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Overview of the Lecture 

1. Part A: Demand flexibility 
Å Flexible demand , from inelastic to elastic demand 
Å Recap : Stochastic optimization  
Å ! άŦƛǊǎǘέ ǘǿƻ-stage stochastic programming model 
Å  A second model : multi period formulation 
Å A third model : flexible demand and more 

 
2. Part B: Demand response   
Å Basic economic definitions 
Å Discussion on Demand Response 
Å Price elasticity and cross price elasticity  
Å Case studies on DR with cross price elasticity 

Break 
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Part A: Lecture key points 

Two-stage 
Stochastic 
programming 

How does it 
work ? ς is it 
άǊŜŀǎƻƴŀōƭŜέ Κ  

Formulation of 
Multi-period 
problem 

Demand 
Elasticity : step 
function 



Demand Flexibility 

Sources of flexibility : storage, heating, EVs, transmission 
 
Lack of flexibility : Wind curtailment WHY? 
 
Discussion on supply flexibility has reached its limit   WHY? 
 
Demand flexibility under-utilised (tons of potential)  WHY?  
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Inelastic Demand 
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30 MWh  
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10 MWh, 0.5 

15 MWh, 0.3 

5  MWh, 0.2 

0 ú/MWh 

Bid: 10.5 MWh   

Demand : 260.5 MWh 
Market clearing : 40 ϵ/MWh 

30 MWh  

*  partially cleared 
      price setter 



NordPool Elspot bids 

1. Hourly Bids (most common): 
ς Price independent : buy / sell always at any price 
ς Price dependent: Up to 64 intervals ς stepwise functions 

 
 
 
 

 

 
1. Blocks: 
ς Buy or sell at a fixed price-volume for successive hours 
ς Accept / reject the whole block (with minor exceptions for 

volunteers and for minimum 4 hrs) 
 

2. CƭŜȄƛōƭŜ IƻǳǊƭȅΥ .ƛƎ ŎƻƴǎǳƳŜǊǎ άǎŜƭƭέ ōŀŎƪ 
 

Trade at the Nordic Spot Market (2004) Nord Pool AS 

http://www.ieee.hr/_download/repository/Nord Pool Spot Market.pdf


Two-stage stochastic programming 

ÅDay-ahead dispatch improved based on its impact on real-
time balancing 
 

ÅBalancing scenarios drawn from prob. Estimates 
 

ÅCoupling of trading floors:  
 

min day-ahead costs + E[balancing costs] 
         subject to 

Á Day-ahead market constraints: 
ҍ Power balance in day-ahead stage 
ҍ Bounds in energy offers 

 

Á Operation constraints 
ҍ Power balance at the balancing stage 
ҍ Network constraints (if applicable) 
ҍ Non-negativity 

 
 



Two-stage stochastic programming 

Day-ahead  
constraints 

Operation 
constraints 

Min  day-ahead costs + E[balancing costs] 

Power balance dual variable 

Power balance dual variables  

Dual variable of each scenario : real-
time revenues on expectation 



Single period - inelastic demand 
   
 

Problem #1: Formulation 

Operation constraints 1e-1m Day-ahead constraints 1a-1d 

Variables: 



1 Win power plant 

1 Conventional plant 
  Can provide flexibility 

2 Conventional plants  
 Do not provide flexibility 
  

Demand: 170 MW 

Problem #1: An example 



flexible - inflexible 

Problem #1: An example 

Scenario Low  : p = 0.4, 10 MW 
 

Scenario High : p = 0.6, 50 MW 



34 MWh  

0 EUR/MWh 

110 MWh, 

 30 EUR/MWh 

50 MWh 

10 EUR/MWh 

*    86 MWh cleared 
      price setter 

Note: Conventional day-ahead  

Inelastic demand:  
170 MW 

Operation costs? 



10 MWh  

0 EUR/MWh 

70 MWh, 

30 EUR/MWh 

50 MWh 

10 EUR/MWh 

Day-ahead schedule  

Problem #1: Solution 

Inelastic demand:  
170 MW 

40 MWh, 

35 EUR/MWh 

*  

10 MWh from wind 
 

G1 exp & flex scheduled in 
case scenario High happens 
 
But G2 is cheaper [ ???] 
 
 
 



No merit order !!!  

Problem #1: Solution 

*  

Day-ahead scheduled based on 
exp. real-time outcomes 
 

Point in coupling of trading 
floors i.e. total costs count 
 

DA price = 30 EUR  
G1 bid (gen. cost) 35 EUR L 
 

But !!! Low operation costs !!!  



Scenario Low  : p = 0.4, 10 MW 
 

Scenario High : p = 0.6, 50 MW 

Bid 10 MWh 
Balance 

 

Surplus: 40 MWh 

Problem #1: Solution 
Real-time expected dispatch 

Low : Nothing happens 

High: Buy 40 MWh of down-regulation 

Flexibility induces risk L L  
Check that Down Reg = 40 MWh 

Another issue : LMPs and duals     ɔ / p 
 

Low  :  14.6 /  0.4 = 36.5 
High :  15.4 / 0.6 = 25.67 
 

These prices do not represent physical 
characteristics of PES 



Problem #2: Formulation 

Day-ahead  
constraints 

Operation 
constraints 

Multi period ς inelastic demand 
   
 

aƛƴ  ʅ Řŀȅ-ahead costs & reserve + 
ʅ9ώōŀƭŀƴŎƛƴƎ Ŏƻǎǘǎϐ  



Problem #2: An example 



Problem #2: An example 



Problem #2: Solution 

*  



Problem #2: Solution 

Wind Spillage 

$ 



Multi period ς elastic demand 
   
 

Problem #3: Formulation 

Min  ʅŘŀȅ-ŀƘŜŀŘ Ŏƻǎǘǎ ϧ ǊŜǎŜǊǾŜҌ ʅ9ώōŀƭŀƴŎƛƴƎ Ŏƻǎǘǎϐ - ʅŘŀȅ-

ŀƘŜŀŘ ŦƭŜȄ ŘŜƳŀƴŘ ǳǘƛƭƛǘƛŜǎ Ҍ ʅ9ώōŀƭŀƴŎƛƴƎ ŦƭŜȄ ŘŜƳŀƴŘϐ  

More notation : 

down / up regulation consumption                                :  
 

down reg:  surplus in supply ς load increase  
      up reg: deficit in supply ς load curtailment  
   
 
   

consumers 

: utilities (reverse cost)  


