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Abstract

Increasing energy conversion efficiency from sunlight to power is one of the key solutions for the world’s energy shortage and
greenhouse gas reduction, but the conventional flat photovoltaic module without sun tracking mechanism has the low sunlight
energy collection ability. This paper presents the state-of-the-art three-dimensional photovoltaic (3DPV) technology with high
photovoltaic energy conversion efficiency, which is able to absorb off-peak sunlight and reflected light more effectively, thereby
it can generate more power. At first, this paper is to catalogue and critique different 3DPV structures and models, as well as
assess their characteristics. Afterwards, the main influence factors on the 3DPV structures and models including shape, height
and spacing of the solar cells, latitude of the installation, optimal device design and shadow cast, are reviewed. Finally, the
challenges and future technological developments of 3DPV structures and models are highlighted. This study demonstrated that
the 3DPV technology can increase the captured sunlight approximately 15-30% in comparison with the conventional flat PV
technology.

Keywords: Solar energy, Solar photovoltaic system, 3DPV structures and models, Energy conversion efficiency

1. Introduction

In recent years, environmental pollution and global warming have been acquired the highest concerns, leading to wildly-pursuit
and investigation of renewable energy sources [1]. Solar energy is the main energy source and anticipated to be an extraordinary
portion of electrical energy production in the near future. Solar power based on photovoltaic (PV) technology is the most widely

deployed due to its mature, safe, steady, non-polluting, good visibility characteristics. It is able to fulfil energy demand and solve
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fossil fuel-oriented environmental matters [2, 3]. A PV cell is an element that converts sunlight into electricity based on the
photoelectric effect. The PV cell does not require direct sunlight, it would work even on a cloudy day [4, 5]. Researchers [6]
continue to enhance the PV cell design for achieving over 20% energy conversion efficiency. As awareness raised in the
environmental issues, researchers persisted to improve silicon PV cell energy performance and reach the efficiency in a range of
24.5%-29% [6]. The performance of convectional PV technology relies on the usability of solar radiation, latitude of the
installation as well as the local weather condition [7, 8], the evaluation of solar radiation is very useful for appropriate PV system
design [9, 10]. The assembling of PV modules has the burden of land demand, particularly in land restricted urban regions.
Typically, for a small-scale system, the traditional flat PV panels are mounted at the rooftop of building, however the limited
rooftop space is a big challenge [11, 12]. Sun tracking system has been adopted in the PV system, but the demerit is extra expense
in terms of operation and maintenance [13].

In order to improve the sunlight absorption ability and reduce installation, operation and maintenance costs, three-dimensional
photovoltaic (3DPV) technology is developed based on different structures including Fibonacci number Photovoltaic Module
(FPM), Golden Spiral (GS), 3D Dye-Sensitized Solar Cell (3D-DSSC), Cubic Silicon Solar Cell (SSC), Spherical Silicon Solar
Cell (SSC), Silicon Nanowire (SiNW) and Silicon Nanocone (SiNC) structures, and various models, such as Genetic Algorithms
(GA), Monte Carlo (MC), CFD-GEOM™, spherical Silicon Solar Cell (SSC), Green’s Function, Discrete Dipole Approximation

(DDA) and Finite-Difference Time-Domain (FDTD) models as shown in Fig.1.

3DPV Technology

l

3DPV Structures 3DPV Models

GA |« » FDTD

# Green Function

MC

ry
h
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SSC |«

Y

CFD GEOM™

DDA |+

Fig. 1. 3DPV structures and models
At present, there is a research gap in light of summarizing the innovative 3DPV technology to promote better understanding

through its structures and models for improving the energy conversion efficiency. The objective of this study is to fill this
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knowledge gap by providing a systematic summarizing of the 3DPV technology. A detailed comparison between the 3DPV and
conventional flat PV system is also conducted to clarify the significance of the 3DPV technology. In this review paper, a brief
background about the 3DPV technology is firstly illustrated in Section 2. Then, the different structures of the 3DPV technology
are clarified in Section 3. Moreover, the analytical and numerical models of the 3DPV technology are generalized in Section 4.
Furthermore, the challenges and future technological developments are presented in Section 5. At the end, the key findings are
given in Section 6.

2. Brief description of 3DPV technology

Traditional PV module has comparatively low energy density, and this is owing to the fact that the output of the device is
influenced by the local weather condition and latitude of the installation [14]. Conventionally the flat solar PV panels mounted
at building rooftop has low electricity production, while more electricity could be produced by integrating 3DPV technology
which utilizes 3D nature of the dimensional structures for example, FPM, 3D-DSSC, cubic and spherical to capture more energy
in the whole volume of that material. The 3DPV technology is an innovative method for realizing the solar energy as a more
reliable and economical energy source, it can improve the absorbance ability and produce more electricity in comparison to
traditional flat or planar PV types [15, 16]. Three key reasons underlying the merits of 3DPV technology are illustrated as follows
[14]:

e Multiple orientations of the absorbers that achieve the effective capturing of off-peak solar energy;

e Avoidance of inner panels shadow cast;

e Re-absorption of sunlight reflected inside the 3DPV structure.

These enable the produced power density per unit area to be superior by a factor of 2 to 20 compared to conventional flat PV
panels [14]. To enhance the panel energy conversion efficiency, the angles of solar irradiance and shadow cast play a vital role
in the 3DPV structures.

Fig. 2 descripts the angles of solar irradiance and shadow cast on the PV panels. Global solar irradiance on a tilted surface
contains the diffused and direct beam components. To be more specific, Fig. 2 (a) describes the solar angles that mainly involve
altitude angle (a), surface tilt angle (B), surface azimuth angle (y) and solar azimuth angle (ys). Fig. 2 (b) gives the areas for the
panel 1, panel 2 and panel shadow 1, the part of the panel shadow cast is marked in black. In order to obtain the optimization

model by considering the shadow effect, the mathematic equations are given in Table 1 [20].
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Fig. 2. Optimization factors of PV panels: (a) angles; (b) shadow cast [20]

Table 1 The mathematic equation of the angles and shadow cast [20]

Item Description Equation
. L cosb, 1+cos0,
The diffused irradiance component 1B,v)=1, +1,
cos0, 2
365 5pm
The total daily energy incident SCRIED I IR (CROICRY)
The effect of angles y energy Gyt
The optimal tilt angle Bop: = max(E(B));p €[0°,90°]
The optimal orientation (Bopt> Vo) = max(E(B,7)); B €[0°,90°],y €[0°,360°]
5pm
The direction vector of solar radiation E = z I, B,7)xn, XA,
The effect of shadow cast T“m
The energy loss because of the shading at each =
time instant from 7 am to 5 pm Ei= D L,B.v)xn.xA,

h=7am

Majority of PV cells on the market are made from silicon due to plentiful, inexpensive as well as the mature manufacturing
process. Generally speaking, high-grade crystalline can reach an efficiency of 29% theoretically, whereas most commercially
available PV cells can merely achieve the efficiency of 15-19% [21]. The essential elements that disturb the commercialization
of 3DPV technology include its efficiency, price and durability. Other important factors involve the availability of materials
utilized and their influences on the environment. There are different categories of PV cell generally utilized in the solar market
nowadays including thin film, dye-sensitized, crystalline silicon and organic cells as given in Fig. 3 [21]. The corresponding

structures of 3DPV solar cells are presented in Fig. 4 [21].
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Fig. 3. Different types of PV cell: (a) crystalline silicon; (b) thin film; (c) CIGS and CdTe; (d) (e) (f) dye-sensitized [21]
Furthermore, recently progress has been achieved for organic solar cells in efficiency aspect, and more structures appear
including PVC rod as a trunk of tree, Al sheets as branches of tree, solar panels as leaves of tree and a base structure made of Al
for holding solar tree model [22]. Cao et al. [22] proposed a novel solar palm tree to assess the performance of 3DPV technology
as depicted in Fig. 5. The materials of the solar palm tree mainly involve polyethylene terephthalate (PET), ZnO nanoparticle

layer, poly 3-hexylthiophene (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) film.

(®) .

Photo.
electrode
Dye

16nm 5-20um

TiO,
10-30nm

© @

Fig. 4. Structures of (a) quantum dot; (b)dye-sensitized; (c)perovskite; (d)organic PV cells [21]
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98

99 3. The structures of 3DPV technology
100  There are different structure types for 3DPV technology, most of them are Fibonacci number Photovoltaic Module (FPM),
101 Golden Spiral (GS), 3D Dye-Sensitized Solar Cell (3D-DSSC), Cubic Silicon Solar Cell (SSC), Spherical Silicon Solar Cell
102 (SSC), Silicon Nanowire (SiNW) and Silicon Nanocone (SiNC) structures.
103 3.1 FPM structure
104  FPM structure is in the leaf arrangement, one of research fields on FPM is known as phyllotaxis. As the plant leaves grow around
105 its stem in a spiral arrangement as shown in Fig. 6 (a), a similar conceptual diagram of the FPM structure is produced as indicated

106 in Fig. 6 (b).

(b) _
—First stage
—Second stage
107
108 Fig. 6. Fibonacci sequence: (a) in nature; (b) conceptual diagram of a FPM [23, 24]

109  The FPM plays a significant role in using the nature merits of the abundant intake of sunlight. Based on analytical analysis,

110 Fibonacci [24] concluded that the leaf grows vertically upwards the stem in the direction of the sun so as to obtain more sunlight
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for its photosynthesis and this growth follows a spiral arrangement called ‘phyllotaxis’ with various patterns [25, 26]. Specifically,
the angles between successive leaves of 1/3, 2/5 and 3/8 phyllotaxis are 120°, 135° and 144°, respectively. Meanwhile, the
phyllotaxis is regarded as the golden ratio when the angle is 137.5°.

The basic calculation processes of Fibonacci sequence and phyllotaxis are presented in Fig. 7. Fnis the number of turns that takes
place around the stem before the leaves point in the same direction. F.. represents the number of leaves that could be attached
to agree with that number of turns. A FPM system is shown in Fig. 8, which has PV cells in each azimuth that produce electricity
under different sunlight states. It is notable that the FPM is determined based on the maximum power point tracking (MPPT) to

attain the maximum electricity output.

Fibonacci sequence : F, 4, = F, + F,+ (However, “n > 0")
| 1 2 3 5 8 I3 cevees

T B s i -
T \/ B

"Qimi(' how plant leaves are positioned ! o
Phyllotaxy * F,/Fp4+2 ( However, “n>0" )
Opening : Opening = phyllotaxy x 360 °
There are 1/2 phyllotaxis, 1/3 phyllotaxis,
2/5 phyllotaxis, 3/8 phyllotaxis, and more.

Fig. 7. Fibonacci sequence and phyllotaxis [27]

PV DC/DC
PV DC/DC
— | L
~ 0
PV DC/DC .
) d
PV DC/DC
: 7K [ [ meer

Fig. 8. FPM system [28]
Rawat et al. [29] developed one FPM structure for a solar power tree model in India as shown in Fig. 9, the circular distances

between various points are presented.
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Fig. 9. Solar tree structure: (a) vertical view; (b) top-view [29]
The basic calculation equation is given as:
0,. =0xr 1)
where 0 is the angle that is made by arc at the centre of circle in radian (rad); r is the radius (m).
Their results demonstrated that the FPM structure contributes to collecting sunlight even if others are in shade, as well as
generates electricity of about 110 MW. Moreover, it is also able to assist branches and trees to avoid shading from each other.
Meanwhile, it is not affected by the bad weather like snow as the panels are not installed in horizontal mode [29].
Takahashi et al. [27] calculated electricity production per unit area for the diamond, square and honeycomb structures as shown
in Fig. 10, and illustrated a seasonal comparison of electricity output for the four types. It can be observed from Fig. 11 that the
honeycomb structure (2) produces the highest electricity that is about 8 kWh/m?2. Suto and Yachi [24] established a 3DPV
technology based on the FPM structure as presented in Fig. 12. Meanwhile, the effect of a shadow cast in the FPM module is

considered as given in Fig. 13.
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square diamond honeycomb structure (1) honeycomb structure (2)

Fig. 10. Schematic diagram of four FPM structures [27]
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143 Fig. 12. Schematic diagram of FPM structure: (a) two-stages with FPM 1/3 phyllotaxis; (b) in the coordinate system [24]

X-axis|
144 B
145 Fig. 13. The effect of shading on the FPM structure and coordinate system [24]
(8)  girectsuniignt (b) "< directsunight
o Y1 PV cell
N
e y-axis
central point 4.
X-axis l‘
£ P
o destination of
entral point
i destination of .-‘°|
1 central point 1
1 1
146 : !

147 Fig. 14. Schematic diagram of calculating the central point of 3DPV structure: (a) x-axis direction; (b) y-axis direction [24]
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A 3DPV structure is depicted in Fig.14 to show the central point at x- and y-axis directions. The central point is the position at
which the solar cell is attached to a pole, and it is obtained as follows:

h
a=-— xm
€0s0-|tan of —sin 0 (2)

h
b=- —xn ®)
€0s6|tan | —sinc

where h is the distance of each FPM structure; o and p are the solar altitudes at the x- and y-axis directions; 6 and ¢ are the angles
of inclination of FPM structure at the x- and y-axis directions; m and n are the expansion and contraction ratios, respectively.
Furthermore, the expansion and contraction ratios of the shadow cast are taken into account as given in Fig. 15. The structure

equations in the x and y-axis directions are written in Table 2.

(@) \Direct sunlight (b) ' Dlrectsunhght (©) \Direct sunlight
\ W PV cell /
\ \
\
/\ ) \ 44\ \ \\
\ \ \ \
-a)us 0
PV cell \\ Shadow } *\Y-axis
e Shadow PV cell‘ Shadow Ao
PV cel[ b\ X- axus a

Fig. 15. The expansion and contraction ratios of a shadow cast: (a) structure 1; (b) structure 2; (c) structure 3 [24]

Table 2 The equations of shadow cast [24]

Item Equation
sin(, -6
Structure 1 m =cos(0, —0,)+ (6,-6,)
tan(a+6,)
sin(6, —6
The ratios of expansion Structure 2 m = cos(9, —0,)— 6, 92)
and contraction tan(a—6,)
sin(6, +6,)

Structure 3 n=cos(6, +6,)+

tan(B+9,)
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To describe PV cell shapes in the coordinate
system by numerical expression

To calculate the destination of central point
in the PV cell

¥

To calculate the ratio of expansion
and contraction of shadow

a2

To describe the shape of PV cell’'s shadow
in the coordinate system by numerical expression

To calculate the PV cell area except the shadow

= 2

To calculate the power generation
including each PV cell’'s shadow

Fig. 16. The flowchart of the FPM electricity production [24]
The flowchart of the FPM electricity production with considering the effect of shadow cast is described in Fig. 16. As indicated
in Fig. 17, the electricity production reduces only slightly in the first-stage FPM structure, hence it can be concluded that there
is little effect of the shadow cast in the first-stage FPM structure. Additionally, as the distance between stages in the FPM
structure rises, the electricity production in the second-stage FPM structure decreases in comparison with that of the first-stage

FPM owing to the shading effect.

8

0:95 ‘/’ :-

0.90

-a-1st stage

-=-2nd stage
0.85

0.80 ~s-total

Output power including shadow
Output power without shadow

0.75

1 2 3 4 5
Distance of each stage[m]

Fig. 17. Comparison of FPM structures electricity production between first and second stages [24]
Suzumoto and Yachi [30] developed a 3DPV with 1/3 phyllotaxis based on two-stage FPM fabricated structure to increase
electricity output. The structure of the FPM is described in Fig. 18. The results demonstrate that electricity output of a single-
stage FPM structure is just 90% of the traditional PV panel’s whereas the output of a 2-stage FPM structure is 149% that of a

traditional PV module.

11
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Fig. 18. (a) Structure of FPM; (b) angle of gradient and rotation; (c) actual model [30]
Mochizuki and Yachi [31] established a FPM structure using square solar cells orientated toward the north. Meanwhile, the other
two PV cells are rotated via 120 ° and 240 °, respectively. The angle of inclination (x 0,) of each PV cell is selected to maximize
exposure to the available sunlight as shown in Fig. 19. Their results reveal that the total electricity production can be increased

by approximately 30%.

Fig. 19. FPM construction and inclination angle [31]

Mochizuki and Yachi [32] also developed a 3D FPM structure with a 1/3 phyllotaxis and simulated the system performance
considering the effect of shadow cast as illustrated in Fig. 20. To be more specific, Fig. 20 descripts the parallelogram projected

area of each PV panel from the sun at noon on June.

12
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Fig. 20. FPM projected area at noon [32]

Fig. 21. FPM connection: (a) series and parallel; (b) 8-cell stripe patterns [32]
Fig. 21 (a) presents the solutions utilized for dividing eight cells in this simulation process including 8 parallel connections, 4
parallel and 2 series connections, 2 parallel and 4 series connections as well as 8 series connections. A solar cell with a radially
divided panel, referred to a striped division pattern, is given in Fig. 21 (b). They confirmed from Fig. 22 that the electricity

production of eight series connections reduces by 13% in comparison to the value of eight parallel connections. And also, it is

8 QAT m/ b
/ \ \p‘.lrj]:l
\ ) COmecTon a \
A [
AW I —
corpibctiol parallel ‘
# OO SD1 SD2
_ul patternl pattern2
b
(a) (b)

found that the biggest reduction is approximately 15% in summer.

The Normalized Amount o

Amemnt af Power Genorationl Whi

Ommar\ division
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ral tiulllwlll

Amani
Gene

Fig. 22. Results comparison: (a) between

number in installed DC-DC converter; (c) electricity production in each season; (d) electricity production for FPM structure [32]

power production and cell series number; (b) between power production and cell series
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196 Khan and Gaur [33] proposed a 3DPV FPM structure to avoid environmental pollution and other natural hazards in India, the
197  schematic diagram of normal arrangement for the 3DPV FPM is presented in Fig. 23 (a). Meanwhile, the top view of the branch
198  structure, that has an angular separation of 144°, is given in Fig. 23 (b). It can be obtained that the performance of the 3DPV

199 FPM structure is higher compared to that of traditional solar PV panel.

P e s
1 T d - !
! o :k‘-f‘k‘a. ,// r:// - :
, M I
! VZaN\ |
: N : e
/4 N
L ___ .. L 8
(b) g
|
m170,00 |,
| g
|
LA
200 (a)
201 Fig. 23. Schematic diagram of 3DPV FPM structure: (a) arrangement; (b) a top view [33]

202 Hyder et al. [34] reviewed a hemispherical dome 3DPV FPM structure with five panels at three directions as shown in Fig. 24,

203  and specified that the whole system capacity and annual electricity generated are about 2 kW and 2610.8 kWh, respectively.

South-East

T.V.

Screen

204

205 Fig. 24. Schematic diagram of hemispherical dome 3DPV FPM structure: (a) front view; (b) back view [34, 35]
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Hyder et al. [36] proposed six 3DPV semi-dome structures to assess their energy production at Bhopal (India), Barcelona (Spain)

and Kuala Lumpur (Malaysia). The solar panel arrangements are given in Fig. 25, beginning from one panel in the first layer and

growing by two extra panels in every next layer.
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Fig. 25. Schematic diagram of 3DPV different structures [36]

The relationship between the panel and layer is given as:

NPi =np(i—-1)+ 2

where i is the number of the layers; NP; is the number of panels in the it particular layer.

The tilt angle is calculated as:

Tilt angle ==

23

Angular spread=15x (NP;-1)

Arc Length of i"layer = NP, (1) + (NP, —1) xg

where NP; is the number of panels in the i layer; | is the solar panel length (m); g is the gap between panels (m).

Arc Length of i"layer = i><27tri
360

where 0; is the angular spread of the i layer

" Number of layers in between the centre and end layer + 1

The radius of a layer of the 3DPV model is written as:

[ 360
' 2mx6,

X[NP, (1) + (NP, ~1) xg]

15
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The area covered by the i" layer is obtained as:

. 0.
Area of i"layer = —— x nr? 10
y 360 (10)

It can be found from Fig. 26 that annual electricity output of the 3DPV FPM structure could achieve 17.79%, 41.06% and 20.97%

of the energy produced by the land-based solar energy systems at Kuala Lumpur, Bhopal and Barcelona, respectively.

(a) Annual Energy Generation Comparision (b) Annual Energy Generation Comparision (C) Annual Energy Generation Comparision
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Fig. 26. Annual energy production comparison between 3DPV FPM structure and traditional PV panels at different location: (a)
Kuala Lumpur; (b) Bhopal; (c) Barcelona [36]

3.2 GS structure

Benguar et al. [37] proposed a novel golden spiral (GS) structure based on the theory of golden ratio and FPM structure to
increase the panel energy conversion efficiency. This design process of the GS structure is exhibited in Fig. 27 (a-d). The total
rectangular area of the GS structure is 1m?, and a spiral is used to connect the edges of a square. Fig. 27 (e) presents the actual
prototype that fits in the GS with the popsicle sticks and surface constructed, to accommodate the PV cells. They concluded that

the 3DPV GS structure is able to produce 26.13% more electricity compared to the conventional flat solar PV panel.

(b)

Fig. 27. The 3DPV GS structure solar panel: (a) base of GS structure solar panel; (b) base with posts for elevation; (c) attachment

of spiral along the posts; (d) attachment of platform; (e) actual model [37]

16
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3.3 3D-DSSC structure

Liu et al. [38] developed a novel 3D dye-sensitized solar cell (DSSC) technology to investigate the capability of sunlight

absorption at different directions, the 3D-DSSC technology is illustrated in Fig. 28, which is based on the pine tree structure

associated with copper wires.

Electrolyte

Pt film

(© ]

P
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Fig. 29. Photo and diagram of 3D-DSSC structures: (a) actual pine tree; (b) 3D-DSSC; (c) series—parallel connection [38]

Furthermore, the photo and diagram of the 3D-DSSC structure are displayed in Fig. 29. Specifically, the branch of the 3D-DSSC

structure consists of 12 parallel-series connections with 7cm length and 45° inclined angle. It is confirmed that the spiral electrode

of the 3D-DSSC structure is capable of absorbing more sunlight from all directions and increasing efficiency by 3.36% in

comparison to the conventional flat solar PV cell’s.

3.4 3DPV-VAWT structure

Tarabsheh et al. [39, 40] developed a novel 3DPV vertical axis wind turbine (VAWT) structure to produce more power. In

comparison to traditional structure, the thin film PV modules are attached on the surface of the rotating VAWT as presented in

Fig. 30. Five blades in the structure are separated equally by angles of 72° as shown in Fig. 31. The 3DPV-VAWT prototype is

17



256  given in Fig. 32 (a), its output voltage and the PV cell temperature are recorded by using an Arduino microcontroller fixed on

257  the top of the rotor. Meanwhile, the effects of bending and title angles are investigated as shown in Fig. 32 (b) and (c).

Blade pivot axis

(3]

PV module

|
Blade -

Central axis of rotation

258
259 Fig. 30. The schematic diagram of: (a) traditional VAWT; (b) 3DPV-VAWT [39]
(a) I (b) » —
WING — — I/
_ r
h=0.745 m S \
Radialarm 0.08 m
PV module
Central axis
of rotation
260 : -
261 Fig. 31. The schematic diagram of: (a) isometric view; (b) top view [40]
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Their results reveal that when the bending and title angles of PV modules varies from 0 ° to 25 ° and from 45 ° to 90 °, the output

voltages decrease from 22.5 V to 19.6 V and from 21.3 V to 20.5 V, respectively. This means that adding the bending and title

angles of PV modules will results in a reduction in the output voltage. Furthermore, the merits of the 3DPV-VAWT structure

are illustrated as below [39, 40]:

e A minimum area can be utilized.

e The rotating 3DPV-VAWT structure has the ability for self-cooling to improve output power.

e There is no need to build a sun tracker since at least one of the rotating PV modules will face the sun at a time.

e The 3DPV-VAWT structure is capable of preventing the dust accumulation on the surface of rotating PV module for long
term operation with high efficiency.

3.5 Cubic SSC structure

Bernardi et al. [41, 42] built a 3D cubic silicon solar cell (SSC) structure to improve the produced energy density and compared

to traditional flat panel. This 3D cubic SSC structure composes of a cube open at the top covered by PV cells both on the exterior

and interior surfaces as shown in Fig. 33. Moreover, a similar open parallelepiped of the same base area but twice as high, and a

tower with ridged faces are given in Figs. 33 (b) and (c). The structures are made of 9, 17 and 32 commercially available Si solar

panels respectively.

(@) (b) ©

N

Fig. 33. Schematic of cubic SSC structures [41, 42]
Fig. 34 (a) illustrates the computer simulation results are in very good agreement with the testing data. Moreover, the power
production could reach nearly twice for the 3DPV model in comparison with the traditional PV panel as presented in Fig. 34 (b).
Meanwhile, as indicated in Fig. 34 (c), the bigger improvement can be realized by more complex and taller structures, for example,

the open parallelepiped and ridged tower.
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Fig. 34. Results analyses of 3DPV cubic SSC structure [41, 42]
Specifically, the daily electricity production in a clear winter day are 21.5 Wh for the tower cube, 8.49 Wh for the parallelepiped
cube as well as 4.88 Wh for the open cube. Owing to the diffuse light caused by mist, rain and clouds, the cubic SSC structure
is able to capture much more light in comparison with flat panel. Furthermore, it can be found from Fig. 34 (d) that the reduction
in 3DPV cubic SSC structure electricity output owing to clouds is less significant compared to the conventional flat PV panel.
In other words, the cubic SSC structures are less affected by weather condition. Therefore, based on the cubic SSC structures, a
novel 3D charger for electric bike [42] is proposed in Boston to meet the demand of urban area development as shown in Fig.
35, the electricity production is in the range from 2 to 3 MWh/year. This denotes that the 3DPV technology can provide at least

130000 miles per year for a e-bicycle when the weather and wind effects are considered.

a

Fig. 35. 3DPV bicycle charger technology: (a) e-bicycle charging tower; (b) internal structure; (c) prototype; (d) drawing of an

e-bicycle charging station [42]
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3.6 Spherical SSC structure

Spherical silicon solar cell (SSC) is composed of silicon with p-n junctions over its surface, this structure could be a better
approach. Firstly, the cell surface receives sunlight from all directions. Secondly, the spherical SSC, which is treated as
microsphere, has a diameter of approximately 1mm that improves the ratio of surface area to volume for a large light-receiving
surface. Thirdly, the crystals are generated based on melting granular silicon polycrystals, this contributes to reducing the
processing loss because of traditional wafer making, and ensuring a high photoelectric conversion efficiency as well as
decreasing issues related to deterioration [43].

The spherical SSC module has very low waste during the fabrication procedure [41], the structure and production process of

spherical SSC module are demonstrated in Fig. 36.

@ (b)
(e)
P-type spherical — Negative electrode
silicon crystals

P-type silicon Impurity diffusion source

n*diffusion laye p-n junction

@
Anti-reflective film
Positive electrode

p-n junction boundary  Ag (negative) Al (positive)

(©)

Fig. 36. Structure and production process of spherical SSC module [44]
A typical spherical micro SSC module is descripted in Fig. 37 (a), which adds a white reflector to the back. The reflector would
reflect sunlight that passes each cell, thus enhancing the amount of light reaching each cell, the prototype spherical micro SSC
module is presented in Fig. 37 (b), which can be used on the sides of vehicles and buildings to exploit their low-directivity

features.

Fig. 37. Photos of spherical SSC: (a) basic module; (b) prototype module [44]

Verma et al. [45] proposed a spherical SSC structure to investigate the performance of lensing the light into the substrate as

given in Fig. 38. As shown in Fig. 36, the ray trajectories in the simulation field are illustrated when the light indents are at
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318  angles of 0°, 45° and 60° individually. According to Fig. 40, the maximum absorption improvement regarding bare silicon
319  absorber is achieved with 3um wafer thickness. Therefore, the minimum thickness means the minimum material utilization and
320 leads to the maximum expense saving. It is confirmed that an absorption improvement of around 65% is attained for a 3pm wafer

321 thickness in terms of the bare silicon substrate.

Silica
- Silicon
Backreflector(Al)
322
323 Fig. 38. The spherical SSC module [45]
(a) (b) (©)
i \ “‘1’);'.‘3'
3 \
' ' | \ ' ' ' \\ e \\§ 4 25
X ’ . o b
| ; <l |
2 [7— y 4
324
325 Fig. 39. Ray trajectory in the geometrical field with sunlight incident angle: (a) 0°; (b) 45°; (c) 60° [45]
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327 Fig. 40. Light absorption with different thicknesses [45]
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Fig. 41. Configuration of sunlight and shadow measurements: (a) greenhouse roof frames; (b) test points; (c) actual module [46]
Cossu et al. [46] designed a novel spherical micro SSC structure with semi-transparent module (STM) applied for the greenhouse
to meet the light requirement of tomato as shown in Fig. 41 (a). The first pyranometer (P1) is installed on the roof to assess the
horizontal global solar irradiance as given in Fig. 41 (b), while second and third pyranometers (P2 and P3) are positioned at the
top and bottom of roof surfaces, respectively. The forth pyranometer (P4) is mounted behind the margin of the semi-transparent
3DPV region in order to test the structure’s transparent, and the fifth one (P5) is used to track the shadow of semi-transparent

cell region. Meanwhile, the actual module is shown in Fig. 41 (c).

(a)

Cathode

(b)

(€) . o ] : , @
. . ° -
e . L L
° ° s >
3 . ° °
. . ® 1cm ©

Fig. 42. Spherical SSC: (a) cross-sectional view of the structure; (b) prototype module; (c) actual module; (d) overlapping [46]

To be more specific, Fig. 42 (a) presents a 1.2 mm diameter spherical SSC structure which consists of a n- and p-type
semiconductors as the external shell and internal core, respectively. The STM is assembled based on 4800 cells as depicted in
Figs. 42 (b) and (c). The 4800 cells are sandwiched between 3-mm-thick glass plates embedded in 2-mm-thick transparent resin.
Meanwhile, Fig. 42 (d) displays the overlapping of the solar cells. It is found that the STM energy conversion efficiency is steady

at about 0.2% and not impacted by the slope angle.
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345 Minemoto et al. [47, 48] also proposed a spherical SSC structure to implement a performance assessment in comparison to
346  conventional PV panels as presented in Fig. 43. The structure composes of a p-type substrate surrounded by an n-type layer of
347  semiconductor material. In the meantime, it has a great potential for low-cost and low-waste fabrication. Their results reveal that
348  the conversion efficiency is able to be enhanced up to 18.3% in comparison to conventional solar PV panel.

349  Kitamuraetal. [49] developed a spherical SSC structure with seven PV cells, and each cell is set in a reflector cup on the substrate
350  asshown in Fig. 44 (a). The directional characteristics of the spherical SSC structure concerning LED light are showed in Fig.
351 44 (b). Itis concluded that the signal-to-peak noise (S/N) ratio of measured spectrum with a sinusoidal waveform is 25 dB. Based
352  onthe spherical SSC structure, an optical wireless voice transmission system is established to offer optical wireless digital-sound

353  transmission and reduce the S/N ratio as shown in Fig. 45.
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355 Fig. 44. (a) Actual spherical SSC structure; (b) directional characteristics [49]
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357 Fig. 45. Optical wireless transmission scheme [49]
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358 3.7 SINW and SiNC structures

359  Silicon nanowire (SiINW) and Silicon nanocone (SiNC) structures have the potential to improve energy conversion efficiency,
360 particularly for the materials that have low diffusion lengths [50]. Recently, tremendous progress has been made in developing
361  3DPV that can, potentially, be mass deployed. One example is a PV structure that incorporates 3D, single-crystalline n-CdS

362 nanopillars in polycrystalline thin films of p-CdTe to achieve high efficient collection and absorption of light as shown in Figs.

363  46and 47.

364
365 Fig. 46. 3DPV nanostructure [51]
r EER
s 52 £3
1t
§ f o
Qﬁ
CwAu
contact
366 PDMS
367 Fig. 47. (a) Artistic rendering; (b) actual structure [51]

368  The carrier collection efficiency is improved based on the geometric configuration of the nano-pillars [51]. It is concluded from
369 Figs. 48 (a) and (b) that the 4-mm-thick PDMS substrate presents the maximum tensile and compressive strain of around 8% at

370  the top and bottom surfaces, respectively. The conversion efficiency of the 3DPV NW and the 1-V features under different

371 bending conditions are given in Figs. 48 (c) and (d).
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Lundgren et al. [52] designed 3D branched nanowire (BNW) tree structures and forest configurations as shown in Figs. 49 and

50. It can be seen from Fig. 51 that the BNW forest structure has the optimal sunlight absorption ability, realizing the maximum

absorption of 97% at 0.5 um wavelength.

(a) (b)

Fig. 49. 3D BNW: (a) single BNW tree; (b) array of BNW trees [52]

1um
4
T

(a) (b) (©) (d)

Fig. 50. 3DPV BNW structures: (a) plain BNW tree; (b) canopy; (c) scrub; (d) conifer [52]
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382 Fig. 51. The comparison of simulation results [52]

383  Wang et al. [53] proposed an innovative 3DPV NW structure as given in Fig. 52. Each sub-cell is made of a n-type NW core

384  encapsulated in a p-type NW shell, which can be realized via regulating the growth temperature to achieve the switch between

385  the axial growth and core shell.

p-GalnP

n-GalnP Top GalnP Cell

Tunnel diode

Tunnel diode - Bottom GaAs Cell

o @&

386
387 Fig. 52. 3DPV NW structure [53]

388  Yao et al. [54] demonstrated a selective area grown GaAs n-i-p nanowire array on top of a Si cell, in which they saw voltage
389  addition and reached a total efficiency of 11.4% as shown in Fig. 53. This is an encouraging indicator that high efficiency can

390 be achieved in the nanowire-on-Si architecture [55].
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392 Fig. 53. SINW solar cell: (a) structure; (b) Current-voltage curves [54]
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393  Lietal. [56] studied the optical structure features of silicon nanowire (SiNW) and silicon nanocone (SiNC). According to Fig.
394 54, the SINW is established based on a circular cylinder with hemisphere top whereas the SiNC is setup as five isometric subwires.
395  Their results show that the SiNC is superior over the SINW in terms of light-concentration performance because of its continuous

396  diameter, while the sunlight-absorption performance of the SiNC arrangement is worse compared to the SINW arrangement.

(a) lnciiient (b) Inciiient
M)

VS

397
398 Fig. 54. The schematic diagram of structures: (a) SINW; (b) SINC [56]

399  Xuetal. [57] analysed the optical absorption of silicon cylindrical nanowires, nanocones and inverted nanocones in order to
400  enhance the efficiency and decrease the cost of solar cells. The schematically diagram of three silicon nanostructures is given in
401 Fig. 55. To explore the light absorption of these arrays, different nanostructure shapes based on silicon substrate are built by

402  COMSOL software as shown in Fig. 56.

403
404 Fig. 55. (a) Cylindrical nanowires; (b) nanocones; (c) inverted nanocones [57]
a b o c ¢ d, % |
-« > -
i 2 e - " e— h
405 = 2 -
406 Fig. 56. Different structures: (a) bulk silicon; (b) cylindrical nanowires; (c) nanocones; (d) inverted nanocones [57]

28



407
408

409

410

411

412

413

414

415

416

417

418

Absorption
o
"
T

== bulk sihcon

“r mverted nanocones . 5
02 v/ 3 o
— cylindncal nanowires e d SR
. X
01F —— nenocones "..‘. ‘/.‘.".v\. a1

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 57. Simulation results of absorption distribution for different structures at the wavelength range of 400-800 nm [57]
According to Fig. 57, the absorption of cylindrical nanowires and nanocones are higher than the bulk silicon’s. Specifically, in
the range from 400 to 800 nm, the average absorption of nanocones arrays is 70.2%, which is better than cylindrical nanowires
arrays of 55.3%, inverted nanocones arrays of 42.3% and bulk silicon of 42.2%. Moreover, the reflection of inverted nanocones
has the absorption of 95% in the range from 630 and 800 nm.

3.8 Summary

The 3DPV structures have been generalised based on different designs, including the FPM, GS, 3D-DSSC, cubic SSC, spherical
SSC, SiNW and SiNC to enhance the absorbing ability of the sunlight from all directions and energy conversion efficiency. They
are affected by various factors such as the weather conditions, shadow cast, axial and radial, shapes, materials, spacing, height,

angle of solar irradiation, tilt angle, area ratio, fill factor, current density and open circuit voltage, as summarized in Table 3.
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421

Table 3 The effect factors of 3DPV structures

3DPV structure Effect factors
Weather Shadow | Shapes, materials, | The The Solar The Area Fill Current Open The effect
conditions | cast spacing and effect of | effect of | irradiation | effect of | ratio factor | density circuit of the
height axial radial angle tilt angle voltage micro-
lenses
FPM structure [23, 24, 27, 30, 32-
v v v X X v v v X X X X
36]
GS structure [37] v b v X X v v v X X X b
3D-DSSC structure [38] X v v b X v X X X X X X
3DPV-VAWT structure [39, 40] v v v X X v v v v X v v
Cubic SSC structure
v X v X X v X X X X v X
SSC [41, 42]
structure Spherical SSC
X X v v v v X X X X X v
structure [45-49]
SiNW structure [52-
X X X X X X v v v v v X
Nanoscale | 55]
structure SiNC structure [56,
X X X X X X X v v v X X
57]
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4. The models of 3DPV technology

Similarly, various kinds of 3DPV models are developed, including Genetic Algorithms (GA), Monte Carlo (MC), CFD-GEOM™,
spherical Silicon Solar Cell (SSC), Green’s Function, Finite-Difference Time-Domain (FDTD) as well as Discrete Dipole
Approximation (DDA) models.

4.1 GA model

Genetic algorithms (GA) are a subclass of what are known as evolutionary algorithms [58]. This model is used to imitate natural
progression in design. The GA differ from the traditional techniques because they work on a coded parameter set of the solution,
take advantage of an expense function that does not include derivatives, and use pseudo-probabilistic rules [58]. For example,
Dey et al. [20] optimised the position of the solar tree panels by the GA model to achieve the minimum of the shadow cast loss,

their calculation is carries out by Matlab software, and the flowchart is presented in Fig. 58.

|

Inputs: n, (f,, Y,,), DNL P,(x, y, 2)

|

Initialization: n' = 2

!

Objective: Find the (x, v, z) position of n'* panel
Objective Function:
1.Minimize Shadowing Losses
2.Minimize Distance Between Panels

Constraints: Upper and lower bound of (x, y, z) coordinate

Approach: Genetic algorithm based optimization

!

Output: P, (x,y, 2)

Isn"=n?

n'=n+1 =

Fig. 58. The optimization procedure flowchart of solar power tree [20]
To follow the sun movement, the 3DPV solar power tree is installed with a rotatable structure, meanwhile, the azimuth angle (ys)
and altitude angle () vary from 0° to 360° and 0° to 90°, respectively. The solar irradiance at each sun angle is determined by
the solar power tree electricity output. It can be seen from Fig. 59 that the simulation results are in agreement with the

experimental data.
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440 Liu et al. [58] optimized a hybrid PV-hydro system to predict the system performance based on the GA approach. Table 4 gives
441  the optimization process of the system model. It can be found from Fig. 60 that the hybrid system is capable of realizing good
442  complementarity between PV and hydropower by the GA model.

443  Table 4 Model implementation by GA approach [58]

Item Equation
Fitness function f(t) =ax (P,,.t+ P, ) + B> (AP)?/24]
Design of genetic operator P f,
i N
i=1fi
Crossover operator 2 =2y 1-b)+ aub ;3 =a, (L-b)+ akjb
Mutation operation a; =a; +(a; —a,,) xf(g),r>05
3 =a; +(@y, —a;)xf(g),r<05
444
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31000 F M g1(]0() E 31(.‘!00 =
= 800 = 800 = 800
[ [ o
2 600 | Z 600 g 600}
a o o
400 | 400 400
200} i L 200 H 200 L
0 3 6 _1l2 15 718 2‘1 é4 0 3 6 9 12 15 18 21 24 0 3 6 SI) 12 15 18 21 2.4
Time/h Time/ h Time/ h
(a) Sunny (May. 31) (b) Cloudy (Mar. 12) (c) Rainy (Apr. 15)
445
446 Fig. 60. The optimization results of PV system by GA approach [58]

447 Myers et al. [59] used the 3DPV model to assess energy production based on the GA approach as well. Fig. 61 illustrates
448  electricity output obtained by the GA model. It is found that the optimized 3DPV model can generate much more electricity in

449  comparison to the traditional flat panel. Furthermore, the 3DPV electricity production variation is much more even.
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Fig. 61. Comparison between 3DPV and conventional flat PV technologies [59]

Fig. 62. Schematic diagram of 3DPV models: (a) GA-optimized model; (b) GA- simplified model [60]
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Fig. 63. Energy comparison in different cases [60]
Fig. 62 (a) shows the shape of the GA model that is a box with its five visible faces caved in toward the midpoint [60]. A
simplified GA model is displayed in Fig. 62 (b). This demonstrates that the energy generated is only less 0.03% compared to the
initial GA model output. As descripted in Fig. 63, the growing reflectivity reduces linearly in all cases, but the GA optimized

models have a much slower rate than all other cases. This indicates that the 3DPV GA model is able to optimize the shapes so
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that materials within a comparatively wide reflectance range could be utilized without obvious deterioration of their performance
[60].

4.2 MC model

The Monte Carlo (MC) model is primarily employed to calculate the radiation exchange matrix and has been utilized in the
simulation process of radiation transport for various applications [25, 26]. In this model, the rays are obtained based on the cosine
law and the Planck’s law [25]. The MC model considers the effects of geometry and shadow cast on the energy absorbed, the
mathematical model is given in Table 3.

Table 5 The calculation process [25, 26]

Description Equation
M
The net incoming energy Qx,i = qx,iAi =g, AE,; _ZRx,ijAijx,j
j=1
o0 M o0
The total radiation flux Qi =GA =A IO Sk,ibe,idx’_ZAjIO R; By, dr
=1

I: €1 EwdM _ J? &, By A

1

The total emissivity of a surface & == 2
[ Ey oT;

B Io Rx,iijk,id)\’ _ _[0 gk‘iijk,id}\‘
- © - 4
[ Ep o oT;]

The total radiation exchange matrix i
1

n?cosO—+/n’—sin’0_, cosO—+/n’—sin?0
P=3

)]
n%cos0++/n% —sin?0 cos0 ++/n? —sin? 0

M M
The whole energy emitted via the boundary surface elements E =) E; =Y ¢oT/A,
=l 1

The directional reflectivity of glass

[(

E.
The number of rays emitted N; = E‘ Ny

The whole calculation process of the MC algorithm for the 3DPV model is demonstrated in Fig. 64. As indicated in Fig. 65, the
3DPV model increases the sunlight capture by 118% and 34% for heating and cooling seasons respectively in Miami, by contrast,
the obtained solar energy could be improved by 322% and 57% for winter and summer individually in Seattle. It is revealed that
the 3DPV model is able to improve sunlight capture by about 4-6 times in comparison with a flat panel and collect more solar

energy at higher latitude.
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475 Fig. 64. The whole calculation process of MC model [25]
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477 Fig. 65. Comparison between flat panel and solar tree based on MC model: (a) in Miami; (b) in Seattle [25, 26]

478

479 4.3 CFD-GEOM™ model

480  Verma[26, 61] investigated the 3DPV performance by the CFD-GEOM software. According to Fig. 66, a normal surface mesh
481 utilized for the solar tree is comprised of 10496 triangular elements, the top surface of each leaf is discretized through 8-10

482  triangular meshes such that the solar radiation flux on each leaf can be adequately resolved.
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Fig. 66. CFD-GEOM model: (a) the computational domain of single-layer solar power tree model; (b) geometric model (c)

surface mesh with triangular elements [26]

According to Fig. 67, a finite fraction of the solar tree leaves always receives radiation at near-normal angle, thereby tracking
the sun’s position passively. It is observed that, for near-normal incidence (6 = 0°, 20°), traditional solar flat panels can absorb
more solar energy than the 3DPV solar tree model. By contrast, at solar incidence angle of 40° or higher, the 3DPV solar tree
model can absorb more solar energy than the traditional one. However, in terms of the shallow angle of incidence (6 = 80°), the
3DPV model is found to collect four to six times more solar radiation than traditional one. From the radiation flux predicted for
the flat panel, it is found that, the traditional solar panel is far more sensitive to the solar irradiation angle compared with the

3DPV solar power tree.

Fig. 67. The radiation flux for incidence angle (a) 6=0°; (b) 8=20°; (c) 6=40°; (d) 6=60°; (¢) 6=70° and (f) 6=80° [26, 61]
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495

496 Fig. 68. Double-layer 3DPV model: (a) geometry, (b) radiation flux on a double-layer solar tree for 40° incidence angles [26,

497 61]

498  To further increase the solar radiation capture capacity, a second layer of solar leaves is augmented to the 3DPV model as

499 presented in Fig. 65. It is confirmed that the second layer of leaves is capable of enhancing the absorbed sunlight by 15-30%.

500 4.4 SSC model
501  Gharghi et al. [43] developed a 3DPV model of spherical silicon solar cell (SSC) for material process optimization and advanced

502  device design. The basic calculation model of the spherical SSC is illustrated in Fig. 69 while its mathematical model is given

503 in Table 6.
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504

505 Fig. 69. Numerical model of spherical SSC model: (a) initial model; (b) optimize model [43]

506  Table 6 The equation of SSC model [42]

Description Equation
Photo-carrier generation rate D, = [Ij So (M1 =R (A, )] cos(y)]exp[—a(R)x]
AS
. . [P, +D,-D,-D,]
: G(r,0,0) = ——
Solar-weighted generation ( ) [7Sin6-Ar-AD. AD]
Current density I, = J' (,-a,)r’sin0dod @
r=R,
507
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508 Kitamura et al. [49] developed a system model of spherical SSC with 1-bit AX-modulated white-LED lamp and an earphone
509 including a balanced-armature receiver, their whole simulation process is shown in Fig. 70. To be more specific, the noise factor
510 is assumed as 1, the components with amplifying and addition functions are supplemented to the end of the 1-bit AX modulator

511 to make the transmitter produce normalized “0” and “1” pulses.
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513 Fig. 70. (a) Principle of 1-bit AX modulation; (b) simulation process [49]
514

515 4.5 Green’s function model

516 The Green's function is able to decrease the requirement for homogeneous production assumption utilized in the calculation of
517 traditional model. Additionally, it can satisfy the equations with point source and essential boundaries, the actual source can be
518 utilized to obtain a normal solution. For example, Ali et al. [62] developed a 3DPV analytical model by using the Green’s
519  function to assess the open circuit voltage, conversion efficiency, fill factor and current density. The diagram of the radial p-n

520  junction nanowire PV cell is given in Fig. 71.

521

522 Fig. 71. 3DPV geometry model of radial p-n junction [62]
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The solar cell total current is given as:

=1, (V)1 (11)
where lgark (V) is the voltage dependent dark current (A); Isc is the short circuit current (A).

The electron equation is written as:

on 1
—=G,_-U +=(V-J 12
at L n q( e) ( )

where G_ is the generation rate of carriers; U, is the net recombination rate of the minority carriers; J. is the electron current
density (A/m?).

The dark current is expressed as:

= (14 EEXPE) ~1+ 1 exp) 1] (13)

t

where V. is the voltage due to thermal potential (V); I is the electrons current (A); I'; is the holes reverse saturation current (A).
18" is the depletion region recombination current as:

gn, 2m(Ar, +Ar,)’L

19 = 14
2\/?% (14)

The short circuit current is written as:

I, = [115,(0) + 15,00+ 12 ()] (15)

dep
sc

where 1" (A) is the contribution of the depletion region to the light-generated current (A).

Based on the Green’s function theory, a point source is defined at r’, therefore, the equation turns into uniform when r=r".

Table 6 illustrates the transform equations on the basis of the Green’s function theory in the p-type region.

Table 7 Green’s function equations [62]

Description Equation

) a ' a )
®, = [ An(r G

PG e~ Angr)

Deriving the concentration expression
,OAn(r")| o OAn(r,r")

= [0rr-0,)06..1) -Gy, ) An(r)
surface surface

¢ 10 1 L1 ,

(FJFFE_L_Zn)Gl(r’r):FMr_r)

P-type region
r<. >

G,(r,r)=&,(—)E,(—

(1) él(l_n)éz(l_n)
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The model is utilized for both p-n silicon and p-i-n radial PV cells, meanwhile, its precision has been validated by comparing
with previously published numerical and experimental results, as given in Fig. 72. The errors of Jsc and Vo decrease from 3.7%

to 0.03% and from 1.7% to 1.3%, respectively.
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Fig. 72. Comparison between Green’s function model and experimental data [62]
4.6 FDTD model
Lundgren et al. [52] designed a 3D branched nanowire (BNW) tree model by using the finite-difference time-domain (FDTD)
approach to study the sunlight absorption rates for four configurations. Wang et al. [53] proposed an innovative 3DPV NW
model to investigate the model performance via the FDTD approach. The basic equations are given in Table 8.

Table 8 The calculation equations of 3DPV NW model [53]

Description Equation
— —|2
The optical generation rate = |V;S = 8|i
" 2he  2h
. . Hy
The doping-dependent mobilit op = Hin T 77 A
p g p y Hdp B 1+(N/NO)A
The current-voltage relationship J=Jgc =3, (exp™ e -
KT,
Thermal voltage V. = %

It can be seen from Fig. 73 (a) that the optical production becomes more spread in the 3DPV NW model when the wavelength
raises whereas more and more sunlight could be absorbed and transmitted through the bottom solar cell. Moreover, more cells
are capability of capturing sunlight in various regions, which appears a promising ability to realize an excellent current matching
as shown in Fig. 73 (b). Furthermore, according to Fig. 73 (c), majority of the photo-carriers are produced with a filling ratio of

0.196, indicating an exceptional optical absorption capacity in 3DPV NW model.
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Fig. 73. Simulation results: (a) optical production profiles; (b) absorption of the sub-cells and overall reflectance; (c) total photo-
generation profiles [53]

4.7 DDA model

The discrete dipole approximation (DDA) is a normal approach to estimate scattering of electromagnetic waves based on
composition and particles of arbitrary geometry [63].

The typical equation of DDA is given as [63]:

'R~ G, =E" (16)
where a is the tensor of dipole polarizability; E is incident electric region; G is the free-space Green’s tensor; P; is the unknown
dipole polarization.

Li et al. [56] studied the optical characteristics of silicon nanowire (SINW) and silicon nanocore (SiNC). The absorption spectra
and extinction are determined by using the DDA approach. Fig. 74 illustrates the extinction and absorption efficiencies for the

monomer SiNW and SiNC at different wavelengths.
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Fig. 74. The simulation results: (a) extinction efficiency; (b) absorption efficiency [56]
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These results demonstrate that the biggest difference of the surface coverage rate is only approximately 1.5%, which is quite
smaller in comparison to counterpart value in sunlight-concentration of 20.8%. Moreover, the concentrated sunlight is not
capable of being effectively absorbed and converted to photo-generation carriers.

4.8 Summary

The 3DPV models are more accurate and comprehensive investigation techniques based on different approaches including GA,
MC, CFD-GEOM™, SSC, Green's function, FDTD and DDA to calculate the solar energy conversion efficiency. The
comparison of various 3DPV models on the basis of assumption, boundary condition, error and scope of applications is illustrated

in Table 9.
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Table 9 Comparison of 3DPV models

Model names

Assumption conditions

Boundary conditions

Key findings

Approaches used

Error analysis

Scope of applications

GA model [20, 58-60]

(1) Diffused radiation is assumed as
zero; (2) The tilt angle is setup
0°<B<90°; (3) The azimuth angle of
surface is defined ranging from
0°<y<360°;

The boundary conditions is given as:
Hemin <H SHg e Loin <L S Ly ?

tmin — t,min —

Qumin £Qi < Qe * Vimin TV, SV,

The algorithm is carried out by
using Matlab software.

The numerical results
is a good agreement
with test data.

(1) GA model is utilized for
locating of the solar panels
avoiding to the losses of
shading; (2) This model can
be used to optimum the
system performance.

MC model [25, 26]

(1) All the walls are assumed to have
an emissivity of 0.5; (2) 100 million
rays are traced.

(1) The incident photon bundle is set up as
R, <p, ; (2) Thedirection of the reflected

photon bundle is assumed as: R, <a,;

(1) The photon bundles are
calculated by the cosine law and

the Planck’s law; (2) Ray
tracing is obtained by BSP and
VVA algorithms.

The error is about

0.0425 %.

(1) The MC model can
consider any obstructions in
the geometry and shading
influences; ) All
wavelengths are able to be
gathered and processed; (3)
The model is utilized to
evaluate  the radiation
transport of thermal chemical
vapor deposition reactors.

CFD-GEOM™ model [61]

(1) The atmospheric scattering

influences is ignored;

(1) The boundary condition is assumed as
1m x 1Im x 5m; (2) A constant heat flux
wall boundary condition is used for the top
and front surfaces of the domain; (3) The
input solar flux is defined as 1362 W/m? in
the simulation process; (4) The remaining
surfaces of the domain as well as the solar
leaves are treated as isothermal walls at a
temperature of 300 K.

(1) 3D model is discretized by
the unstructured mesh; (2) The
model is solved by using the
CFD-GEOM™ software.

The mean difference
between CFD model
and test result is less
than 0.06% at any
surface.

(1) The model is used to
assess the impact of the angle
of solar irradiation; (2) The
model is able to investigate
the system performance.

SSC model [43]

(1) The angular gradient of the carrier
concentration is regarded as zero;

(2) The antireflection coating (ARC) is
ignored;

(3) A smooth spherical surface is
assumed in the model.

(1) The outer surface boundary condition is

shown as:
a3,
D, (V3,)] . -8, =D, =1 =S
r=R
(2) The first radial boundary condition is
n? Y
given as: 80 -r) 7N7a(exPﬁ_l) :

(3) The second radial boundary condition is
expressed as:

a5,

. =L_-8
or

v

n

DP (VSD)LRO A= D

r=Ro

The spherical SSC model is
calculated via FDM approach.

The error between
numerical model and
test result is less than
8%.

(1) the model can reduce the
system cost; (2) the model is
able to enhance material
processing and  system
utilization;
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Nanoscale
model

Green’s (1) The ratio is thought as high | The excess carriers’ concentration (An) is | This analytical model is solved | The differences of Vo | (1) The Green’s function
function between the diameter and rod length; | the finite and when r=rs, | by Green’s function approach. and Jg; reach 1.7% and | model contributes to reducing
model [62] (2) The doping is assumed as the \V; 3.7%, respectively the assumption conditions;
uniform and low. AnL, :npo[exp(v)fl]_ (2) The model is used to
. ! ’ . calculate the efficiency of the
Dirichlete boundary condition: p-i-n and p-n PV cells.
GZ(r’ r') r=R,+Ar,
Neuman boundary conditions:
G,(rir)| 1
a' |- R
FDTD model | (1) The tunnel diode is regarded as the | (1) The minimum cell size of the FDTD | Based on EMW package. N/A (1) FDTD is used to assess
[52, 53] ideal condition; (2) A perfect matching | mesh is defined to 5 nm; (2) The number of the absorption rate of
layer is setup as semi-infinite | nodes per wavelength is assumed as 20 in branched nanowire (BNW) Si
substrates. all directions. solar cell; (2) The model is
capable of investigating the
light trapping impacts of the
nanowires array; (3) The
model is utilized to calculate
3DPV performance
efficiency.
DDA model (1) The total lengths are assumed as 1 | The whole size is defined as 3 x 3 x 3nm. | Based on Lambert-Beer law. The error analysis is The model can be used to
[63] pn m; (2) The diameter of the SINW is about 1%. study the optical
defined as 83 nm; (3) The SiINW and performances of 3DPV
SINC are instead of cubic point SiNW and SiNC.

dipoles; (4) The optical properties of
metal nanoparticles is regarded as
homogenous.
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5. Challenges and future technological developments

The structures and models of the 3DPV technology are important challenging regions for improving PV panel energy conversion

efficiency, which consider the effects of shape, height and spacing of the PV module, weather condition, low-cost base materials,

affordable device-processing technology, latitude of the installation, optimal device design and shadow cast and so on.

Regardless of being an advanced and promising technique, the 3DPV technology still has some issues that require to be resolved

to create the framework for the future development as follows:

In comparison to the conventional flat panel, the 3DPV technology is less conversion efficient at zenith angles about 0°,
because not all modules are directed toward the sun.

In most structures and models of the 3DPV technology, the reflection from the solar cell surface is assumed as diffuse.
However, in reality, most surfaces do not reflect energy isotropically, and exhibit a directional bias. Hence, the true
performance of the 3DPV technology should be investigated by considering the composite nature of the solar radiation.
The shadow cast has significant effect on the module efficiency owing to complicated orientation. This may result in the
reduction of overall voltage and current, and decreasing the 3DPV module electricity output.

The PV panel is orientated at a diverse angle, therefore, it will have different P-V and I-V curves, meanwhile, the voltage
established through the inverter will cause severe loss.

The capture area may be amplified manifold by increasing the number of leaves, but the maximum number of leaves in a
solar tree is limited because of several mechanical constraints which must be addressed for practical development of the
3DPV module.

The current 3DPV technologies have never taken into account the effects of wind load and gravitational pull on the 3DPV
structures, hence, further research should be focused on this aspect.

Computer programs should be validated by experimental results, and a completed assessment is extremely essential to
investigate their applicability for engineering practices.

The factor governing the total number of leaves in the tree is the total weight that a branch can withstand, which relies on
the weight, shaping and size of the solar leaves. The number of leaves would be limited by the number of branches, since
the branches would have to be placed such that leaves on one branch to avoid blocking the leaves on a neighbouring branch.
In terms of the environment impact, it is hazardous for birds because of the 3DPV module released heat particularly in hot
day. Furthermore, in terms of the human being, the reflections can be harmful to human eyes as the PV panels are at various

angles. Hence, these hazards should be resolved in the future.
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6. Conclusions

3DPV technology is a novel skill to realize the optimum solar energy collection, to be more specific, the 3DPV module has

multiple orientations that permit effective capturing of off-peak sunlight, in the meantime, it can reabsorbs the reflected light as

well. This paper presents various 3DPV structures and reviews the effects of different factors on the conversion efficiency.

Furthermore, the analytical and numerical models of the 3DPV technology are summarized to clarify the complicated calculation

process. Consequently, some key findings are drawn as follows:

1

2)

3)

4)

5)

6)

7)

The 3DPV technology can absorb solar radiation more effectively in comparison to the conventional PV technology for any
geographic location and season, especially at high latitude and during winter period, and increase the sunlight captured
approximately 15-30%.

The 3DPV structure optimum design could be realized and incorporated for sustainable installation for power generation,
and the appropriate engineering software is used to predefine the anticipated parameters that will meet the operational
specifications.

The 3DPV structure has high impact on electricity output, it can be used to explore multi-dimension space, and absorb the
reflected rays. The 3DPV technology model is capable of analysing complex energy conversion mechanism for achieving
optimisation design.

For angle of incidence above 40°, the 3DPV structure is more efficient than the conventional solar PV structure in terms of
capturing sunlight. Meanwhile, it has a better temperature distribution compared with the planar configuration.

The average absorptions of SiNC, cylindrical SINW and inverted SiNC arrays, and bulk silicon are 70.2%, 55.3%, 42.3%
and 42.2% respectively in the wavelength range of 400 to 800 nm.

The MC model has the highest accuracy with the maximum error of 0.0425% in the 3DPV models. Furthermore, the negative
temperature distributions in 3D models are less than those in 2D models or any other configurations.

For future development, the 3DPV computer models should be further validated by testing results, and a complete
estimation is needed to increase the confidence of their applications. The influences of shape, height and spacing of the solar
cell, weather condition, wind load, gravitational pull, low-cost base materials, affordable device-processing technology,
latitude of the installation, optimal device design and shadow cast should be taken into account in the 3DPV models. An
optimum design for the 3DPV technology is tremendously needed, which is able to enhance the sunlight absorption rate and

energy conversion efficiency.
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Nomenclature

A Area (m?)

i Number of the layers
r Radius (m).

Greek Letters

o Altitude angle (°)

B Surface tilt angle (°)

Y Surface azimuth angle (°)

s Solar azimuth angle (°)

0 Angle that is made by arc at the centre of circle in radian (rad)

Abbreviations

BNW  Branched nanowire
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DDA

DSSC

FDTD

FPM

GA

GS

MC

MPPT

PCBM

PET

PV

P3HT

SSC

STM

SiNW

SiNC

Discrete dipole approximation

Dye-sensitized solar cell

Finite-difference time-domain

Fibonacci number photovoltaic module

Genetic algorithms

Golden spiral

Monte carlo

Maximum power point tracking

Phenyl-C61-butyric acid methyl ester

Polyethylene terephthalate

Photovoltaic

Poly 3-hexylthiophene

Cubic silicon solar cell

Semi-transparent module

Silicon nanowire

Silicon nanocone

VAWT Vertical axis wind turbine

3DPV

Three dimensional photovoltaic
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