDhD)+7/SL7z-Ré + Vs (A= ”Ré) (38)

oli
Hence, the change in surface energy AE; is:

AE, :Eﬁnal_E _7LV(7Z'R2+27Z-RDhD)+7SL7[RL2)_7SV”R12))_47Z'R57LV (39)

initial
Using the Young equation and the conservation of droplet volume (V=
nRp*hp= 47R;/3), an expression for Ap is derived. Subsequently, substitute it

into Equation (39) to obtain AE;:

87R’
AE =y,, (ﬂ'RDZ (1-cos@)+ 37; 4

}_47[R57LV (40)

D

On the other hand, the kinetic energy of the droplet is:

1
E, :EpdVdvlf (41)

According to the law of conservation of energy, E;=AE;, then we have:
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2 i pvi ) 87R;
—7R, " =7R ~“(1—cos@)+
37 o ( ) 3R

Vv D

—47R? (42)

Using the introduced dimensionless spreading radius ¢ (&=Rp/R;) and
Weber number We (We=psDav;*/y.v), Equation (42) is simplified to:
We 8
—+4=E"(1-cos@)+— 43
3 & ( ) 3 (43)
Generally, at the maximum spreading state, £>>1, so the 8/3¢ term can be
neglected (being small relative to &?):

We+12

o= 3(1—cos®) “44)

Using R;=D,/2,V,=xzD, /6, and Equation (44) to process the maximum

spread area ( S, =R, = 7E°R)):

S -1 POy +12y,, Dy _ ap,Dyv,’ +127y, Dy _ p Vv, + 27y, D; (45)
P 37,y (1—cos®) 4 127,, (1-cos8) 2y,, (1-cos8)

It can be found from Equation (45) that Sp is closely related to v;,, which
in turn affects charge transfer. When TENG is mounted at an angle o to BcFA,
the effective impact speed is v,cosa. Generally, increasing the droplet volume/
height or decreasing the contact/inclination angle is beneficial for enhancing
TENG output. This provides a theoretical basis for subsequent experimental

result analysis.
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Note S6 Circuit model of droplet TENG

As shown in Fig. S16a(i), a dielectric capacitor Cr forms at the FEP/ITO
electrode interface before the droplet falls onto the FEP surface. When the
droplet contacts FEP, an electrical double-layer capacitor (EDLC) forms at the
liquid-solid interface. As depicted in Fig. S16a(i) and Fig. S16b, the circuit is
“switch-off” before the droplet contacts the top Al electrode. Cg;, Rp, and R,
represent the EDLC at the droplet-FEP interface, the droplet resistance, and the
external resistance, respectively. As shown in Fig. S16a(ii), when the droplet
contacts the Al electrode, another EDLC (Cg;) forms at the droplet-Al electrode
interface, causing the circuit to enter the “turn-on” state (see Fig. S16¢). In this
state, charge will be released from Cr to Cg; and Cg;. As shown in Fig.
S16a(iii), when the droplet shrinks, the Cr capacitor is charged by Cg; and Cg,.
Finally, when the droplet slides off the top Al electrode, the circuit reverts to
the “switch-off” state, as shown in Fig. S16a(iv). In this process, the droplet
can be regarded as the switch of the circuit.

In the circuit model, the three capacitances can be calculated by:

Cr(t) =dppp A (e, (46)
_A@)e,
Cp (1) = (47)
4,0,
Cpy(1) _—ﬂEDL (48)

where er and dpgp are the dielectric constant and thickness of FEP, respectively;
A1(t) and A,(¢) represent the contact area between the droplet-FEP interface and
the droplet-Al electrode, respectively; ¢, is the dielectric constant of water, and
Agpr 1s the width of the EDLC.

The circuit can be described by the following differential equation:

(R +R)%MO_2O=40) 9 _ @) )
dt Cr(1) Co(t) Cp(t)

qt=0)=0 (50)
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Note S7 A PV power generation model considering dust deposition and TENG

transmittance

The PV panels integrated into the top slope of the BcFA utilize the
photovoltaic effect to convert solar radiation into electrical energy. According
to previous work[R7], the standard test condition (STC) for PV is defined as a
solar density of 1 kW/m?2, a cell temperature of 25 °C, and a windless
environment. The nominal operating cell temperature (NOCT) is defined as the
cell temperature with the incident radiation of 0.8 kW/m?, the ambient
temperature of 20 °C, the average wind speed of 1 m/s, and no load operation.

A simple model for predicting the power of a PV array is expressed asl[¢7!:

Py = PVfPV[(_;G—T][1+¢P(TC_TC,stc :' (51)

T ste
where Ypy is the STC power output of the PV array, and fpy is the PV derating
factor accounting for shading, snow load, and aging factors; G is the global
radiation striking the PV array, Gr . is the incident radiation under STC (1
kW/m?); ¢p is the temperature coefficient of power; T¢ is the PV cell
temperature in the current time step, and 7¢ . is the STC temperature.
Tc can be calculated as:

T+ (Tewoer = Towoer WGr ! Groxocr ) 1=y | 70 )(1= Tz, )]
) 1+ (T wocr = Tonocr NGr ! Grnocr Yl ! 70)

where 7, is the ambient temperature; Tc nvocr, TunvocT, and Gr yocrrepresent the

T, (52)

NOCT cell temperature, ambient temperature, and solar intensity, respectively;

Hmp,stc 1S the maximum power point efficiency under STC, t is the solar

transmittance of the PV array, and ¢ is the solar absorptance of the PV array.
Total solar radiation on a PV panel with an inclination angle of a can be

represented by the HDKR model(R8]:

GT = GT,b + éT,d + (_;T,reﬂ (53)

where Gr ) is the beam radiation, G7 4 is the sum of the diffuse radiation, G7 .4

is the ground reflected radiation.
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The calculation formulas for the three types of radiation are as follows:

= = — cosd.

GT,b = Gb 'Rb = Gb cos 0 (54)

G, .=G,(RA)+G,(1-4 )(HC%)[I# sin’ (%ﬂ (55)
— — 1-cosa

GT,reﬂ = Gpr (Tj (56)

where p, is the albedo coefficient of the ground, G, G4, and G, are the total
radiation, the diffuse radiation, and the beam radiation on the horizontal plane,
respectively; 6, is the zenith angle, 6; is the incident angle, and R, is the

geometric factor; 4; is the forward scattered radiation. fis the correction factor:

G,

A; is the ratio of direct radiation G, to extraterrestrial radiation G, on a

horizontal ground:

Q&

A4 =

1

(58)

S}

Regarding the solar altitude angle ag, it is the angle between the light of
the sun and the ground, i.e., the complementary angle of the zenith angle.
Latitude is the most fundamental geographical factor determining as. At noon,
the relationship between the solar altitude angle agy and latitude ¢ and solar

declination ¢ is as follows:
a5y =90°—|¢— 5| (59)

The solar declination varies throughout the year, so the agy in the same
region also changes accordingly. For example, in Beijing (40°N), the agy is
high in summer and low in winter.

As shown in Fig. S17, the design objective for the inclination angle is to
allow sunlight to strike the PV panel surface as perpendicularly as possible,

thereby maximizing the amount of received radiant energy:
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a=90°-ag (60)

However, in practice, the ag fluctuates constantly. Therefore, for PV
systems with fixed inclination angles, it is necessary to select a compromise
optimal inclination angle to maximize total received radiation over the entire
year or during specific periods.

For fixed PV arrays, the rule of thumb indicates that the inclination angle
maximizing annual radiation received by PV panels is approximately equal to

the local latitude:
A, =P (61)
Note that for PV systems optimized for summer or winter applications, the
optimal inclination angle is typically designed to be £(10°~15°) of the latitude.
Additionally, the zenith angle can be expressed in terms of latitude, solar

declination, and the hour angle wy:

cos @, = cos ¢ cos o cos @, +sin@sin o (62)

Thus, the total solar radiation on a a tilted surface can be expressed as:
G, =R, (G,+G,4,)+G,(1-4)R, {H f'sin’ (%ﬂ +Gp,R, (63)

where R;= (1+cosa)/2, R,= (1-cosa)/2.

However, the aforementioned model is applicable only to PV panels with
clean surfaces. In practical applications, PV panels are exposed to the air, and
dust accumulates on their surfaces over time. The dust deposition causes a
significant decrease in light transmittance, thereby substantially suppressing
the PV performance.

It has been demonstrated that the dust deposition density (pp, g/m?)

correlates with exposure duration and the inclination angle of PV panelsl®7]:
pp(@)=-85x10"p,,a+0.82p,, (64)

where ppy is the dust deposition density of a= 0°.

The optimal relationship between dust deposition density and solar
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transmittance is[R9I;

At =34.37erf (0.17 05" ) (65)

The formula for calculating transmittance 7 is:

rz(l—Ar)r

clean

(66)

where 7.4, 18 the transmittance of a clean glass plate, with values ranging from
0.98 to 1.
Moreover, the relationship between light transmittance and inclination

angle is:
3 0.8473
= {—34.37erf|:0.17(—8.5><10 pDOa+O.82pDO) }}dm (67)

Therefore, the solar radiation absorbed by PV is corrected as follows:

Grp) = (_;T ‘T (68)

Substituting Equation (68) into Equation (51) yields the corrected PV
power model:
=Y for [G j[1+¢;’ (T Te e )] (69)
T,stc
When the PV surface integrates a TENG (light transmittance is 7;), the

power model is further expressed as:

=Yy foor [ Gf”l j[wpp (] (70)

T,stc
It is evident that factors such as solar intensity, inclination angle, dust
deposition, and TENG transmittance all influence PV performance. Note that
the inclination angle should be determined by comprehensively evaluating
factors such as the local solar altitude angle and dust deposition, as shown in

Fig. S17.

44



Note S8 Mechanical energy conversion efficiency of the EMG
For the EMG, the input mechanical energy W;, is(R!1:

W,

1 2 2 2
. =—mR" (@, — o, (71)
4 ( 0 1 )
where m is the rotational mass, R is the radius of rotation, and w, and w; are
the angular velocities (rad/s) before and after the load R, is connected,

respectively.

The electrical energy generated by the EMG is described as follows:
W, =P, (72)

Hence, the energy conversion efficiency #; can be described as follow:

W P, -t
— [ ay (73)
T T 025mR? (o7 -a)

1

For the rotary EMG which working at wind speed of 10 m/s, W, is 87.35
mJ at 6.5 kQ. m is 62.4 g, w is 32.75n rad/s, w; is 23.15n rad/s, R is 3.7 cm,

Win1s 112.86 mJ. Hence, the energy conversion efficiency 7, is up to 77.4%.
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Note S9 Mechanical energy conversion efficiency of the TENG

For TENG, the energy conversion efficiency 7, can be expressed asl48:301;

— Eout — Vz
nz—Ef—IR—Ldt/mgH (74)

where the gravitational acceleration g= 9.8 ms=, m is the mass of droplet, and
H is the drop height.

Here, m= 4.55x1075 kg for the 45.5 pL droplet. Thus, the mechanical
energy carried by one water droplet released from a height of 80 cm is roughly
3.57x10* J, and the generated electrical energy is calculated as 1.83x10° J.

The corresponding 7, is 5.1%.
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