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Appendix.  Formula and Facts 

Energy Sources  

 
𝑃 = 𝜎 𝑇4   (1) 

𝐸𝑔,𝑆𝐽
𝑜𝑝𝑡  ≅  2.55 𝑘𝑇𝑠    (2) 

 
Solar cell (Single Junction) [M. Alam & M. Khan, https://arxiv.org/abs/1205.6652] 

 

𝑞𝑉𝑜𝑐,𝑆𝐽 =  𝐸𝐺 (1 −
𝑇𝐷

𝑇𝑆
) –  𝑘𝑇 𝑙𝑛 (

𝜃𝐷

𝜃𝑆
) − 𝑘𝑇𝐷 ln (

𝛾(𝑇𝐷)

𝛾(𝑇𝑆)
)  (3a) 

𝑞𝑉𝑜𝑐,𝑆𝐽 = 0.95 × 𝐸𝑔 − 0.232   (AM0, Cell at  T=300K) (3b) 

𝑞𝑉𝑜𝑐,𝑆𝐽 =  𝐸𝐺 (1 −
𝑇𝐷

𝑇𝑆
) –  𝑘𝑇 𝑙𝑛 (

𝜃𝐷

𝜃𝑆
) − 𝑘𝑇𝐷 ln (

𝛾(𝑇𝐷)

𝛾(𝑇𝑆)
)  -𝑘 𝑇𝐷 𝑙𝑛 (

1

𝜂𝑒𝑥𝑡
) −

𝑘𝑇𝐷 𝑙𝑛 (1 −Δ) (With non-radiative recombination and imperfect absorption) 

(3c) 

𝑞𝑉𝑚𝑝,𝑆𝐽 =  𝐸𝐺 (1 −
𝑇𝐷

𝑇𝑆
) –  𝑘𝑇 𝑙𝑛 (

𝜃𝐷

𝜃𝑆
)  (4a) 

𝑞𝑉𝑚𝑝,𝑆𝐽 = 0.95 × 𝐸𝑔 − 0.31    (AM0, Cell at T=300K)  (4b) 

𝐽𝑠𝑐,𝑆𝐽 = 𝐽0( 1 − 𝛽𝐸𝑔)    (AM1.5, 𝐽0 = 83.75, 𝛽 = 0.428). (5a) 

𝐽𝑠𝑐
max ∼  70 𝑚𝐴/𝑐𝑚2    (AM1.5); 𝐽𝑠𝑐

max ∼  100 𝑚𝐴/𝑐𝑚2    (AM0)   (5b) 

𝐹𝐹 ~(𝑣𝑜𝑐 𝑣𝑜𝑐 + 4.7⁄ )    (within 2% for 𝑣𝑜𝑐 > 10)    
with 𝑣𝑜𝑐 ≡  𝑉𝑜𝑐/(𝑛𝑘𝑇/𝑞) =  (𝑣𝑜𝑐 −  𝑙𝑛(𝑣𝑜𝑐 + 0.72))/(𝑉𝑜𝑐 + 1)   

(6a) 

𝐹𝐹 = (𝐸𝑔 − 10 × 𝑛𝑘𝑇/𝑞)/(𝐸𝑔 − 5 ×  𝑛𝑘𝑇/𝑞)   (6b) 

𝐸𝑔,𝑆𝐽
opt

 = (0.95 +  0.31 × 𝛽) / (2 ×  0.95 × 𝛽)          Note.  (1 −
𝑇𝐷

𝑇𝑆
) = 0.95 (7a) 

𝜂𝑇.𝑆𝐽  =  −26.45𝐸𝑔
2 + 70.77𝐸𝑔 − 14.42    (AM1.5, empirical) (7b) 

 
Solar Cell (Tandem and bifacial) [M. Alam & M. Khan, 

https://engineering.purdue.edu/~alamgrp/papers-pdf/2016_Alam_Bifacial-Tandem-Limits.pdf] 

 
 𝜂𝑇,𝐷𝐽(𝑅 = 0)  =  20 + 47𝐸𝑔,𝑏 − 24𝐸𝑔,𝑏

2      (𝐸𝑔,𝑏 . . 𝐸𝑔,𝑡  bottom & top bandgaps) (8a) 

𝐸𝑔(𝑡)
𝑜𝑝𝑡  (𝑁 = 2) =  0.33 (2 + 𝑅)𝐸𝑔(𝑏)  +  (1 − 𝑅)  (8b) 

  

𝐽𝑠𝑐(𝑁) =
2

𝑁+1
𝐽𝑠𝑐(〈𝐸𝑔〉)         〈𝐸𝑔〉 … Average of bandgaps of the N cells (9) 

𝑞𝑉𝑚𝑝/𝑁 =  〈𝐸𝑔〉 (1 −
𝑇𝐷

〈𝐸𝑔〉

𝐸𝑔,𝑚𝑎𝑥

𝑇𝑠
) – 𝑘𝐵  𝑇𝐷 𝑙𝑛

𝜃𝐷

𝜃𝑆
   [N-junctions] (10a) 

𝑉𝑚𝑝,𝑁  =  𝑁 [ 𝑉𝑚𝑝 ,𝑆𝐽  −   (
𝑁−1

𝑁+1
) (𝐸𝑔,𝑆𝐽 −

1

𝛽
)

𝑇𝐷

𝑇𝑆
  ]       

𝛽 = 0.428 , 𝐸𝑔,𝑆𝐽  = 1.33 for AM1.5 

(10b) 

𝑃𝑜𝑢𝑡  =  𝐽𝑠𝑐 × 𝑉𝑚𝑝  =  2𝑁/(𝑁 + 1)  𝐽𝑠𝑐,𝑆𝐽 [ 𝑉𝑚𝑝,1   − . . . . . . ]      (11) 

  

𝐸𝑔,max  =  
𝑁−1

𝛽 𝑁
    +  

𝛽(1+𝑅)𝐸0  − 𝑅 

𝛽×𝑁
   (12a) 

𝐸0
𝑜𝑝𝑡 =  [ 𝐸𝑔,𝑆𝐽

𝑜𝑝𝑡   −  {
( 𝑁−1)(1−𝑅)

2𝛽 𝑁
}]    

2𝑁

{𝑁(1+𝑅)+ (1−𝑅)}
   (12b) 
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𝐸0
𝑜𝑝𝑡 (𝑁 → ∞) ∼  (𝐸𝑆𝐽 –

1−𝑅

2𝛽
) (

2

1−𝑅
)   (12c) 

 
Module temperature dependence 

 
(𝑇 − 𝑇𝑎) = 𝑃/ℎ = 1000(1 − 𝜂 − 𝑅)/ℎ (13) 
 

Temperature dependence for silicon  

 
𝑑𝑉𝑜𝑐/𝑑𝑇 ∼   2.2 𝑚𝑉/𝐶  (14a) 
𝑑𝐼𝑠𝑐/𝑑𝑇 ∼  0.0006 × 𝐼𝑠𝑐   (14b) 
𝑑𝐹𝐹 𝑑𝑇⁄  ~ 0.0015 ×  𝐹𝐹  (14c) 
𝑑𝑃𝑀 𝑑𝑇⁄ ∼  −0.005 ×  𝑃𝑀     ( a-Si – 0.0021, CdTe – 0.0025, CIGS – 0.0033) (14d) 
 
 

 


