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 Abstract 

 Bifacial  photovoltaics  are  an  expanding  sector  of  solar  electricity  production,  collecting 

 solar  energy  on  the  front,  back,  and  sides  of  the  module.  This  increases  the  efficiency  by  around 

 10%  to  30%  over  a  typical  mono  facial  cell,  which  only  collects  sunlight  on  the  front.  However, 

 the  performance  of  bifacial  PV  arrays  depends  on  a  variety  of  factors,  including  temperature, 

 shadows,  solar  insolation,  and  set-up  geometry.  The  geometry  is  affected  by  the  tilt  angle,  the 

 azimuth  angle,  the  height  from  the  ground  to  the  panel,  and  the  reflectance  from  the  ground 

 surface.  The  addition  of  a  reflector,  usually  white  in  color  to  reflect  sunlight,  further  complicates 

 a  PV  configuration.  When  a  reflector  is  added  to  face  the  backside  of  a  collector,  the  set-up  can 

 then  be  enhanced  to  increase  the  bifacial  gain,  or  the  ratio  of  rear  side  energy  to  the  front  side. 

 This  paper  will  use  a  numerical  model  through  the  Python  coding  language  to  determine  the 

 incident  energy  on  both  sides  of  a  bifacial  collector.  The  computational  model  could  then  be 

 verified  through  data  gathered  from  an  experimental  setup  using  smaller  PV  cells  to  simulate  the 

 backside  of  a  bifacial  collector.  Then  by  combining  both  the  experimental  and  computational 

 data,  an  indoor,  sized-down  model  could  be  used  during  the  winter  months.  The  computational 

 model  was  helpful  in  verifying  trends  found  through  experimental  data.  A  1  m  reflector-collector 

 distance  in  the  outdoor  model  to  found  to  significantly  increase  the  energy  collected  by  20%. 

 Nonuniformity  between  the  rows  was  observed  as  the  reflector  was  moved  closer,  due  to  a  lower 

 view  factor.  There  is  an  optimal  distance  where  BG  peaks,  then  the  BG  plateaus  when  moved 

 further.  Because  a  large  variety  of  factors  contribute  to  the  set-up  of  PV  arrays,  many  tests  need 

 to be conducted, and the optimal arrangement is difficult to decipher. 
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 Introduction 

 Solar  energy  is  gaining  more  popularity  across  the  nation,  due  to  being  renewable  energy 

 and  the  fact  that  it  is  a  pollution-free  source  of  power.  In  order  to  increase  the  production 

 efficiency  of  typical  photovoltaic  cell  applications,  bifacial  PV  captures  solar  energy  on  both 

 sides  of  the  cell.  Average  mono  facial  PV  cells  work  by  absorbing  sunlight  on  one  side  and 

 converting  that  energy  to  electricity.  Solar-thermal  energy  can  be  used  for  a  variety  of 

 applications,  including  water  heating,  heating  buildings,  and  solar  furnaces.  Unlike  fossil  fuels 

 and  some  other  alternative  energy  sources,  solar  energy  does  not  release  harmful  pollutants  and 

 can  even  produce  a  return  on  investment.  Currently,  this  is  a  crucial  area  of  research  as  bifacial 

 PV is expected to account for half of the PV market in 5 years 

 A  developing  adaptation  of  PV  cells  can  be  seen  in  bifacial  photovoltaic  cells.  Bifacial 

 solar  panels  use  both  sides  of  the  module  to  collect  energy  and  produce  electricity,  ultimately 

 increasing  the  amount  of  energy  that  can  be  harvested.  Simply,  bifacial  cells  work  by  increasing 

 the  production  of  electricity  per  square  meter  by  using  light  absorption  from  the  ground  albedo 

 through  a  transparent  or  glass  back  sheet  rather  than  a  typical  white  back  sheet  [1].  Different 

 variables  affect  the  geometry  of  how  solar  panels  are  mounted,  including  the  tilt  angle,  the 

 azimuth  angle,  the  height  from  the  ground  to  the  panel,  and  the  reflectance  off  of  the  ground.  The 

 tilt  angle  is  defined  as  the  angle  of  the  PV  modules  from  the  horizontal  surface,  whereas  the 

 azimuth  angle  refers  to  the  angle  of  the  panel  relative  to  the  south  direction.  The  height  from  the 

 ground  to  the  panel  is  the  height  from  the  bottom  of  the  panel  to  the  ground.  Lastly,  the 

 reflectance  off  the  ground  is  simply  the  proportion  of  the  solar  light  that  is  reflected  after  striking 

 the ground. 
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 Figure 20:  Bifacial gain for a reflector-collector distance of 1 m for the outdoor experimental and 

 computation models. 

 Figure 21:  Bifacial gain for several reflector-collector  distances from the indoor model. 
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 Figure 22:  Bifacial gain for various reflector-collector  distances showing a peak then plateau for both the 

 indoor and computation models. 

 For  both  the  indoor  and  Python  models,  a  peak  bifacial  gain  can  be  seen  at  a  specific 

 reflector-collector  distance.  However,  this  distance  is  around  20  cm.  for  the  indoor  model,  and 

 110  cm  for  the  computational  model.  While  this  discrepancy  is  somewhat  high,  both  models 

 display  similar  behavior,  climbing  to  a  maximum  power  gain  then  dropping  off  and  plateauing 

 after. This is a helpful trend to observe and keep in mind. 

 In  addition,  for  both  the  outdoor  and  indoor  models,  nonuniformity  was  observed 

 between  the  top  and  bottom  rows  of  solar  modules.  In  the  outdoor  model,  the  average  bifacial 

 gain  of  the  top  three  modules  was  8%  higher  than  the  four  modules  on  the  bottom  row 

 throughout  the  peak  solar  hours.  The  bifacial  gain  for  the  top  and  bottom  row  of  the  outside 

 collector  can  be  seen  in  Figure  23.  The  top  row  has  a  much  higher  bifacial  gain,  especially  as  the 

 sun  gets  lower  in  the  sky  in  the  afternoon,  so  less  sunlight  and  diffuse  light  is  reaching  the 

 bottom  row.  While  there  is  a  large  disparity  between  the  top  and  bottom  row  power  generation, 
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 the  20%  increase  in  energy  captured  with  the  addition  of  a  reflector  is  significant.  In  order  to 

 claim  that  the  reflector  would  be  worth  adding  to  a  bifacial  PV  array,  an  actual  bifacial  model 

 should  be  tested  to  see  how  the  nonuniformity  caused  by  a  rear  side  reflector  affects  the  power 

 output. 

 Figure 23:  Bifacial gain for top and bottom row of  modules over peak solar time with a 1m 

 reflector-collector distance outside. 

 The  average  bifacial  gain  for  the  two  solar  modules  on  the  top  and  bottom  row  can  be  seen 

 graphed  in  Figure  24  for  reflector-collector  distances  from  15  to  35  cm.  The  top  row  had  an 

 average  bifacial  gain  of  12.3%  higher  than  the  bottom  row,  which  is  comparable  to  the  results 

 gathered  from  the  outdoor  setup.  The  percent  change  for  each  reflector-collector  distance 

 between  the  top  and  bottom  rows  can  be  seen  in  Table  1.  With  the  largest  difference  being  when 

 the  reflector  was  15  cm.  behind  the  collector,  the  shortest  distance  tested.  This  is  logical  because 

 the reflector saw more of the bottom half of the collector the closer together they were. 
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 Figure 24:  Bifacial gain for top and bottom row of  modules over a range of reflector-collector distances 

 inside. 

 Table 1:  Percent increase of bifacial gain between  the top and bottom row on indoor setup. 

 Refl.-Coll. Distance (cm)  % Change Between Top and Bottom Row 

 15  23.76 

 20  10.25 

 25  7.48 

 30  7.52 

 The  bifacial  gain  found  by  changing  the  reflector  distance  in  the  indoor  model  can  then 

 be  compared  to  the  computational  results  as  seen  in  Table  2  and  is  graphed  in  Figure  22  above. 

 The  computational  model  had  a  BG  of  around  double  that  of  the  indoor  model  as  explained 

 previously.  And  the  BG  from  the  computational  model  peaked  at  a  much  farther 
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 reflector-collector  distance  than  the  indoor  model.  While  the  results  do  not  match  exactly,  the 

 patterns  found  experimentally  can  be  verified.  An  optimal  reflector-collector  distance  is 

 confirmed, where the BG then plateaus as the reflector is moved further away. 

 Table  2:  Comparison  of  bifacial  gain  for  indoor  model  and  computational  model  at  different 

 reflector-collector distances. 

 Reflector-Collector Distance 
 (cm) 

 Computational Model BG  Indoor Model BG 

 15  0.092  0.0551 

 20  0.104  0.0417 

 25  0.111  0.0353 

 30  0.116  0.0305 

 There  are  many  other  parameters  that  contribute  to  the  arrangement  of  bifacial  PV  farms 

 including  material  of  the  reflector,  the  tilt  angle  of  the  collector,  the  addition  of  a  ground 

 reflector,  and  many  others  that  could  not  be  tested  in  the  time  allotted.  In  the  indoor  model,  it 

 was  simple  to  test  many  factors  in  a  short  amount  of  time.  Initially,  a  Mylar  film  reflector  was 

 tested  against  a  white  reflector  at  the  same  reflector-collector  distance.  While  the  Mylar  film  had 

 resulted  in  a  higher  bifacial  gain  at  some  points,  the  white  reflector  was  overall  more  reliable 

 which  was  seen  through  data  collected  by  Rueter  and  Dobosz  over  the  summer,  and  if  a  bifacial 

 collector  is  nonuniformly  lit  the  efficiency  can  decrease  [9].  Next,  the  reflector  was  tilted  to  see 

 the  effect  on  solar  energy  collected  and  can  be  seen  in  Figure  25.  However,  as  the  reflector  was 

 tilted  backward  any  less  than  90°,  or  vertical,  no  increase  in  bifacial  gain  was  observed. 

 Additionally,  the  computational  model  is  not  able  to  simulate  the  tilting  of  a  reflector  or 

 collector, so the experimental results could not be compared. 
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 Figure 25:  Bifacial gain of each of the four cells  as the white rear-side reflector was tilted. 

 Afterward,  a  white  ground  reflector  was  placed  on  the  ground  between  the  indoor 

 collector  and  the  white  reflector.  The  bifacial  gain  was  then  recorded  as  the  vertical  reflector  was 

 moved  back  with  and  without  a  ground  reflector,  results  shown  in  Figure  26  and  Table  3.  When 

 the  rear-side  reflector  was  closer  to  the  collector  the  ground  reflector  did  not  make  much  of  a 

 difference,  however  as  the  reflector  was  moved  further  away,  the  ground  reflector  increased  the 

 BG  by  up  to  7.5%.  For  such  a  minimal  addition,  a  large  increase  in  power  gain  was  observed  in 

 the  simulated  bifacial  collector.  Overall,  more  research  could  be  done  around  bifacial  array 

 setups, but there are many additions that could be made to vastly increase power generation. 
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 Figure 26:  Bifacial gain of each of the four modules  with and without a white ground reflector. 

 Table 3:  Bifacial Gain with and without a white ground  reflector and percent increase. 

 Reflector-Collector 
 Distance (cm) 

 BG With Ground 
 Reflector 

 BG Without Ground 
 Reflector 

 % Increase 

 15  0.0556  0.0551  0.96 

 20  0.0442  0.0417  5.9 

 25  0.0378  0.0353  6.9 

 30  0.0328  0.0305  7.5 
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 Conclusions 

 Overall,  the  separation  distance  between  a  collector  and  a  backside  reflector  can  be  tested 

 through  experimental  tests  done  on  a  rooftop  with  satisfactory  lighting,  as  well  as  using  a 

 scaled-down  indoor  model.  Experimental  data  was  then  used  to  verify  results  from  the  Python 

 computational  model.  Nonuniformity  was  observed  producing  a  10%  higher  bifacial  gain  on  the 

 top  row  of  solar  modules  than  on  the  bottom  when  a  rear-side  reflector  was  added.  Despite  the 

 nonuniformity,  from  experimental  and  computational  results,  the  optimal  separation  distance  will 

 most  likely  be  around  1  m  based  on  the  outdoor  experimental  setup,  resulting  in  a  significant 

 power  gain  of  20%  over  a  typical  monofacial  PV  module.  The  addition  of  a  white  ground 

 reflector  also  had  promising  benefits  that  could  be  applied  to  just  the  location  of  potential 

 bifacial farms. 

 Several  other  variables  affect  the  set-up  of  the  bifacial  panel  and  reflector,  including  the 

 height  from  the  ground  and  azimuth  angle,  however,  not  all  factors  can  be  studied  due  to  time 

 and  cost  constraints.  Furthermore,  this  leaves  the  opportunity  for  future  studies  to  be  conducted 

 around  optimizing  for  the  lowest  cost  or  the  most  power  generated  by  a  module.  Many  studies 

 have  focused  on  these  topics,  and  solar  trackers  are  often  used  to  automatically  adjust  panels  to 

 face  the  sun.  However,  trackers  are  often  not  worth  the  extra  cost  upfront.  Partial  shading  and 

 nonuniformity  are  also  major  problems  facing  monofacial  and  bifacial  photovoltaic  cells.  There 

 is  minimal  data  on  the  non-uniformity  of  illumination  on  the  backside  of  panels  [6].  As  the 

 module  elevation  is  increased,  the  irradiance  uniformity  is  often  improved.  However,  uniformity 

 could  be  enhanced  even  more,  as  evidenced  throughout  the  experiments  in  which  the  addition  of 

 a  rear-side  collector  caused  non-uniformity  among  the  simulator  bifacial  “collector”.  Some 

 complicated  variables  could  not  be  recreated  experimentally,  nor  replicated  through 
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 computations  due  to  limitations  in  the  Python  model.  For  example,  the  model  is  not  able  to 

 accurately  estimate  the  effects  of  tilting  the  reflector  and  collector.  For  future  studies,  the 

 computational model could be improved using an experimental setup and existing literature. 

 Overall,  the  use  of  bifacial  PV  cells  can  vastly  increase  power  production  over  typical 

 monofacial  modules.  Solar  energy  is  a  thriving  sector  of  renewable  energy  and  is  able  to  produce 

 financial  returns  and  reduce  greenhouse  gas  emissions.  Bifacial  PV  is  able  to  further  increase 

 energy  production  by  10-30%  over  a  monofacial  cell  by  collecting  solar  energy  on  the  front,  side, 

 and  rear  of  a  collector.  Currently,  bifacial  modules  are  mostly  being  used  on  a  commercial  scale, 

 usually  in  power  plants  or  in  pilot  plants  to  test  their  performance  [15].  For  the  future  of 

 implementing  bifacial  PV,  some  potential  adjustments  could  be  a  new  type  of  bifacial  glass 

 called  “AtaMo”  changing  the  thickness  and  coating  of  the  backing  material  [15].  There  continues 

 to  be  an  abundance  of  tests  and  research  that  could  be  useful  in  optimizing  bifacial  PV 

 manufacturing  and  array  geometry.  However,  through  this  study,  a  successful  outdoor  and  indoor 

 model  simulating  the  rear-side  of  a  bifacial  model  could  be  constructed,  and  the  resulting  data 

 was  validated  using  an  accurate  computational  model.  With  a  focus  on  the  effect  of 

 reflector-collector  distance,  a  peak  distance  was  found  to  be  around  1  m,  in  which  a  significant 

 increase in energy was observed to be 20%. 
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 Appendices 

 Appendix A: Cell Calibration Curves 

 Outdoor: 

 Figure A1:  Calibration of Cell 1 

 Figure A2:  Calibration of Cell 3 
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 Figure A3:  Calibration of Cell 4 

 Figure A4:  Calibration of Cell 5 
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 Figure A5:  Calibration of Cell 6 

 Figure A6:  Calibration of Cell 7 
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 Indoor: 

 Figure A7:  Cell 1 Calibration Indoor 

 Figure A8:  Cell 2 Calibration Indoor 
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 Figure A9:  Cell 3 Calibration Indoor 

 Figure A1:  Cell 4 Calibration Indoor 


