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A magnificent multiscale problem:
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An atom-to-system approach for PV research. i
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Like politics ... PV is local
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Outline

1 Physics of bifacial solar cells
" Solar Cell: A not-so-efficient technology
= Efficiency of bifacial solar cells
* Energy yield of actual solar farms

1 Three types of bifacial solar farms
= Standalone bifacial solar farms
= Vertical and Ground Sculpted Solar Farms
* LCOE and Optimally tiled Bifacial Solar Farms

1 Opportunities
* Simulator, Tandem, tracking solar cells



,/,% PV: An inefficient machine
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SQ Triangle and Tandem PV
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SQ Limit of Bifacial Solar Cell
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Outline

1 Physics of bifacial solar cells

1 Three types of bifacial solar farms
" [llumination and electrical model of bifacial PV
= Standalone bifacial solar farms
= Vertical and Ground Scuplted Solar Farms
* LCOE and Optimally tiled Bifacial Solar Farms

1 Opportunities
* Simulator, Tandem, tracking solar cells



End-to-end modeling of Bifacial Si-
Heterojunction Cell

Shy Sf RS eriess GShunt 18 Voc (V)

[
T

=

o

<5
mVm -
ol ~
TCO @;4 “"g
. || | p*a-Si Sar S
i a-Si |a-S| g Z
x —
. 2 8
§
2
o

neSi g g nc-Si
CEPE s Ibiodes .. Module

_ 10 11
Tp, W, ?dep tk r:+aa_S§i oo 40 600, 800 1000 g 2) (emi®)
[ByHe]/[SiH,] TCO @ ®)
| 40 40 40
Process model  Device model  Module model g 30 Y g
£ 20 £ £ 2
(@) o 0 510} @ 510} G
0 0\?;(V) 0.6 % 0\'/30/) 0.6 % OV3(V) 06
‘E Process variation from cell to cell ©
E MM M m et rrrern mromnm O
= ALL N LD LEE R LR DL
% 210 WI»I»IY HEE FTF BEE |11 SRR PR FRY BEE 11 EER Shunt ”
S UFY R R VR MEEE LE 71D MR 1N FE vanation = 5 |
e 200 WUE LET T PR W DD W LD WP A within accell § e-Sirabsorber é' c%
g AL N LT R R N CTT] RN MR ORR s = 7 [
L OFF R (1] W MW UUEERE N0 OCTh e -:\ & . &
= 190F 1 111 WE BEE 111 PP SEEN GEER 111 RN A =
=3 LI TN i TH T 1
O U [N N . N [N NN ) [N [N NS Ll
_ @)
g 8
< [ Dead Area
%" 6t [Res. Loss |
> [ Shnt. Loss
%' ak [ Proc. Var. n
@ O Total A/
_§ 2ci—=
S
2 o
% 0 5 o 10 15 .
O Process variation, o (%) Chavall, Stefaan De WOlf, M.A.Alam, PlP, 2018.

(b)



Sun and the solar cells ...

global meteorological database
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PUMET database
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PUMET database
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decompose irradiance
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Lal

X.Sun et al, Applied Energy, 2018

Stand-alone Bifacial PV

Light to electricity by opto-electro-thermal model

Table. 1 Modeling Framework Validation Against Literature

Location (Type) Elevation / Albedo / Bifaciality | Tilt Angle / Facing | Reported Bifacial Calculated Difference
Module Height Gain (%) Bifacial Gain (%) (%)
(m)
Cairo (Sim.) 1/0.93 0.2/0.8 26° / South 11.0 111 -0.1
[11]
Cairo (Sim.) 1/0.93 05/0.8 22° [ South 24.8 25 -0.2
[11]
Oslo (Sim.) [11] 0.5/0.93 0.2/0.8 51° / South 104 13.6 -3.2
Oslo (Sim.) [11] 0.5/0.93 0.2/0.8 47°/ South 16.4 22.8 -6.4
Hokkaido* 0.5/1.66 0.2/0.95 35°/ South 233 25.7 -2.4
(Exp.) [46]
Hokkaido* 0.5/1.66 0.5/0.95 35°/ South 8.6 13 -4.4
(Exp.) [46]
Albuquerque 1.08/0.984 0.55/0.9 15° / South 32.5%* 30.2 2.3
(Exp.) [16]
Albuquerque 1.08/0.984 0.55/0.9 15° / West 39** 36.7 2.3
(Exp.) [16]
Albuquerque 1.03/0.984 0.25/0.9 30°/ South 19** 14.6 4.4
(Exp.) [16]
Albuquerque*** 0.89/0.984 0.25/0.9 90° / South 30.5** 322 -1.6
(Exp.) [16]
Golden (Exp.) 1.02/1.02 0.2/0.6 30°/ South 8.3 8.6 -0.3
*kkk

* Only data from May to August were used to eliminate snow effects.
** Average bifacial gain of multiple test modules was used.
*** The east-west-facing vertical modules measurement in [16] shows great discrepancy between two modules; therefor, it is not included

here.

**** Bifacial measurement (12/2016 to 08/2017) performed by the National Renewable Energy Laboratory.

rica,
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Bifacial Performance/Orientation
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global optimization: orientation
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Scaling theory of stand-alone Bifacial
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Eos in meter for a module height of H

E, = Hx (—Lat x (0.028 X R, + 0.009) + 3.3 X R, + 0.4) (AL)

Eys is the minimum elevation to achieve at least 95% of
the self-shading absent maximum energy yield, i.e.,

IfE, <0, Egs = 0and If E, > 0,Egs = E, (A2)

further elevation only provides limited energy boost.

Lat,; of bifacial solar module for a given elevation (E),

module height (H), and albedo (Ra)

Lat, = E/H x (44 X Ry — 62) + 37 X Ry + 12 (A3)

Lat,; is the critical latitude below which Biew produces

If Lat, <0, Latg,; = 0° and If Lat, > 0, Latc,; = Lat, (A4)

more electricity than Bisn and vice versa.

Optimal Tilt Angle By, for Bisn for a given latitude (Lat), elevation (E), module height (H), and albedo (Ra)

Bope is the optimal tilt angle for Bisn for maximum
electricity yield

B, =aXLat+b (A5)

a =0.86—0.57 X Ry X expis-E/H) (A6)

b =45+ 62 X Ry X expls-E/H) (A7)

If By =2 90°, Bope =90% and If B, < 90°, Bop = B, (A8)




Outline

1 Physics of bifacial solar cells
= Solar Cell: A not-so-efficient technology
= Efficiency of bifacial solar cells
= Energy yield of actual solar farms

d Three types of bifacial solar farms
* [llumination and electrical model of bifacial PV
= Stand-alone bifacial solar farms
= Vertical and Ground Scuplted Solar Farms
= LCOE and Optimally tiled Bifacial Solar Farms

d Opportunities

* Simulator, Tandem, tracking solar cells .



A bifacial solar farm requires complex
opto-electro-thermal modeling
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Vertical Solar Farm has advantages, but ....
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Ground-sculpting offers significant
iImprovement ...
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Optimally tilted and LCOE-optimized Farm
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Outline

1 Physics of bifacial solar cells
= Solar Cell: A not-so-efficient technology
= Efficiency of bifacial solar cells
= Energy yield of actual solar farms

d Three types of bifacial solar farms
= Standalone bifacial solar farms
= Vertical and Ground Sculpted Solar Farms
= LCOE and Optimally tiled Bifacial Solar Farms

d Opportunities
* Simulator, Tandem, tracking solar cells
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Bifacial tandem cell operation

Solar illumination oy (V)
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High-efficiency solution-processed
perovskite solar cells with
millimeter-scale grains
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33% Efficient HIT-Perovskite Cells!

Direct sunlight
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Technology/location-specific BPV
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Conclusions: A magnificent
Multiscale problem
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How to use PUB

Specification Simulation

Latfude: [40.4295

Longitude:lw . ——
Mome Height (1 Location ——— [

Elevaton (n): /0.5 I '

Simulation Mode: |Sweep installation parameter -

s Ange s 1 Specify Sweeping Parameter: |Tm Angle (deg)

Tit Angle (deg):[45 Minimum Value: |n
Front-Side Eficiency (%): [18 M o d ul e Maximum Value: |9[l
Bifacialty(%):|90 Number of Data Points: |10

Ground Albedo (%) /25
Electro-Thermal (Faiman Model): & _P yes
Temperature Coeflicient (%/K): I-l].4139

U0 (W/m2/K): constant heat transfer component: (22.7 E I e CtrO _th erma I

U1 (W.s/m3/K): convective heat transfer component: (6.84

Optimization

Compare to a Monofacial Module: & _F yes

Bifacial Energy Yield Bifacial vs. monofacial energy yield
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Conclusions: Geography specific solar
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Solar cells are fundamentally inefficient. And end-
to-end perspective provides opportunities for ! o
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improvement at the cell, module, and farm levels. P T
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Thermodynamically, bifacial and bifacial tandems
promise dramatic gain..

Normalized output, ny (%)

Vertical bifacial farms may be a good choice for

certain regions of world. The energy gain may not be O S SR
significant, but reduction in cleaning cost and water

usage could be make the system economically viable.
For other regions tilt-optimized bifacial PV is profitable.

wwew o e Shanghai

Reliability is fundamentally important — 5% increase in
lifetime may be easier than 5% increase in efficiency.

Questions/comments: alam@purdue.edu
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LCOE ($/kWh)
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