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Abstract 
This paper proposes the behavior of electricity 
markets when Renewable energy generations are 
integrated into power system. The Electricity 
market regulators intention is to reduce the cost 
of power, so as to benefit the customers. The 
mathematical model proposed in this paper will be 
analyzed from market operator (MO) point of 
view, Henceforth, deterministic optimization 
model will be utilized to diminish the cost of 
power in both day ahead market and real-time 
market. The optimization results will be analyzed 
to show the effect of renewable energy power 
penetration into the electricity markets. The 
optimal results will be compared between only 
and exclusive wind power integration is 
considered and also both wind and solar power 
integration is considered. This paper will be 
concluded by specifying that wind and solar 
power plants in the hands of one power producer 
will yield significant profits to the renewable 
power producer and also reduces the penalties on 
renewable power producer, thereby reduces total 
cost of power generation in the power system.  
 
Keywords: Deterministic optimization; 
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Nomenclature 

Indices and sets: 

t Index for time periods, running from 1 to T 

i Index for conventional power producers, 

running  from 1 to I 

j Index for wind power generating units 

                owned by the strategic producer, 

                running from 1 to J. 

g Index for solar power generating units    

                owned by the strategic producer, running 

                from 1 to G. 

d Index for demands, running from 1 to D. 

b Index of energy blocks offered by a power 

producer, running from 1 to B. 

l Index for demand blocks, running from 1 to 

L.  

 

Decision Variables: 

 

𝜆𝑏𝑗𝑡
𝑊𝐷                    Offer price of block b of the wind            

                          generating unit J in a period t in  

                          the day-ahead market. 

𝜆𝑏𝑔𝑡
𝑆𝐷               Offer price of block b of the solar 

                          generating unit g in a period t in 

                         the day-ahead market. 

𝜆𝑗𝑡
𝑊𝑅                     Offer price of the wind  

                         generating unit j in a period t in 

                         the real-time market. 

𝜆𝑗𝑡
𝑆𝑅                    Offer price of the large 

                         Generating unit g in a period t in 

                         the real-time market. 

𝑝𝑏𝑗𝑡
𝑊𝐷                    Produced power of block b of the          

                         wind generating unit j in a period 

                         t in the day-ahead market. 

𝑝𝑏𝑔𝑡
𝑆𝐷                    Produced power of block b of the    

                         wind generating unit g in a 

                         period t in the day-ahead market. 

𝑝𝑗𝑡
𝑊𝑅                       Rescheduled power of the wind 

                         generating unit j in a period t in 

                         the real-time market. 

𝑝𝑔𝑡
𝑆𝑅                      Rescheduled power of the wind  

                         generating unit g in a period t in     

                         the real-time market. 

𝑝𝑏𝑖𝑡
𝐶𝐷                     Power of block b produced by the 

            conventional power producer I in   

            a period t in the day-ahead  

            market. 

𝑝𝑖𝑡
𝐶𝑅+/𝑝𝑖𝑡

𝐶𝑅−        Increased/decreased power of the  

            conventional power producer I in     

            a period t in the real-time market. 

𝑝𝑙𝑑𝑡
𝐿𝐷                      Power bought of block l of the 

                          demand d in a period t in the day- 

                          ahead market. 

𝑝𝑑𝑡
𝐿𝑅                      Accepted deviation of the demand 

                          d in a period t in the real-time 

                          market. 

𝜆𝑚𝑡
𝐷𝐴  𝜆𝑚𝑡

𝑅𝑇⁄           Day-ahead/real-time locational 

                          marginal price (LMP) at bus m in 

                          a period t. 
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𝑅𝑖𝑡
𝑈/𝑅𝑖𝑡

𝐷       Up/down reserve scheduled for the  

conventional power producer i in a 

period t. 

𝑅𝑡
𝑈/𝑅𝑡          

𝐷  Total up/down reserve scheduled in a 

      Period t. 

𝑟𝑖𝑡
𝑈/𝑟𝑖𝑡

𝐷        Up/down reserve deployed for the  

conventional power producer i in a 

period t. 

Random Variables: 

𝜆𝑏𝑖𝑡
𝐶𝐷            Offer price of block b of the    

                Conventional power producer i in a  

                period t in the day-ahead market. 

𝑝𝑗𝑡
𝑆𝑓

     Forecasted production of the solar 

                generating unit g in a period t. 

𝑝𝑗𝑡
𝑊𝑓

            Forecasted production of the wind          

    generating unit j in a period t. 

𝑝𝑑𝑡
𝐿𝑅𝑓

          Forecasted deviation of demand d in a   

    Period t in the real-time market. 

Other Variables: 

 

𝑝𝑏𝑖𝑡
𝐶𝐷𝑚𝑎𝑥        Capacity of  block b  of  the    

                   Conventional power producer i in a 

                  period t in the day-ahead market. 

𝜆𝑙𝑑𝑡            
𝐿𝐷      Bidding price of block l of the demand  

                   d in a Period t in the day-ahead market. 

𝑝𝑙𝑑𝑡
𝐿𝐷𝑚𝑎𝑥        Capacity of block l of the demand d in  

                   a period t in the day-ahead market. 

𝜆𝑖𝑡
𝑅𝑈  𝜆𝑖𝑡

𝑅𝐷⁄    Offer price of  the  up/down  reserve  of  

                   the conventional power producer i in a 

                   period t. 

𝜆𝑖𝑡
𝐶𝑅+ 𝜆𝑖𝑡

𝐶𝑅−⁄ Offer price of the increased/decreased  

                   power of the conventional power 

                   producer i in a period t in the real-time 

                   market. 

𝜆𝑑𝑡
𝐿𝑅               Bidding price of the deviated demand d  

                   in a period t in the real-time market. 

𝜎𝑡
𝐷      Standard deviation of the total 

                   forecasted demand in a period t. 

𝜎𝑗𝑡
𝑊      Standard deviation of the forecasted    

                   power of the wind generating unit j in  

                  a period t. 

𝜎𝑘𝑡
𝑆                Standard deviation of the forecasted   

                   power of the solar generating unit g in  

                  a period t. 

 

 

 

Constants and Parameters: 

 

𝑝𝑖
𝑚𝑎𝑥           Maximum output of the conventional 

                  power producer i. 

𝑝𝑗
𝑊𝑚𝑎𝑥      Installed capacity of wind power      

                  generating unit j. 

𝑝𝑗
𝑆𝑚𝑎𝑥         Installed capacity of solar  

                  power generating unit g. 

𝑅𝑖
𝑈𝑚𝑎𝑥       Maximum up reserve that can be  

                  Provided by the conventional power 

                  producer i. 

𝑅𝑖
𝐷𝑚𝑎𝑥        Maximum down reserve that can be 

                  provided by the conventional power 

                  producer i. 

k                Factor relating the system reserve  

    requirement to the standard deviations    

    of load and wind power. 

1. Introduction 

The renewable energy sources are becoming 

important in electricity sector, not only because 

they are eco friendly, but also they offer several 

advantages [1]-[5]. However, they pose some 

drawbacks too, when it comes to concept of 

deregulation. The energy sources which will be 

adopted usually in renewable energy sources is 

wind and solar. Since, these resources are available 

throughout the world, the new technologies are 

emerging around them daily. 

The wind and solar energy sources plays 

very crucial role in deregulation process. The solar 

power producers and wind power producers adopt 

different strategies in order to maximize their 

profits. one of which is PPA agreements [6].  

However, PPA agreements does not 

giving enough revenues to the power producers. As 

a result, they are effectively participating in 

electricity markets. Right now, some of the U.S. 

market operators, e.g., the Midwest Independent 

System Operator (MISO), Electric Reliability 

Council of Texas (ERCOT), Pennsylvania-New 

Jersey-Maryland Interconnection (PJM), and New 

York ISO, permit wind power producers to offer 

their day-ahead power commitments into the 

markets. However, the rules and regulations 

imposing on conventional generators, also follows 

to RES power producers. As a result, they are 

subjected into risk. Due to intermittency nature of 

wind and solar, they must pay heavy penalties 

when they do not meet the power requirements. 

Hence, they has to follow different strategies in 

order to mitigate the risk. 
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The forecasting values of wind power and solar 

power are generated in the form of scenarios from 

ARIMA and reduced by different advanced 

methods like probability distance method, fast 

forward algorithm etc., which are advanced 

forecasting techniques implemented based on 

historical values of renewable energy power plants. 

The locational marginal price (LMP) is a 

crucial factor in determining the profits of power 

producers in electricity markets. The LMPs will be 

calculated by market operator (MO) in each type of 

electricity markets i.e., Day ahead market, reserve 

market and real-time market. From the literature 

point of view, the solar and wind power producers 

are price takers, but not price makers. Apart from 

eco friendly nature, the marginal price of RES 

power plants is less than that of conventional 

generators, the RES power producers must be 

considered as price makers, but not price takers. 

In this paper, the electricity market 

clearing process will be performed with 

deterministic optimization [7] because the problem 

has been analyzing from market operator point of 

view, and the results will be analyzed and 

compared that was generated from electricity 

market clearing models. The profits, penalties will 

be compared between wind only power producer 

and both wind and solar power producer using case 

study. The total minimized costs will be compared 

between wind only integrated power system and 

both wind and solar integrated power system along 

with conventional generators in both the cases. 

2. Model description 

2.1. Market Framework 

In electricity markets, the market operator 

request power suppliers including wind power and 

solar power producers to bid into the market at 

each hour of next day. This market is known as 

day ahead market and simultaneously reserve 

market is held at the same time of day ahead 

market, in which only conventional generators 

participate. After these markets are closed, the 

MO will aggregate the bids and calculate day 

ahead LMP, reserve market LMP and also cleared 

energy volumes in both the markets. The 

renewable energy producers if not generated their 

energy quantities what were scheduled in day 

ahead market in the real time market will be 

penalized. To maintain the power balance in real 

time power delivery, the MO will depend on 

reserve power what were scheduled in reserve 

power market. 

Though renewable energy producers does not 

have operational costs unlike conventional power 

producers, they are exposed to heavy penalties, if 

not generated required power that was scheduled 

in the day ahead market. 

The conventional power producers clearly take 

the advantage of intermittent nature of renewable 

energy generators. The MO only depends on 

conventional generators for scheduling reserve 

power that was required in real-time market. 

2.2. Forecasting of future values 

Wind and solar resources are intermittent 

in nature, forecasting the future values of wind 

power and solar power is essential in order to 

participate in day ahead electricity markets. 

2.2.1. Scenario generation and reduction 

Forecasting future values of wind power 

and solar power is performed on ARIMA [8], in 

which the future values as scenarios will be 

calculated based on historical values of the 

renewable energy power plants of time t of 

previous days. Various techniques like probability 

distance method will be used for scenarios 

reduction. However, in this paper, the cumulative 

forecasting values will be taken from ERCOT. 

2.3. Uncertainty modeling of Reserve market 

The reserve market is used for deviations 

of power generation and demand, which will be 

dispatched in real time market. Due to high 

penetration of wind power and solar power, the 

power scheduled in reserve market increases with 

increased penetration of wind power and solar 

power. Due to increased power scheduling in 

reserve market, the total minimized cost of 

reserve market also increases. 

The uncertainties of the model in this 

paper come from three main sources: 1) system 

load; 2) wind power production; and 3) solar 

power production. Modeling the seuncertainties is 

very important for a wind power producer and 

solar power producer to achieve the optimal 

bidding strategy. 

The main uncertainties in the day-ahead 

market clearing process come from the load, wind 

and solar forecast errors.  

The load, wind and solar forecast errors 

cannot be overcome and depends only on the 
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advanced forecasting models. In this paper, these 

forecasting errors are managed by  up and down 

reserves, which are scheduled as functions of the 

standard deviations of the forecasted wind power, 

forecasted solar power and the total forecasted 

demand of the system as follows [9]- [10]. 

𝑅𝑡
𝑈 =  𝑅𝑡

𝐷 = 𝑘√𝜎𝑡
𝐷 + ∑ 𝜎𝑡

𝑊
𝑗 + ∑ 𝜎𝑡

𝑆
𝑘              (1) 

𝜎𝑡
𝑋 =  √

∑(𝐷𝑛 − 𝐹𝑛)2

𝑛 − 1
 

 

where κ is a parameter selected by the market 

operator and is selected to be 3 in this paper. D is 

the realized parameter and F is the forecasted 

parameter. n is the number of time periods. 

 

  𝑀𝑖𝑛 ∑ 𝜆𝑖𝑡
𝑅𝑈𝑅𝑖𝑡

𝑈 +  𝜆𝑖𝑡
𝑅𝐷𝑅𝑖𝑡

𝐷
𝑖    (2a) 

 

Subject to 

 0 ≤  𝑅𝑖𝑡
𝑈  ≤  𝑅𝑖

𝑈𝑚𝑎𝑥    (2b) 

 0 ≤  𝑅𝑖𝑡
𝐷  ≤  𝑅𝑖

𝐷𝑚𝑎𝑥   (2c) 

 

 ∑𝑅𝑖𝑡
𝑈 =  𝑅𝑡

𝑈                           (2d) 

 

 ∑𝑅𝑖𝑡
𝐷 =  𝑅𝑡

𝐷                          (2e) 

 

The objective function (2a) is to minimize the total 

price of reserve. Constraints (2b) and (2c) are the 

reserve bounds for each thermal unit, which are 

generally eligible for reserve requirements. The 

reserve requirement is met in constraints (2d) and 

(2e). 

Only conventional generators will 

participate in reserve market, since they are not 

intermittent in nature.  

 

2.4. Day ahead market modelling 

 

Min∑ 𝜆𝑏𝑖𝑡
𝐶𝐷 𝑝𝑏𝑖𝑡

𝐶𝐷 +  ∑ 𝜆𝑏𝑗𝑡
𝑊𝐷𝑝𝑏𝑡

𝑊𝐷 + ∑ 𝜆𝑏𝑘𝑡
𝑆𝐷

𝑏𝑘 𝑃𝑏𝑡
𝑆𝐷  − ∑ 𝜆𝑙𝑑𝑡

𝐿𝐷 𝑝𝑙𝑑𝑡
𝐿𝐷

𝑙𝑑𝑏𝑗𝑏𝑖       

                                                                        (3a) 

 

Subject to 

 

∑ 𝑝𝑙𝑑𝑡
𝐿𝐷  −  ∑ 𝑝𝑏𝑖𝑡

𝐶𝐷 −  ∑ 𝑝𝑏𝑗𝑡
𝑊𝐷  −  ∑ 𝑝𝑏𝑘𝑡

𝑆𝐷
𝑏 = 0 :  𝜆𝑚𝑡

𝐷𝐴
𝑏𝑏𝑙    

                                                                       (3b)             

 

0 ≤  𝑝𝑏𝑖𝑡
𝐶𝐷 ≤  𝑝𝑏𝑖𝑡

𝐶𝐷𝑚𝑎𝑥                                  (3c)                 

 

0 ≤  𝑝𝑏𝑗𝑡
𝑊𝐷 ≤  𝑝𝑏𝑗𝑡

𝑊𝑓
 : 𝑏 = 1                    (3d)                           

 

0 ≤  𝑝𝑏𝑘𝑡
𝑆𝐷  ≤  𝑝𝑏𝑘𝑡

𝑆𝑓
 : 𝑏 = 1                               (3e) 

   

0 ≤  𝑝𝑙𝑑𝑡
𝐿𝐷  ≤  𝑝𝑙𝑑𝑡

𝐿𝐷𝑚𝑎𝑥        (3f)                          

 

The objective function (3a) minimizes the total 

price of energy offered by both thermal, wind 

power and solar power producers minus the 

revenue from supplying demand in each period. 

Equation (3b) enforces the day-ahead power 

balance. Constraints (3c) to (3e) represent the 

bounds of the power offered by the thermal and 

wind power and solar power units in each block. 

Constraint (3f) represents the limits of the demand 

in each block. 

 

2.5. Real time market modelling 

 

Min∑ (𝜆𝑖𝑡
𝐶𝑅+𝑝𝑖𝑡

𝐶𝑅+ − 𝜆𝑖𝑡
𝐶𝑅−𝑝𝑖𝑡

𝐶𝑅−) +  ∑ 𝜆𝑗𝑡
𝑊𝑅𝑝𝑗𝑡

𝑊𝑅 + ∑ 𝜆𝑘𝑡
𝑆𝑅

𝑘 𝑃𝑘𝑡
𝑆𝑅 +𝑗𝑖

 ∑ (𝜆𝑖𝑡
𝑅𝑈𝑟𝑖𝑡

𝑈 +  𝜆𝑖𝑡
𝑅𝐷𝑟𝑖𝑡

𝐷)𝑖  − ∑ 𝜆𝑑𝑡
𝐿𝑅𝑝𝑑𝑡

𝐿𝑅
𝑑                     

                                                                          (4a) 

 

Subject to 

∑(𝑝𝑑𝑡
𝐿𝑅 +  ∑ 𝑝𝑙𝑑𝑡

𝐿𝐷 ) 𝑙 − ∑ 𝑝𝑏𝑖𝑡
𝐶𝐷 −  ∑ (𝑝𝑖𝑡

𝐶𝑅+ −  𝑝𝑖𝑡
𝐶𝑅− +  𝑟𝑖𝑡

𝑈 −𝑖𝑏

 𝑟𝑖𝑡
𝐷) − ∑ 𝑝𝑏𝑗𝑡

𝑊𝐷 −  ∑ 𝑝𝑗𝑡
𝑊𝑅

𝑗 + ∑ 𝑝𝑏𝑘𝑡
𝑆𝐷

𝑏 − ∑ 𝑝𝑘𝑡
𝑆𝑅

𝑘  = 0 :  𝜆𝑚𝑡
𝑅𝑇

𝑏                 

                                                                       (4b)    

                                                    

0 ≤  𝑝𝑖𝑡
𝐶𝑅+ ≤  𝑝𝑖

𝑚𝑎𝑥+                (4c) 

 

0 ≤  𝑝𝑖𝑡
𝐶𝑅− ≤  𝑝𝑏𝑖

𝑚𝑎𝑥−    (4d) 

 

𝑝𝑖𝑡
𝐶𝑅+ ≤  𝑝𝑖

𝑚𝑎𝑥+ −  ∑ 𝑝𝑏𝑖𝑡
𝐶𝐷

𝑏   (4e) 

 

𝑝𝑖𝑡
𝐶𝑅− ≤  ∑ 𝑝𝑏𝑖𝑡

𝐶𝐷
𝑏      (4f) 

 

−∑𝑝𝑏𝑗𝑡
𝑊𝐷 ≤  𝑝𝑗𝑡

𝑊𝑅  ≤  𝑝𝑏𝑗𝑡
𝑊𝑓

−  ∑𝑝𝑏𝑗𝑡
𝑊𝐷  (4g) 

 

−∑𝑝𝑏𝑘𝑡
𝑆𝐷  ≤  𝑝𝑘𝑡

𝑆𝑅  ≤  𝑝𝑏𝑘𝑡
𝑆𝑓

−  ∑𝑝𝑏𝑘𝑡
𝑆𝐷   (4h) 

 

 

0 ≤  𝑟𝑖𝑡
𝑈 ≤  𝑅𝑖𝑡

𝑈      (4i) 

 

0 ≤  𝑟𝑖𝑡
𝐷 ≤  𝑅𝑖𝑡

𝐷      (4j) 

 

The objective function (4a) minimizes the total cost 

of dispatching energy and deploying reserve minus 

the revenue from the deviation demand in each 

period. Equation (4b) enforces the real-time power 

balance. Constraints (4c) (4f) limit the power of 

each thermal generator that can be sold into the 

real-time market. The amount of wind power and 

solar power that can be sold in the real-time market 

in each period is limited by the forecasted wind 
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power in that period, as described by (4g)-(4h). The 

deployed up and down reserves are limited by the 

scheduled up and down reserves in the reserve 

market, respectively, as expressed in (4i) and (4j), 

respectively. 

 

3. Case study 

3.1. ERCOT 

The data to implement the model is taken 

from the ERCOT (Electric Reliability council of 

Texas) [11]. The forecasted and actual data of solar 

and wind power (west region) is taken from the 

ERCOT website. 

However, the data of 12convention generators 
is taken from the book “Decision 

3. Case study 

3.1. ERCOT 

The data to implement the model is taken 

from the ERCOT (Electric Reliability council of 

Texas) [11]. The forecasted and actual data of solar 

and wind power (west region) is taken from the 

ERCOT website. 

However, the data of 12convention 

generators is taken from the book “Decision 

making under uncertainty in electricity markets”. 

Power data of total 12 conventional generators 

along with one wind power plant and one solar 

power plant will be considered in our proposed 

models. Reserve power data of these 12 

conventional generators are taken from the same 

book, to produce the required outputs of reserve 

power requirements. 

 

3.2. Data for forecasting future values 

 

Table 1  

Demand forecasted data and actual(realised) data 

 

     

 
Fig. 1. Demand data analysis between forecasted 

and actual values 

 

Table 2 

 Wind forecasted data and actual (realized) data  

 

                          Wind power 

No. of periods      Forecast      Actual 

              1       674.7      726.67 

              2       770.1      437.23 

              3       575.8      562.38 

              4       710.1      706.71 

              5       847.2      572.59 

              6       743.2      712.44 

              7       956.1      796.79 

              8       813.3      710.92 

              9       657.1      215.48 

             10       330.8      181.2 

 
 
 

 
 

Fig. 2. Wind power data analysis between 

forecasted and actual values 

 

 

 

 

 

 

 

 

 

 

 

                                Demand 

No. of periods Forecast Actual 

1 1273.38 1210.23 

2 1128.02 1158.95 

3 1114.71 1134.12 

4 1108.26 1097.82 

5 1077.78 1087.67 

6 1079.44 1093.91 

7 1110.13 1082.61 

8 1084.83 1091.73 

9 1116.81 1107.31 

10 1147.91 1166.14 
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Table 3 

Solar forecasted data and actual (realized) data   

 

Since, wind and solar resources are intermittent 

nature, the forecasting of wind power and solar 

power is essential, these forecasting values are 

produced by ARIMA and probability distance 

method by considering historical values of wind 

and solar power values (actual values). 

 

3.3 Reserve market modelling 

We consider that 12 conventional generators 
participate in the reserve market to address 
the intermittent nature of wind and solar 
power. Below is the table mentioning offer 
costs of bids of 12 conventional generators and 
the maximum limits of each 
Table 4 

Data for reserve market modelling 

 

 

 

 

 

 

 

 

Table 5 

Reserve power optimization solutions 

   Up 

Reserves 

    Down 

Reserve 

           Values 

𝑅6
𝑈 𝑅6

𝐷     12.28 MW 

𝑅7
𝑈 𝑅7

𝐷    12.28 MW 

𝑅8
𝑈 𝑅8

𝐷     300 MW 

𝑅9
𝑈 𝑅9

𝐷     300 MW 

𝑅11
𝑈  𝑅11

𝐷       12.01 MW 

                      Minimum cost 1856.7 dollars 

 

3.4. Day ahead market modelling 

The generating stations along with wind 

and solar plants will submit offers in the day ahead 

market for the next day scheduling. The MO will 

take these bids and calculates the LMP (Locational 

marginal price) and determine the scheduled power 

of each generating station.  

Only those bids whose price is less than 

LMP will be going to match with demand bids 

whose price higher than LMP. All other bids will 

be neglected. 

The below tables indicate that each generator will 

offer 4 bids for power scheduling for the next day. 

 

Table 6 

Offer costs of bids for day-ahead market 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                   Solar power 

No. of periods Forecast Actual 

1 0 0 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

6 0 0 

7 1.9 0.3 

8 83.1 99.04 

9 413.3 361.03 

10 610.7 644.43 

  S.no  Offer costs($/MWh)  Maximum limits 

     1               3.99           121.6 

     2               3.99           121.6 

     3               4.54           300 

     4               5.53           384.15 

     5               6.08           60 

     6               2.25           155 

     7               2.25           155 

    8               1.41           300 

    9               1.41           300 

   10               0.00           0 

   11               2.25           201.5 

   12               2.93           210 

                             Offer costs ($/MWh) 

      Bid - 1    Bid - 2    Bid - 3     Bid - 4 

      11.46     11.96     13.89     15.97 

      11.46     11.96      13.89     15.97 

      18.60     20.03     21.67     22.72 

      19.20     20.32     21.22     22.13 

      23.41     23.78     26.84     30.40 

      9.92     10.25     10.68     11.26 

      5.31      5.38      5.53     5.66 

      5.31      5.38      5.53     5.66 

      0.00      0.00         0         0 

      9.92      10.25     10.68     11.26 

      10.08      10.66     11.09     11.72 

      2.25          0         0         0 
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Table 7 

Maximum limits of bids in day ahead market 

 

Table 8 

Optimal solution of Day a head market 

 

Scheduled power values 

𝑝29
𝐶𝐷 100 MW 

𝑝30
𝐶𝐷 100 MW 

𝑝31
𝐶𝐷 58.55 MW 

𝑝33
𝐶𝐷 100 MW 

𝑝34
𝐶𝐷 100 MW 

𝑝35
𝐶𝐷 58.55 MW 

𝑝37
𝐶𝐷 300 MW 

𝑝49
𝑊𝐷 330.8 MW 

LMP  𝜆𝑡
𝐷𝐴 5.53 $/MWh 

Minimum cost 3530 Dollars 

 

3.5. Real time market 

This market is intended to resolve issues 

that was not settled what was scheduled in the day 

ahead market. Mostly the issue that was going to 

settle in real time market is power balance. For 

this, reserves deployment and bids acceptance 

from the power producers and consumers is 

performed by MO. 

 

In this paper, bid acceptance for real 

market is not considered, only reserve deployment 

what was scheduled in reserve market is 

considered. 

 

 

 

 

 

Table 9 

Optimal solution of Real time market 

 

 

3.6. Comparison of Results 

Now we will compare what will be the 

consequences when high amount of wind 

penetration is allowed into the electricity markets. 

Table 10 

Wind power effect on total cost in real time 

 

Table 11 

Wind power effect on total cost as per 

scheduled 

 

Table 12 

Wind power effect on total cost, with zero 

generation in real time 

 

 

Surprisingly, though generation is same 

in above three tables, the final cost is always 

varying. This is due to wind power integration 

into total power system. Now we will see why 

the cost is varying due to wind integration from 

below tables. 

 

3.7. Penalty 

The cost is varying due to wind power 

integration. since wind is intermittent in nature, 

whatever scheduled in day ahead market, if not 

satisfied by the wind power producers, reserve 

power deployment takes place. Since, reserve 

power is scheduled from conventional 

generators, the MO has to pay the price to 

conventional power producers for their reserve 

power offering. 

Maximum limits 

Bid - 1 Bid - 2 Bid - 3 Bid - 4 

30.40 45.60 45.60 30.40 

30.40 45.60 45.60 30.40 

75 75 90 60 

206.85 147.75 118.20 118.20 

12 18 18 12 

54.25 38.75 31 31 

100 100 120 80 

100 100 120 80 

300 0 0 0 

108.50 77.50 62 62 

140 87.50 52.50 70 

330.8 0 0 0 

Schedule reserve power         Values 

                        𝑅8
𝑈            83.5 MW 

                        𝑅9
𝑈          83.5 MW   

                LMP  𝜆𝑡
𝑅𝐴          1.41 $/MWh 

           Minimum cost          235.47 Dollars 

            According to the data (W = 180 MW) 

             Generation         1166 MW 

             Cost         3765.47 Dollars 

(W = 330.8 MW) 

Generation 1166 MW 

Cost 3555.38 dollars 

                                (W = 0 MW) 

              Generation          1166 MW 

              Cost          4021.8 dollars 
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The MO will charge Wind power 

producers for not maintaining the scheduled 

power in real time, this penalty amount will be 

transferred to conventional power producers for 

their reserve power offering. 

Below tables will show this very clearly. 

 

Table 13 

Penalty on wind power producer in real time 

 

Table 14 

Penalty on wind power producer as per 

scheduled 

 

Table 15 

Penalty on wind power producer with zero 

generation 

 

From the above tables, it was confirmed 

that the final consumer cost is always constant. 

The variation in the total power generation cost 

calculated by MO is due to heavy penalties on 

wind power producers. The negative sign 

indicates it is a penalty. So, though the operation 

costs of wind power plants is almost negligible 

unlike most conventional generating stations, 

there will be heavy penalties on wind power 

producers, if not maintained in real time as per 

scheduled in day ahead market. 

The same is the case with solar power 

plants, if you consider solar power plants exists 

in the power system. 

 

3.8. Profits of wind power plants 

We have seen wind power producer’s 

penalties, now we will see wind power 

producer’s profits. We will see profits in each 

type of market. 

Table 16 

Profit of wind power producer as per the data 

 

           According to the Data (W = 180 MW) 

     Day-ahead market      1829.324 dollars 

     Real time market      - 211.218 dollars 

     Total profit      1618.106 dollars 
 

Table 17 

Profit of wind power producer as per scheduled 

 

Table 18 

Profit of wind power producer with zero 

generation 

 

                               (W = 0 MW) 

      Day-ahead market      1829.324 dollars 

      Real time market      - 466.428 dollars 

      Total profit      1362.896 dollars 
 

In table 18, you can see that the wind 

power producer is getting profit without any 

generation from his plants. This is situation only 

arise when real time LMP is less than Day ahead 

LMP. But it is too risky for wind power 

producer. Because generally real-time market 

takes place only few minutes before actual power 

delivery, the real time LMP in most cases higher 

than Day ahead LMP. 

Consider below table, where real time LMP is 

slightly higher than Day ahead LMP. 

 

Table 19 

Penalty on wind power producer when Real time 

LMP is higher than Day ahead LMP 

 

               Real time LMP = 6.00 $/MWh 

                                  (W = 0 MW) 

          Day-ahead market      1829.324 dollars 

          Real time market      - 1984.8 dollars 

         Total profit      - 155.5 dollars 

 

The above explains us that there will be 

heavy penalty if wind power producer does not 

generate any power from his plants. Since, he 

cannot predict whether real time LMP is greater 

or less than Day ahead LMP, this is a great 

limitation for wind power producers in electricity 

markets. 

          According to the data (W = 180 MW ) 

Total Cost 3765.47 dollars 

Wind penalty - 211.218 dollars 

Consumer Cost 3554.252 dollars 

(W = 330.8 MW ) 

Total Cost 3555.38 dollars 

Wind penalty 0 dollars 

Consumer Cost 3554.252 dollars 

(W = 0 MW) 

Total Cost 4021.8 dollars 

Wind penalty - 466.428 dollars 

Consumer Cost 3554.252 dollars 

(W = 330.8 MW) 

          Day-ahead market      1829.324 dollars 

          Real time market      0 dollars 

         Total profit      1829.324 dollars 

mailto:anveshanaindia@gmail.com
http://www.anveshanaindia.com/


                   AIJREAS                VOLUME 2, ISSUE 12 (2017, DEC)                      (ISSN-2455-6300)ONLINE 

ANVESHANA’S INTERNATIONAL JOURNAL OF RESEARCHIN ENGINEERING AND APPLIED SCIENCES 
 

ANVESHANA’S INTERNATIONAL JOURNAL OF RESEARCH IN ENGINEERING AND APPLIED SCIENCES 

 EMAILID:anveshanaindia@gmail.com,WEBSITE:www.anveshanaindia.com 
53 

3.9. Wind and solar integration 

Now, how to overcome this limitation of 

wind power plants are process the solar power 

plants. The wind power producer should also 

possess a solar power plant, to overcome the 

penalties imposed on him due to not maintaining 

the scheduled power in real time. In this way, his 

penalties will be significantly reduced, if one 

renewable power generating station does not 

work as intended as other renewable generating 

station. 

When wind power plants do not work as per 

scheduled, the demand taken by wind power 

plants is diverted to conventional generating 

stations in the form of reserve power deployment 

by conventional generators.  

In order to mitigate this solar power 

plants are essential along with wind power 

plants. 

Table 20 

Total savings between exclusively wind power 

case and wind and solar power case   

 

   Only wind 

W=180MW 

Both wind  

 and solar 

(W=180 MW; 

S=644.43MW) 

 Total 

saving 

 Day ahead 

 market 

3530 

dollars 

2295 dollars 1235 

dollars 

   Real   

   time 

   market 

235.47 

dollars 

187.95 dollars 47.52 

dollars 

Total 

Minimized 

cost 

3765.4 

dollars 

    2482.95    

     dollars 

1282.4 

dollars 

 

Table 21 

Extra profit between exclusively wind power 

case and wind and solar power case     

 

 Only wind 

(W=180MW) 

Both wind  

 and solar 

(W=180 MW; 

S=644.43MW) 

  Extra   

  Profit 

Day 

ahead 

market 

  1829.324  

   Dollars 

2543.7 dollars  714.376   

 dollars 

Real 

time 

Market 

-211 dollars 

  (penalty) 

- 163 dollars 

  (penalty) 

-48 

dollars 

(penalty) 

Total 

profit 

1618 dollars 2380.7 dollars  666.376    

dollars 

 

From Table – 20 and Table – 21, we can 

compare these two tables and understands that 

when only wind plants is considered in power 

system, the total minimized cost is much higher 

compared to integration of both wind and solar 

plants in power system. 

 

4. Market power 

When conventional power producers try 

to influence the LMP, then it is known as Market 

power. The MO will use different strategies to 

mitigate this market power. One is the 

integration of wind and solar power plants. 

Because wind and solar power plants power 

production cannot be estimated exactly, if the 

conventional power producers try to influence 

the LMP by offering their bids at higher cost, 

they may not be considered in day ahead market 

power scheduling, because renewable power 

plant producers offer their bids at much lower 

costs. 

As a result, the conventional power 

plants have to shut down their generating 

stations, which will incur heavy losses to them. 

 

5. Conclusion 

The behavior of electricity markets 

when renewable energy power plants integrated 

into the power system will be studied in this 

paper.  

The profits and penalties of wind power producer 

and also reducing penalties by possessing solar 

power plant in the same hands of wind power 

producers has been described. 

By integrating both wind and solar 

power plants, the total cost of power scheduling 

is reduced and also it helps in mitigating the 

market power and yields greater profits and 

reduce penalties. 
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