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Abstract

A customized 2D computational tool has been developed to simulate bifacial rear local contact
PERC type PV structures based on the numerical solution of the transport equations through the fi-
nite element method. Simulations were performed under various device material parameters and back
contact geometry configurations in order to optimize bifacial solar cell performance under different
simulated illumination conditions. Bifacial device maximum power output was also compared with
the monofacial equivalent one and the industrial standard Al-BSF structure. The performance of
the bifacial structure during highly diffused irradiance conditions commonly observed in the Middle
East region due to high concentrations of airborne dust particles was also investigated. Simulation
results demonstrated that such conditions are highly favorable for the bifacial device because of the
significantly increased diffuse component of the solar radiation which enters the back cell surface.

1 Introduction

Bifacial solar cells have recently gained attention in the PV market since they provide increased energy
yield compared to conventional monofacial modules due to additional light absorbed through the back
surface [1], [2], [3]. Although bifacial PV technologies were developed some decades ago [4], [5], their
manufacturing process at that time was quite complicated, making them unfavourable for mass produc-
tion. However, during the last few years, advances in industrial processes have been implemented to
reduce the cost of bifacial PV modules and various companies have introduced such products [6], [7], [8],
[9], therefore their market share is predicted to increase significantly in the near future [10]. In addition,
high efliciency solar cell structures, like the passivated emitter and rear cell with local passivated contacts
(PERC) [11], or the passivated emitter, rear locally diffused cell (PERL) [12] , can potentially offer im-
proved conversion efficiencies and higher yield compared to the industrial standard Al-BSF (aluminium
back surface field) in bifacial configuration.

Although performance simulation and energy yield calculation are very common and straightforward
in commercial PV software, modelling of bifacial module performance is challenging due to the variable
illumination conditions on the back surface which depend on different parameters, such as the percentage
of diffuse radiation in the solar spectrum, ground reflectance, module elevation angle, orientation and
tilt angle [1]. In this regard, the development of a simulation model that could take into account the
different illumination conditions and also provide guidelines to an optimized solar cell structure based
on various material parameters and design configuration is important. There are currently various PV
device simulators, which can solve the solar cell transport equations in 2 or 3 dimensions [13], [14], [15],
[16], which have been widely used to simulate high efficiency 3D structures including the PERC/PERL
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[17], [18] and interdigitated back contact (IBC) solar cells [19], [20]. Simulation of bifacial solar cell
structures is possible with some of these simulators [21], [22], [23],[24] and already implemented in 2D,
however their input parameters such as geometry, light trapping and photogeneration profile need to be
specially configured to account for front and rear side illumination.

Our approach in this work is the development of a customized 2D computational tool specifically
tailored for bifacial PV structures similar to PERC/PERL for providing guidelines towards optimizing
bifacial solar cell design parameters in terms of efficiency and simulate the various illumination conditions
observed for such types of modules. Such a tool will allow us to have complete control on the mathematical
model being used as well as the numerical method applied to solve it. Industrial solvers can rarely provide
such a versatility. The formulation of the model is similar with the one developed in [25]. We introduce
a novel change of variables which transforms the transport equations to a dimensionless system, thus
facilitating considerably its numerical approximation. Another novel feature that our solver possesses is
mesh adaptivity, which allows to resolve accurately and efficiently the localized nature of the incident
light on the surface and high gradient variations of the solution in the neighbourhood of the contact.

The solution of the transport equations is obtained through the finite element method, as described
in section 2. Simulation results are presented in section 3, where various device configurations are
considered by varying the rear contact geometry, base substrate material parameters as well as different
illumination conditions for the bifacial structure and comparing its maximum power output performance
with the monofacial equivalent device. Section 4 is investigating the performance of the optimized bifacial
structure based on the results of section 3, and considering variations of the solar spectrum due to light
scattering by dust particles, which is commonly observed in Middle East area. Finally, section 5 discusses
the main conclusions of this work.
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Figure 1: Geometry of solar device (left) and a representative triangulation (right)

2 The mathematical model

Throughout this work we assume that the solar cell device operates in a low injection and steady state
regime. In this regime the classical drift-diffusion equations can be simplified and the system decouples
since current transport is dominated by diffusion. The continuity equation for the minority(electron)
carrier concentration n(x, z) and the voltage drop V(z, z) in this regime, are given by, [25]

An = - ("G) (@, 2) € [0,p] [0, ],

Tn

AV — <ZL —G> <M) L (@) € [0,p] x [0,u)],

(1)

where 7, is the minority carrier lifetime, D,,, D,, are the diffusivity constants of minority and majority
carriers respectively, p, is the majority carrier mobility, N4 is the hole doping density, while G(z, z)



denotes the generation rate. A sketch of the device under consideration is shown in Figure 1(left). The
above system is augmented with the following set of boundary conditions:

e Vertical sides: x =0, L, z € (0,w),

Vn-¢=0, VV-(=0. (2)

e Top side: 2 =0, z € (0,L),

n? Viias +V Viias +V
n= N. (exp (va> — 1) , —qD,Vn-(=-Jy (exp <bVT> — 1) . (3)

e Bottom side : z =w, z € (0,L),

D,Vn-(=—-Sn,

Sl<Dn - Dp) (4)

outside contact :  VV .(=—n , inside contact : V =0,
,LLpNADn

where ( is the outward normal to the side, g is the electron charge, Vp = % is the thermal voltage, S
is the recombination velocity with S = s; outside the contact and S = s, inside the contact. Further,
n; denotes the intrinsic carrier concentration, Jy the saturation current density and Vp;.s is the external
applied voltage.

The multiscale and nonlinear nature of system (1)-(4) posses various computational challenges, when
one attempts to approximate its solution numerically. First we introduce a novel change of variables that
transforms system (1) to a non-dimensional one. The classical approach in this direction is to use the
Debye length for scaling the space variables, the thermal voltage for the voltage drop and the intrinsic
concentration for the minority carrier, [26], [27]. However in the current regime, where diffusion is the
dominating factor, it is more appropriate to use more suitable quantities to scale the corresponding
variables. In particular, we use the diffusion length to scale the space variables and a particular voltage
to scale the related potentials:
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where we assumed that n is expressed in terms of a quasi-Fermi potential ¢,,, L, is the diffusion length

and V¢ is multiple of the thermal voltage V. To the best of our knowledge this scaling of variables is

new in the literature. Using this change of variables we derive a new system, which is dimensionless
—An+n= gn,

6
—Au+1n = gy, (©)

2
where g, = G]\,fifb. The new form of the boundary conditions is

e Vertical sides: x =0, L, z € (0,w),

Vn-¢(=0, Vu-{=0. (7)
e Top side: z=0, z € (0,L),
Vi Vi
vin=exp(S(Vo+u)) =1, Vu-¢=v3jo(1—exp(—(Vo+u))). (8)
VT VT



e Bottom side : z =w, x € (0,L),

outside contact : Vu -{ = —s,n, (9)
inside contact : u =0,
Ln VT

Vr — qLn
aDoNA Ve and s, = SDn.

_ Vhia. — Ny NS
where Vi, = 2=, va = 34, Jo = Jo

2.1 The numerical method

We use the finite element method to solve numerically system (6)-(9). The implementation using finite
elements was chosen because the FFT method used in [25] does not allow mesh adaptation, has slower
convergence compared to finite element method and provides the solution only on the top and bottom
surface of the device. The nonlinear nature of the system stems from the boundary conditions (7)-(9).
Using the finite element framework we can incorporate these nonlinearities in the numerical method in
a natural way. To solve the resulting system of nonlinear equations we use Newton’s method. However,
its direct application to the full system (6) would lead to a solution of a large linear system which is
computationally very expensive. Instead, we use an implicit - explicit variant of Newton’s method, which
decouples the system and each equation is solved separately, [28]. System (6) can be written in the form

-7:(777’“) =0, g(nau) =0,

where F, G represent its finite element discretization given by the corresponding variational formulation.
Then the iterative scheme works as follows : given an approximate (7, u¢) we compute the next iterate
by solving

.7:(17”17 Uz) = 0, g(ng+1, UZ+1) = 0, E = 0, e (m, (10)

where the number of iterations £, required for convergence depends mainly on the required accuracy. As
an initial condition to the iterative scheme we take (19, u9) = (0,0). Another issue we face numerically
is related to the source term g, in (6) which describes the incident light on cell’s surface. Most of the
incoming light is absorbed within few nanometers from the surface, which mathematically translates to
the presence of a Dirac-like function supported in a small neighbourhood of the boundary. To resolve this
issue numerically we rely on mesh adaptivity, in particular the initial mesh is locally adapted according
to the variation of g,, [29], see Figure 1(right). Mesh adaptation is performed also inside the iterative
scheme to adjust mainly to the variation of (u,n) and capture their behaviour around the contact.
Typically no more than two adaptive steps were required during the whole computation producing, on
the average, a mesh of about 40K triangles and 18K degrees of freedom. We remark that failure to
resolve the source term g, adequately might lead to a completely wrong solution.

2.2 Comparison with existing solvers

Before presenting the main results, we briefly compare our numerical solver with two well known and
publicly available solar cell simulators, namely with Quokka, [15] and PC2D, [16]. We limit the com-
parison only to single face solar devices since Quokka does not support bifacial structures at its current
configuration, while PC2D can be extended to simulate bifacial illumination, but requires a work-around
for setting the photogeneration rate. We consider a solar cell where the incident light operates only on
the top surface, where a small portion of it is covered by a metallic grid, see Figure 2, and we have taken
p = 1200pum, w = 180um, d = 120um, L, = 1200um, while the size of the metallic grid is 120pm. The
emitter saturation current is Jy = 10713 A/em?, while at the back contact the recombination current is
Joc = 10724 /cm?. We have also considered the optical losses due to reflection,

G = /a(A)(l = RO g ez g

where the reflection distribution R(A) was obtained using the resources in [30]. The rest of parameters
used in the simulations are as in Section 3. In Table 1 we present the values of standard characteristic
quantities in solar cells simulations based on the corresponding I'V-curves computed by the three different
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Figure 2: Single-face solar cell with metallic grid

solvers with KASCS being our solver. The values we compare include the short circuit current(Js.), the
open circuit voltage(Voc), the mazimum power(P,,,) with the corresponding values of current J,,, and
voltage Vi, as well as the fill factor(FF) and efficiency(Eff). We also quantify the difference in the
values of our solver and that of the other two in terms of the absolute(AD) and relative(RD) difference
respectively. All three solvers produce comparable results and in most cases the corresponding relative

KASCS || Quokka | AD | RD(%) || PC2D | AD | RD(%)
Jse(mAJem?) 39.991 || 38.651 | 1.34 | 3.35 | 39.173 | 0.82 2.05
Voe(mV') 651.425 || 664.079 | 12.65 1.94 | 664.000 | 12.58 1.93
Pop(mW/em?) | 21776 | 21.369 | 0.41 1.87 | 21653 | 0.12| 0.56
Vip (mV') 569.675 || 577.208 | 7.53 1.32 | 575.415 | 5.74 1.01
Jmp(mAjem?) || 38225 || 36.955 | 1.27 | 3.32| 37.631| 0.59 1.54
FF 83.588 || 83.106 | 048 | 058 | 83.377| 0.21 0.25
Eff(%) 21.776 || 21.369 | 0.41 1.87 | 21653 | 0.12| 0.56

Table 1: Comparison of characteristic values

differences are below 2%. However the differences in Table 1 can be attributed to : a) modelling
assumptions: the simulators solve similar but not exactly the same system of transport equations and
type of boundary conditions; b) solution method: KASCS and PC2D both use finite elements but PC2D
utilises a very coarse grid, compared to the adaptive grid used in KASCS. On the other hand Quokka
uses a finite volume method; ¢) photogeneration resolution: KASCS uses a highly adaptive grid to resolve
the incident light, while PC2D and Quokka are using much coarser grids.

Finally, in Figure 3, we plotted the corresponding IV-curves obtained by each of the simulators. We
notice that all simulators achieve the same maximum output power. The main differences can be seen
in the values of Js. and V,.. KASCS uses an adaptive algorithm to compute the IV-curve, while PC2D
uses a fixed voltage step. Quokka has convergence issues for voltage values close to zero and use a
semi-adaptive voltage step to compute the IV-curve.

3 Simulation results and discussion

3.1 Simulation parameters

All the numerical results reported hereafter were obtained using linear finite elements. The computational
domain was covered by a triangulation which initially was adapted according to the variation of g, and
subsequently according to the iterates (ng,us), see Figure 1(right). Part of the code was developed
using the FreeFem++ finite element library, [29]. All the simulations were performed on a Intel Xeon
E5-2680 v8 workstation with 128Gb of ram running Linuz. The iterative scheme with mesh adaptivity
converges in few iterations 1 < £,, < 4 with a tolerance of 10712 between two successive iterates.
Further, the computational time to obtain an IV-curve consisting on the average of 120 points varied
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Figure 3: IV-curves comparison

from 10 — 30mns. We remark that our solver KASCS uses and adaptive algorithm to choose the voltage
step in the calculation of an IV-curve.

The simulated bifacial PERC type solar cell structure is illustrated in Figure 1(left), where the emit-
ter is covering the front surface, while the back surface is passivated and the contacts are stripe-shaped
due the considered 2D geometry. The cell base substrate is p-type with uniform doping density N4 =
10'6em =3, while carrier mobility values are taken from [30], u, = 1100cm?/(V's), u, = 427cm?/(Vs).
We also assume an ideally thin emitter covering the entire front surface, where photogeneration is oc-
curring in the base only, while the emitter saturation current is Jo = 1073 A/em?. The recombination
velocity at the back passivated area is taken s; = 10c¢m/s, which is typical of silicon oxide or nitride
passivation layers [17], while at the back contacts is calculated by the following expression sy = %
where Joc = 10711 A/em? is the recombination current at the back contact. This surface recombination
value corresponds to a recombination velocity within the range observed for Al-BSF laser fired contacts
used in PERC solar cells [31].

The devices are considered to have zero resistive losses from the emitter, front and back contact metal
grids, while shading losses of front and back fingers are assumed negligible. Light trapping is similar
to the pyramidal texturing scheme, with no reflection losses from both surfaces. The impact these
simplifying assumptions regarding optical losses in bifacial device efficiency is small and independent of
changes in the main parameters we investigate in this work such as the back diffused contact size and
base diffusion length as shown on Section 3.3. For the case of the monofacial device the back contact
is considered reflective with internal reflectivity 95%. In this regard, light rays are reflected internally
from the back surface and perform an additional path before exiting the cell. Since the bifacial structure
is considered light transparent from both faces, we assume only one light pass from each side. The
simulated front surface illumination source is the global AM1.5G spectrum [32], while the back side of
the bifacial structure receives a portion of the front light, which we assume variable. We simulate three
different cases of wafer thicknesses and base diffusion lengths. A wide range of back contact size widths
is considered, while their spacing (pitch) is also considered as a variable parameter.

3.2 Device simulations and performance optimization

The simulation results presented in this section investigate the impact of geometrical parameters, back
contact size (d) and pitch (p), to device figures of merit under various intensity levels of back illumination



as percentage F.cq of the direct illumination, while also considering different base material thickness (w)
and diffusion lengths (L,,). The relative bifacial maximum power gain compared to monofacial equivalent
is also evaluated.

Figure 4(left) shows the influence of illumination intensity to the back surface on the maximum
output power (P,,q,) of the bifacial simulated structures as a function of the back contact size. The
relative power gain (gain factor GF') of the bifacial structure with respect to the monofacial equivalent
one (corresponding to the industrial standard Al-BSF device) is shown on the left vertical axis. Three
different values of base thickness are considered, where minority carrier base diffusion length is 200um
and back contact pitch is 800um. These curves show an obvious P4, increase when the amount of
light entering the back side increased, which is more evident when irradiation intensity on the back is
greater than 200W/m?(E,.cqr = 0.2). In addition, there is a continuous gradual efficiency improvement
for decreasing contact sizes, which is expected because of the reduced back surface recombination due to
smaller contacting area. The reduction of base thickness also significantly improves conversion efficiency
since generated carriers in the back surface can be more easily collected from the front junction. This
is more evident when back light intensity is low (Eyeqr < 0.3), where the thinnest device (w = 120um)
is capable of converting more photons due to less recombination inside the bulk base material as well in
the back surface due to reduced contact area. The relative power gain compared to the monofacial 2D
PERC type structure (blue curve with filled circles) can be higher than 40% for the case of 500W/m?
back illumination intensity, smallest back contact size and 120pm base thickness. The power gain of
the bifacial device is further increased compared to the standard 1D structure, due to the increased
recombination on the back surface.
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Figure 4: Maximum power P:,/:ﬁ)(right axis) and gain factor GF (leftd/pag?is) of the bifacial device, p =
800um, as a function of the ratio of back contact size to pitch size d/p(in logarithmic scale). Each
curve corresponds to a different light intensity on the back surface as a portion (E,.cq) of the front
illumination: FEyeqr = 0(circles, o), Eycqr = 0.1(squares, W), E,.., = 0.2(diamonds, ¢), Erear =
0.3(triangles, A), Ereqr = 0.4(stars, %), Erear = 0.5(downright triangles, ¥). Front illumination
spectrum is AM1.5G. Each separate graph corresponds to different base thickness w. Base diffusion
lengths are L,, = 200um(left) and L,, = 800um(right).

Figure 4(right) presents the same set of curves as before, with larger diffusion length L,, = 800um.
In this case, as expected the maximum power of the bifacial device is considerably improved both for
all assumed cases of back illumination intensity. In contrast to Figure 4(left) however, the efficiency is
not significantly improved by base thickness reduction, because in this case base carrier recombination
is drastically reduced due to the much higher diffusion length. The relative maximum power gain
compared to the monofacial 2D PERC type structure can be close to 50% for the case of 500W/m?
back illumination, which is an indication that practically almost all of the photons generated on the back
surface are successfully converted. The maximum power gain of the bifacial device is drastically improved
compared to the standard 1D structure, as a result of reduced bulk and back surface recombination.



Figure 5 demonstrates the influence of back contact spacing to the maximum power of the bifacial
structure as a function of back contact width to pitch ratio d/p for different back illumination intensity
levels Ereqr = 0.2 and FEjeqr = 0.5, where assumed device thickness is 180um and diffusion length
L, = 200um and L, = 800um. As the portion E,., increases, the maximum power increases too and
the same behaviour is observed also with diffusion length L,,.
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Figure 5: Maximum power P,,,, of the bifacial device of thickness w = 180um, as a function of the
ratio of back contact size to pitch size d/p (in logarithmic scale), assuming varying light intensities on
the back surface as a portion of the front illumination with E,eq. = 0.2(left) and E,.q = 0.5(right).
Front illumination spectrum is AM1.5G. Each separate curve corresponds to different pitch size : p =
400pum(circles, o), p = 1200um(diamonds, #). Base diffusion lengths are L,, = 200um(solid lines) and
L,, = 800pm(dashed lines).

An interesting phenomenon can be observed from all four graphs: for small values of the ratio d/p
a device with p = 400um produces the most power, however there is a critical value of d/p where the
situation is reversed and the maximum power is produced by a device with p = 1200pm. This could
be attributed to two competing factors: On the one hand spreading resistance losses, which induce a
voltage drop in the junction and are dominant in the small d/p ratios due to current crowding effects
at the back contact area and on the other hand carrier recombination in the bulk base material. When
back contact pitch is smaller, spreading resistance losses are reduced [33], however bulk recombination
is slightly enhanced due to higher number of back contacts per unit area, which increase the carrier
collection path. This critical value of d/p, depends on the diffusion length and it is d/p = 5% for
L, = 200pum and d/p = 10% for L, = 800um. Nevertheless, the difference in output power between the
two devices is small. The output power of the device with p = 800um(not shown in the figure) lies in
between of the other two, for all values of E,q and L,. For d/p = 95% all devices produce the same
maximum power.

3.3 Influence of metal grid shading and surface reflection losses

In this part we investigate the impact of finger grid shading and surface reflection losses on device power
output. To do so we consider two devices, one with a metallic grid on both surfaces and reflection losses,
see Figure 6, and a second one without any of these losses. The size of the metallic grid is assumed
to be 100um while the other dimensions of both devices are p = 1200pum, w = 180um. The contact
size (d) is taken as a percentage of the pitch size (p). Figure 7 shows the comparison between the two
devices in terms of maximum power, while the horizontal axis(in logarithmic scale) depicts the ratio
d/p. The back illumination intensity fraction as a portion of the front (mixing parameter) takes values:
Ereqr = 0.2,0.4 while the base diffusion length is L,, = 200um, 800um. The dashed lines represent the



bifacial device with metallic grid and reflection losses, while the solid lines represent a bifacial device
without any of these losses. As expected the difference in maximum power between the two devices is
small, with the absolute difference(AD) never exceeding 0.6mW/cm? and the relative difference(RD)
being less than 2% for all choices of mixing parameter E,..o, and diffusion length L,,, as can be seen from
Table 2. The results shown on Figure 7 and Table 2 also show that the maximum power change due to
variations in back diffused contact size and base diffusion length is not influenced by grid shading and
surface reflection losses.
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Figure 6: Bifacial solar cell with metallic grid.

Erear =0.2 Erear =04
L. | AD | RD(%) || AD | RD(%)
200 || 0.42 1.91 0.49 1.94
800 || 0.50 1.94 0.59 1.98

Table 2: Absolute and relative differences in Pp,q.(mW/em?) between the two devices.

4 Bifacial device performance simulation under highly diffused
irradiance

This section investigates the performance of the bifacial structure during highly diffused irradiance
conditions. Such conditions are very common in the Middle East region due to frequent dust storms,
which introduce high levels of aerosol particles in the air. These particles scatter sunlight and change the
form of the solar spectrum by significantly increasing the diffuse component of radiation while reducing
the direct one. Sunlight radiation intensity at ground level is also affected depending on the sandstorm
strength.

An example of such case is illustrated in Figure 8(left), where we plot the diffuse horizontal component
of the solar radiation (DHI) normalized to the global one (GHI) and the Aerosol Optical Depth (AOD)
at noon during the period March 17-26, 2017, where a dust storm event occurred at KAUST on March
19th. The graph shows that during the day of the dust storm the AOD level peaks at very high levels and
decreases gradually, while it takes approximately one week to reach its values before the event. It is worth
noting that for most of these days solar irradiance at the ground is dominated by the diffuse component,
while its rate of change follows the same trend with the AOD level. On the contrary, the direct irradiance
component is reduced with increasing turbidity levels as shown on Figure 8(right), which is expected
since global irradiance is the sum of the diffuse and direct radiation and DHI increases proportionally
with AOD as already mentioned. AOD measured values were extracted though NASA Aeronet database
for the meteorological station at KAUST which is set and operated by the research team of prof. G. L.
Stenchikov [34], while solar irradiance was measured through another station maintained at KAUST New



Figure 7: Comparison of maximum power between the device with grid shading and reflection losses(SR),
depicted by dashed lines and a device without any such losses, depicted by solid lines as a function of the
ratio d/p (in logarithmic scale). Different symbols correspond to different values of mixing parameter

P = 1200, w = 180, L, = 200

L,=800

10* 10

d/p (%)

Ereqr = 0.2(diamonds, ) and E,.q, = 0.4(squares, B).

‘H DHI/GHI B8 AOD
1.0, 3.5
3.0
0.8
2.5
£
706 2.08
Q 1n
T T
o 154
0.4 a
<
1.0
0.2
0.5
0.0 0.0

AP A a0 > At AP ab a5 a8 )
*@ *@ “\@ "\5 v\ﬁ v\ﬁ ﬁ’ ﬁ’ $3 ‘A$ ‘h$

Figure 8: Diffuse (DHI) and direct (DNI) (left axis) component of the solar radiation normalized to
the corresponding global one (GHI) incident at the horizontal plane in the ground and turbidity values
(AOD)(right axis) for the site of KAUST in Saudi Arabia. The values were measured for the period

March 17 to 26, 2017 during noon time (12:00pm).
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Energy Oasis (NEO) site. It is already reported that bifacial solar modules perform significantly better
compared to monofacial ones under highly diffused sunlight commonly observed in tropical climates [35]
or under cloudy - foggy conditions [36], therefore we investigate by simulations if this also the case under
environments with high aerosol content.

Regarding the simulation scenario we consider the location of KAUST University in Thuwal, Saudi
Arabia. The front illumination of the device is the sum of the direct and diffused solar irradiance while
the back side is assumed to receive all diffused and a portion E,.4, of the direct solar irradiance :

G= /a()\) (IG e *N? 4 (Iyp + Erear [dr)e—a()\)(w_z)) QA

where a()) is the absorption coefficient at wavelength A and Ig = Ig + I4- where Ig and 14 denote the
diffused and direct solar irradiance respectively. The assumption that the whole diffused part of the solar
radiation is absorbed from the back surface is based on the fact that it is independent on PV module
orientation. However, in order to be effectively absorbed, the bifacial structure should be sufficiently
elevated from the ground and kept in sufficient distance from the nearby modules to avoid blocking of
incident light on the back side.

Using the resources of [30] we generated various solar spectrums for noon of June 21st 2016 with nine
different values of the turbidity parameter for a device facing south at an angle of 25° with respect to
the ground. The values of the turbidity parameter are AOD = 0.084, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3.
The front illumination of the device is the sum of the direct and diffused solar irradiance while the back
side illumination consists of the diffused and a portion (E,..q-) of the direct solar irradiance. Based on
the results from Section 3 we consider a bifacial device with back contact spacing p = 800um, thickness
w = 180um and we study its maximum power output with mixing parameter E,.q, = 20%, two values
of the ratio d/p = 5%, 10% and two different values of diffusion length L,, = 200um and L,, = 800um.
The simulation results are depicted in Figure 9 where the P,,,, is shown in the left graph and the
corresponding gain factor(GF), with respect to monofacial equivalent one, is shown on the right graph.

In all cases the output of the monofacial device is decreasing as the AOD factor increases. The power
drop is not influenced significantly neither from the diffusion length nor from the ratio d/p and it’s order
of 26%, Figure 9(left). This is occurring because when AOD is increased in addition to the spectrum
changes, the total intensity of the incident solar radiation is reduced. The situation is very different with
the bifacial devices. In case of L,, = 200um the gain factor(GF), compared the monfacial device, reaches
a maximum value of about 59%, while for L,, = 800um rises significantly to reach 77%, Figure 9(right).

In both cases the maximum power in achieved for the same value of the AOD parameter, namely for
AOD = 2, where beyond this value, incident light intensity is significantly reduced. It is worth noting
that despite the reduction of the incident incoming light due to increasing AOD values, the bifacial device
performance is generally improved because of the higher diffuse component of the solar radiation which
enters the back cell surface, thus compensates for this intensity reduction. The influence of the ratio d/p
in the values of P,,,, varies slightly with respect to diffusion length and there is a gain of 2 — 3.5% for
L, = 200pm and a gain of 4 — 6% for L,, = 800um. The influence of the diffusion length L,, is more
evident and there is an increase of 15 — 22% in case of d/p = 5% and 12.5 — 19% for d/p = 10%.

5 Conclusions

We have presented a customized 2D model designed to simulate bifacial rear local contact PERC type
PV structures in order to optimize bifacial solar cell design parameters in terms of efficiency and simulate
various illumination conditions. A novel change of variables was used to transform the system of equations
to a dimensionless one. The impact of finger grid shading and surface reflection losses on device power
output were also investigated. The numerical solution of the transport equations for the specific geometry
was obtained through the finite element method using an iterative scheme with mesh adaptivity. Our
solver compares well with two well known solar cell simulators, namely Quokka and PC2D. Simulation
results demonstrated that the relative maximum power gain compared to the monofacial 2D PERC type
structure can be up to 59% depending on back surface illumination intensity, base substrate thickness,
minority carrier diffusion length and back contact dimensions. The performance of the bifacial structure
during highly diffused irradiance conditions commonly observed in the Middle East region due to high
concentrations of airborne dust particles was also investigated. The simulation results showed that such

11



b 3 PR & 1,=200, d/p=5 A 1,=800, d/p=5
o AT &9 1,=200, d/p=10 A4 1,=800, d/p=10
Eiear =0.2

0.0 0.5 1.0 1.5 2.0 2.5 3.0
AOD

Figure 9: Maximum power Py, (left) and gain factor GF(right) of the bifacial device with p = 800um,
w = 180um, as a function of the AOD parameter, and two values of width d/p = 5%(solid lines)
and d/p = 10%(dashed lines). Left graph : P, for monofacial device E,cqr = 0 : circles(e)
for L, = 200um, squares(M) for L, = 800um and corresponding bifacial device with E,cq. = 0.2:
diamonds(#) for L, = 200um, triangles(A) for L, = 800um. Right graph : gain factor(GF), with
respect to monofacial one, of the bifacial device with Eycqr = 0.2 : diamonds(#) for L, = 200um,
triangles(A) for L, = 800um.

conditions are favourable for the bifacial device because of the higher diffuse component of the solar
radiation which enters the back cell surface. On the contrary the output of the monofacial device is
negatively impacted under such conditions due to reduced intensity of incoming sunlight on the front
surface. The relative maximum power gain of the bifacial device, compared to the monofacial equivalent
for such conditions was up to 77% for the simulated device parameters assumed in this work.
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