
Technical rate of substitution between 

photovoltaics and wind power

Smar t  Energy  Sys tems & 4 th Genera t ion  D is t r i c t  

Heat ing ,  November  2018

Søren Djørup, Peter Sorknæs & Susana Paardekooper

Contact: djoerup@plan.aau.dk

mailto:djoerup@plan.aau.dk


 In t roduc t ion  o f  auc t ion  based sys tems where  e .g .  onshore  w ind  

power  and photovo l ta ics  compete

 Th is  marke t  des ign  bas ica l l y  assumes homogene i ty ;  tha t  the  

techno log ies  a re  per fec t  subs t i tu tes

Political context & motivation of the study
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Heterogeneity
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What  i s  the  techn ica l  ra te  o f  subs t i tu t ion  be tween onshore  w ind  power  

and photovo l ta ics  in  a  sys tem perspec t i ve?

Research questions
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What is the Technical rate of substitution?
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Parameter :  CO2 emiss ions

Base scenar ios :  

1 ) Dan ish  energy  sys tem 2015

2) IDA Energy  v is ion  2050

Simula t ion  s t ra tegy :

Techn ica l  s imu la t ion

Method
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 Inc rementa l l y  inc reas ing  photovo l ta ic  capac i ty

 EnergyPLAN ident i f ies  the  capac i ty  o f  onshore  w ind  tha t  i s  needed 

to  keep emiss ions  cons tan t ,  g iven  the  leve l  o f  PV capac i ty

Method
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CO2-emission (total)                  at 5000 'input_RES1_capacity='input_RES3_capacity= input_RES1_capacity= CO2-emission (total)                  with 'input_RES1_capacity=' capacity that provides the CO2-emission (total)                  closest to Scenario1 value

Scenario1 0,698 5000 5000

Scenario2 1,818 0 8200 0,697

Scenario3 1,689 500 7800 0,708

Scenario4 1,559 1000 7500 0,691

Scenario5 1,44 1500 7100 0,707

Scenario6 1,325 2000 6800 0,696

Scenario7 1,211 2500 6500 0,688

Scenario8 1,104 3000 6200 0,682

Scenario9 1 3500 5800 0,714

Scenario10 0,894 4000 5600 0,682

Scenario11 0,793 4500 5300 0,687

Scenario12 0,698 5000 5000 0,698

Scenario13 0,61 5500 4700 0,713

Scenario14 0,524 6000 4500 0,695

Scenario15 0,443 6500 4300 0,681

Scenario16 0,36 7000 4000 0,705

Scenario17 0,277 7500 3800 0,695

Scenario18 0,195 8000 3600 0,685

Scenario19 0,116 8500 3300 0,715

Scenario20 0,033 9000 3100 0,712

Scenario21 -0,048 9500 2900 0,705



Technical rate of substitution of capacity at 

current emission level

Smart Energy Systems & 4th Generation District Heating

– 8

Department of Planning and Development

AALBORG UNIVERSITY



Technical rate of substitution of energy at current 

emission level
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 The isoquants  a re  convex  bu t  has  (surpr is ing ly )  a lmos t  a  l inear  

re la t ion .

 For  energy  (MWh) ,  pho tovo l ta ics  and w ind  power  a re  a lmos t  

per fec t  subs t i tu tes  (The s lope o f  the  curve  i s  c lose  to  -1 )  

2015 results
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Isoquant for 10% reduction in carbon dioxide 

emission
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Isoquant for 10% reduction in carbon dioxide 

emission
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 The isoquants  a re  convex  bu t  has  (surpr is ing ly )  a lmos t  a  l inear  

re la t ion .

 Energy  f rom photovo l ta ics  con t r ibu tes  tw ice  as  much as  onshore  

w ind  power  to  reduc t ion  in  emiss ions  (The s lope i s  -2 )  

 However,  th is  resu l t  shou ld  be  tes ted  w i th  h igher  leve ls  o f  

PV produc t ion  as  the  curve  shows a  s t ronger  convex i ty .

Results for 10 percent reduction in emissions in a 

2015-system
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Technical rate of substitution of capacity in 

IDA2050
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Technical rate of substitution of energy in IDA2050
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 The isoquants  a re  convex  bu t  has  (surpr is ing ly )  a lmos t  a  l inear  

re la t ion .

 Energy  f rom photovo l ta ics  con t r ibu tes  w i th  a  h igher  reduc t ion  in  

emiss ions  than  onshore  w ind  energy  (s lope  o f  -1 .28) .

2050 results
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 The isoquants  a re  genera l l y  convex  bu t  has  in  mos t  cases  an  

a lmos t  l i near  re la t ion .

 When look ing  a t  capac i ty,  w ind  power  g ives  a  h igher  CO2 reduc t ion  

per  MW ins ta l led  than  PV capac i ty.  

 When look ing  a t  energy  p roduced,  the  con t r ibu t ion  f rom 

photovo l ta ics  genera l l y  seems to  g ive  a  h igher  reduc t ion  in  CO2 

emiss ions ,  i .e .  more  than  1  MWh w ind  energy  i s  requ i red  to  rep lace  

1  MWh o f  energy  f rom photovo l ta ics .  

Conclusions
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There  a re  severa l  po in ts  we wou ld  l i ke  to  exp lo re  fu r ther  be fo re  

conc lud ing :

 Offshore  sens i t i v i t y  (Present  capac i ty  i s  14  GW in  IDA2050) .  I s  

l i ke ly  to  a f fec t  the  ga in  f rom onshore  w ind  energy.

 The CO2 leve ls  a re  no t  impor t /expor t  cor rec ted  (on ly  re levant  fo r  

2015 scenar ios )

 Exp lore  2015 scenar io  w i th  h igher  leve ls  o f  PV fo r  10% reduc t ion  in  

emiss ions .  

Further research
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