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Abstract— Over the past few decades, electricity markets have created competitive 
environments for the participation of different players. Electricity consumers (as end-users 
in power systems) can behave strategically based on their purposes in the markets. Their 
behaviors induce more uncertainty into the power grid, due to their dynamic load 
demands. Hence, a power system operator faces more difficulties in maintaining an 
acceptable level of reliability and security in the system. On the other hand, the strategic 
behaviors of electricity consumers can be as a double-edged sword in the power grid. There 
is a group of consumers who are flexible and so, can be interrupted at critical time periods 
and pursue their economic targets in the electricity markets. However, the second group is 
concerned with electricity demand being provided to them with the desired reliability level. 
Hence, the decisions of this group of electrical consumers are in conflict with their 
corresponding demand response programs. According to the above statement, this chapter 
aims at investigating the impact of strategic behavior of the electrical consumers on power 
system reliability. In this way, different agents of electricity markets are defined in this 
chapter which their behavior can impact on the market-clearing problem. Energy and 
reserve are assumed as electricity commodities in this chapter. Thus, a two-stage, day-
ahead and real-time- stochastic unit commitment problem is solved to clear energy and 
reserve simultaneously considering the uncertainty of wind power generations and 
conventional generation units which impacts on the reliability of sustainable power 
systems. 
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1. INTRODUCTION 
According to the growing awareness about the environment and the demand for a reliable 

power grid, providing reliable renewable-based systems is a task of future smart grids [1,2]. In 
recent years, the increased use of renewable energies such as wind power generation has caused 
some challenges in power systems mainly due to the variable and stochastic nature of these non-
dispatchable energy sources [3]-[4]. In connection to this, the extant literature has several related 
works which present new methods to solve economic dispatch, optimal power flow [5], unit 
commitment [6], and market-clearing [7] problems considering variability and uncertainty of 
power generation such technologies. For instance, in [8], the optimal power flow problem is 
solved considering wind power uncertainty. The stochastic behavior of wind power generation is 
modeled by a Weibull probability density function. Besides, a heuristic optimization method 
which is called modified cuckoo search is used to solve the problem. In [9], the economic 
dispatch problem is solved considering high penetration of wind power generation in the 
integrated energy storage systems. In the model, wind power is defined as a dispatchable 
variable. Moreover, dynamic programming is used to solve unit commitment and economic 
dispatch problems. The impacts of renewable energies on power system are evaluated via a 
Monte Carlo simulation which accounts for the uncertainty of wind power generation in [10], 
[11] and [12]. In [5], the renewable power producers are modeled in a multi-agent environment 
where the uncertainty of these renewable resources is considered by employing a two-stage 
stochastic framework. 

The power system’s reliability depends on various factors such as load capacity and customer 
base, maintenance, as well as age and types of equipment [13]. Providing suitable operating 
reserves is one of the main duties of power system operator as this allows maintaining the 
desired reliability level of the power system, which is subjected to high-level uncertainty and 
stochastic behavior of market agents [14]. Hence, in new approaches, the stochastic and dynamic 
models are defined to determine operating reserves according to the stochastic nature of wind 
energy in the power system. Recent studies in this research area can be divided into two groups. 
The first group focuses on the approaches that allow obtaining operating reserves based on wind 
power uncertainty, but they do not consider customer’s choice of reliability [7, 3-4, 8-12, 15-23]. 
However, the second group presents algorithms to determine reserves considering the customer’s 
reliability choices and assesses the economic concepts related to the operating reserves [14]. 
Indeed, the second group follows the necessity of considering the consumers’ strategic behavior 
in future smart grids. In this regard many efforts have been carried out to show the role of 
consumers’ behavior in different aspects of the future interdependent networks [24]. In this 
context, in [25], decentralized control of responsive consumers is discussed by using a multi-
agent method. In addition to these methods that can improve the robustness and security of the 
future interdependent systems even if a failure occurs in other networks [26], demand side 
management resources and flexible electric vehicle charging loads can highlight the role of 
consumers in the future smart grids [27]. On this basis, the role of customers is highlighted in 



[28-29], and consequently a framework for determining the reserve is developed by taking the 
customers’ reliability choices into account.  

In [17], the energy and spinning reserve market-clearing problem is solved with the aim of 
minimizing total cost in the considered system and risk level considering wind power and 
electrical load. Spinning reserves are provided by generators and loads in the model presented in 
[17]. In [18], a security-constrained unit commitment problem is solved to determine the reserve 
level linked to transmission stress and increase the reliability of the power system. In [19], a 
method for determining zonal reserves is presented. This method considers the uncertainty of 
renewable energies. Authors in [19] present a probabilistic and heuristic optimization technique 
to solve a similar problem. In [20], operating reserves are determined through a combination of 
robust optimization and conditional value-at-risk, in order to consider wind power output 
uncertainty. In [21], a combined dispatch and multi-stages reserve policy optimization problem is 
solved by using a robust optimization, which models net load uncertainty by applying some 
decision rules. Such rules are based on forecasting errors in [21]. In [22], an improved interval 
method is used to solve the unit commitment problem considering network constraints and 
power output uncertainty of high penetration of wind farms in the power systems. Moreover, 
authors simulate several cases, where the unit commitment problem is solved using stochastic 
programming, robust optimization, interval and improved interval methods. The performance of 
these simulations is assessed on the basis of computational burden and total operating costs. 
Based on the analysis results, authors highlight the importance of a stochastic unit commitment 
approach since it best models the uncertainty of wind power generation in the power system. 

This chapter first introduces the different agents of the restructured power system. Then, 
electricity consumers are classified according to their strategic behaviors in the electricity 
markets. Hence, different examples of the impacts of the behavior and uncertainty of agents are 
described and evaluated in this chapter. The rest of the chapter is organized as follows. In 
Section 2, the electricity market model is presented and described in detail. Classes of customers 
are introduced in Section 3. Section 4 outlines the results of the conducted simulations. Finally, 
Section 5 concludes this chapter. 

 

2. ELECTRICITY MARKET MODEL 
Power system restructuring has led to the appearance of different agents, and these agents have 
the freedom to participate in Electricity Markets (EMs). In this chapter, the EM model is 
presented and fully described. Also, details of the agents whose behaviors can impact the 
problem are included in this section. The EM model aims to solve a Stochastic Unit Commitment 
(SUC) problem and clear energy and reserve simultaneously. The SUC model consists of two 
stages. In the first stage, the Day-Ahead Market (DAM) is presented where the uncertainty of 
decision-making variables is not seen. However, in the second stage the Real-Time Market 
(RTM) considers the uncertainty of the wind farms’ power output other traditional sources of 
uncertainty in the power grid. 

2.1. Objective function 



In this section, the objective function of the market-clearing model and its constraints are 
represented.  
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In Eq. (1), the total Expected Cost (EC) of the day-ahead and real-time markets is defined as the 
objective function. The cost terms from the first to the second line represent the expected costs of 
DAM that consist of the start-up cost of units, energy cost of units, utility of electricity 
customers, and the cost of energy produced by wind farms, respectively. The subsequent lines in 
Eq. (1) gather the expected cost corresponding to the RTM which includes the costs related to 
the changes in the start-up states of generating units in DAM and RTM, reserve costs related to 
the generation-side and electricity customer-side, costs of load shedding and wind power 
spillage, respectively. As mentioned before, EM includes different agents with its corresponding 
aims and constraints. In the following, some of these agents are introduced on the basis of their 
limitations. 
 
2.2. Generation Companies (GenCos) 
A GenCo is one of the agents in the electricity market; it is in charge of producing electric power 
in the system. Generally, GenCos are called to the dispatchable electrical energy power plants. 
The key constraints of GenCos in the DAM and RTM are represented hereinafter: 
 
2.2.1. DAM GenCos’ constraints 
Eqs. (2a)-(2c) represent power generation limits of GenCos in the DAM. Likewise, the 
maximum and minimum limitations of GenCos’ power scheduling are represented in Eq. (2a). 
Besides, Eq. (2b) enforces the constraints related to the GenCos’ energy blocks. In addition, Eq. 
(2c) shows that the power scheduling of GenCos in each time period equals the sum of their 
energy blocks. 

ܲ. ௧ݑ ≤ ܲௌ௧ ≤ തܲ୧.ݑ௧  (2a) ݐ∀,݅∀    ,

0 ≤ ௧ீ ≤ ௧ீ̅  (2b) ݐ∀,݅∀,݉∀    ,

ܲௌ௧ =  ௧
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Eqs. (2d)-(2f) refer to the list of constraints corresponding to the start-up cost of GenCos: 
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2.2.2. RTM GenCos’ constraints 
The power generation limits of GenCos in the RTM is enforced by Eq. (3a). 

ܲ. ௧ఠݒ ≤ ܲீ௧ఠ ≤ തܲ୧. ௧ఠݒ ,ݐ∀,݅∀    , ∀߱. (3a) 

Eq. (3b) represent the relation among the allocated energy of GenCos in the DAM and RTM, and 
the operating reserves in the RTM. Additionally, the operating reserve constraints of GenCos in 
the RTM, as in Eqs. (3b)-(3h), need to be included in the model. 
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The constraints related to the start-up cost due to the new commitment states of GenCos in the 
RTM are modeled by Eq. (3h)-(3k). 
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2.3. Wind farms’ constraints 



Wind farm is one of the agents in the EM which produces non-dispatchable electrical power. 
Hence, wind power generation is one of the decision-maker variables that induces uncertainty 
into the market-clearing problem. As mentioned before, the two-stage stochastic unit 
commitment problem aims to clear energy and reserve in the DAM and RTM. The uncertainty of 
wind power generation is not considered in the first stage. Hence, the constraint related to the 
scheduling of wind power generation in the DAM is represented by Eq. (4a). In the second stage, 
for instance, a constraint related to the economic and technical concerns of the wind farms may 
be the real-time spillage of the generated power.  Eq. (4b) represents the wind spillage constraint 
of the wind farm in the RTM. 

 ܲ௧
ௐ ≤ ܲ௧

ௌ,ௐ ≤ തܲ௧ௐ ,    ∀݇,  (4a) .ݐ∀

0 ≤ ܵ௧ఠ ≤ ܲௐ
௧ఠ  (4b) .߱∀,ݐ∀,݇∀     ,

2.4. Customers’ constraints 
Customers are another group of agents in the electricity market. In the electricity market, these 
agents have the freedom to behave strategically on the basis of their preferences and desires. 
Classes of customers consist of economic-followers, reliability-followers, and neutral. Eq. (5) 
represents the load shedding constraint of the consumers in the RTM. Other equations related to 
customer classes are described in Section 3. 

0 ≤ ௧ఠ௦ௗܮ ≤ ௧ఠܮ  (5) .߱∀,ݐ∀,݆∀    ,

2.5. Grid operator’s constraints 
A grid operator is an agent who controls and manages the interactions among various agents in 
the power grid. The principle role of grid operator is to balance the transacted electrical energy in 
each bus of the system. The equations below are associated with the constraints of the grid 
operator in the DAM and RTM. Eq. (6a) represents the balancing equation among GenCos, wind 
farms, and electrical loads. According to (6a), line capacity limitations and losses are not 
considered in the DAM. Therefore, the DAM is cleared as a pool-based market without network 
constraints. 
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However, all constraints related to the power flows are included in the RTM. Eq. (6b) represents 
the power balance equation in the RTM considering line losses. Further network related 
constraints are presented in (6c).  The physical transfer limits i.e. related to the capacity of a 
transmission line are shown in (6d). 
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3. CLASSES OF CUSTOMERS 
3.1. Economic-followers 
These customers are mainly concerned by their economic situations, and hence show some 
flexibility in their electrical consumption patterns and quantities. As a result, they play a key role 
by acting as interruptible loads. This is done by reducing/shifting their loads in some time 
periods and hence providing an upward and/or downward spinning reserve. It should be noted 
that economic-driven customers can also provide a downward spinning reserve by increasing 
their consumptions during periods specified by the system operator. 
In return, these customers may receive money as a reward or incentive for their valuable 
flexibility provisions in the forms of interruptible loads. Besides, the operating reserve that is 
provided by customers can be different depending on the uncertainty of wind power generation, 
electrical load or power grid in the system.  
Eqs. (7a)-(7b) represent constraints related to the upward and downward operating reserves of 
economic-follower customers. Also, Eq. (7c) relates the allocated electrical load in the DAM and 
RTM, and the downward and upward operating reserves. This way, if customers decrease their 
electrical consumptions, they act as GenCos which increase their generation. Hence, this 
decrement is called upward operating reserve from the customer-side. On the other hand, 
customers provide a downward operating reserve when they increase their consumption at the 
specific periods of time.  

0 ≤ ௧ఠݎ ≤ ܴതതതത  (7a) .߱∀,ݐ∀,݆∀     ,

0 ≤ ௧ఠݎ ≤ ܴതതതത,     ∀݆,∀ݐ,∀߱. (7b) 

௧ఠܮ − ௌ௧ܮ = ௧ఠݎ − ௧ఠݎ  (7c) .߱∀,ݐ∀,݆∀    ,

3.2. Reliability-followers 
Getting electricity according to their desired reliability level is the main concern of these 
customers. Unlike economic-followers who assist the system to provide the electrical demand of 
the power system, reliability-followers force the system to supply their desired electrical load. It 
is clear that behavior of reliability-followers increases the operating costs of the system. Hence, 
they are in charge of paying a portion of this imposed cost. Hence, customers declare their 



desired reliability according to the Value of loss load (VOLL) that is seen in the last line of Eq. 
(1). 

3.3. Neutral customers 
The group of customers whose behavior cannot have any impact on the operating cost and 
reliability of the system is called neutral. In other words, neutral customers neither provide any 
operating reserve nor ask for any reliability level that would force the system operator to provide 
more energy and reserve for the system. 
 

4. SIMULATION RESULTS 
In this section, the market-clearing model is assessed using the modified 3-bus test system that is 
shown in Fig. 1. It should be noticed that only electrical loads connected at buses 2 and 3 of the 
system are considered in this case study. In other words, the load connected at bus 1 (i.e. L1) is 
neglected in this study. The data for the generators and the system are given in Tables 1 and 2. 
Line capacity limits are provided in Table 3. Moreover, wind power generation and its scenarios 
and their corresponding probabilities are indicated in Tables 4 and 5, respectively. However, in 
some of the cases discussed here (specifically Case 1 and 2), wind farm is not considered, and 
wind power generation uncertainty is ignored in Case 3 of this study. The power grid scenarios 
are generated using Outage Replacement Rate (ORR) which equals 0.02 for generation units and 
is equal to 0.01 for transmission lines. Besides, the Value Of Loss Load (VOLL) of consumers is 
supposed to equal 1000 $/MWh. Different examples have been introduced in this section, in 
order to evaluate the impacts of customers’ behavior and wind power uncertainty in the power 
system. Besides, the mixed integer linear programming model has been implemented in GAMS 24.7.4 
[32] that has been linked with MATLAB software [33].  
 

 

Figure 1 A 3-bus test system [14] and [30]. 

 
 
 
 
 
 
 
 



 
 
 

Table 1 Generator data for the 3-bus test system [14] and [31]. 

 Unit 1 Unit 2 Unit 3 

ܲ (MW) 10 10 10 

തܲ୧ (MW) 100 100 50 

௧ௌߣ   ($) 100 100 100 

௧ீߣ  ($/MWh) 30 40 20 

ோೆܥ ௧  ($/MWh) 5 7 8 

ோವܥ ௧  ($/MWh) 5 7 8 

ோಿೄܥ ௧  ($/MWh) 4.5 5.5 7 

Ramping 
Capabilities (MW/h) 100 100 50 

ܴതതതത௧ 90 90 40 

ܴതതതത௧ 90 90 40 

ܴேௌതതതതത
௧  100 100 50 

 

Table 2 Other system data for the 3-bus test system [14] and [31]. 

ோೆ௧ܥ   ($/MWh) 70 

ோವ௧ܥ   ($/MWh) 70 

௦ܮܮܱܸ  ($/MWh) 1000 

Lines reactance (p.u.) 0.13 

Lines capacity (MW) 55 

ܲ௦  (MW) 41 

ܸ௦  (kV) 120 



 

 

 

Table 3 Loads scenarios at bus 3 and wind power in the 3-bus test system [14] and [31]. 

Transmission lines Capacity (MW) 

Line (1,2) 10 

Line (1,3) 28 

Line (2,3) 24 

 

Table 4 Loads scenarios at bus 3 and wind power in the 3-bus test system [14], [30], and [31]. 

Period t 
ܲௐ

௧ఠ   (MW) 

As forecasted High Low 

1 6 9 2 

2 20 30 13 

3 35 50 25 

4 8 12 6 

 

 

Table 5 Probabilities of load scenarios at bus 3 and wind power in the 3-bus test system [14], [30], and [31]. 

 ܲௐ
௧ఠ   (MW) 

 As forecast High Low 

Probability 0.6 0.2 0.2 

 
4.1. Case 1 
In this case, customers at nodes 2 and 3 are not economic-followers. Hence, they do not provide 
upward and downward spinning reserves in the system. According to Eq. (7c), the real-time 
electrical demands of consumers 2 and 3 are equal to that of the day-ahead because their 
corresponding upward and downward spinning reserves are equal to zero. Table 6 shows the 
day-ahead electrical load of consumers and their expected real-time demand. Also, the expected 
load shedding of consumers is shown in Table 7. Moreover, power scheduling of GenCos in the 
day-ahead market and their expected real-time power generation are presented in Table 8. The 



difference between the dispatched power of GenCos in the DAM and the RTM is deployed as the 
operating reserves of GenCos in the RAM, as represented in (3b).  
 

Table 6 Day-ahead electrical demand of consumers and their expected load in the real-time market in Case 1. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௌ௧ 20 60 90 30ܮ

 ௧ 20 60 90 30ܮ

L3 
 ௌ௧ 30 80 110 40ܮ

 ௧ 30 80 110 40ܮ

Table 7 Expected load shedding of consumers in Case 1. 

 Time (Hour) 

௧௦ௗܮ  (MW) t 1 t 2 t 3 t 4 

L2 0 0 0.012 0 

L3 0 0.123 13.367 0 

 

As it can be seen in Table 9, G2 provides both upward and downward spinning reserves in the 
2nd time period. At first, it seems that these results are not true because GenCos can only provide 
upward or downward spinning reserves.  However, the results are expected reserves that are 
generated in different scenarios. This means that G1 produces only upward spinning reserve in 
one scenario, and it provides the downward spinning reserve in another one. 

Table 8 Dispatched power of GenCos in the day-ahead market and their expected real-time power generation in 
Case 1. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 
ܲௌ௧  0 30 50 10 

ܲீ௧  0 29.968 36.92 10.199 

G2 
ܲௌ௧  0 60 100 10 

ܲீ௧  0.1 60.107 100 10.199 



G3 
ܲௌ௧  50 50 50 50 

ܲீ௧  49.9 49.801 49.701 49.602 

Table 9 Expected allocated operating reserves of GenCos in Case 1. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 

௧ݎ  0 0.008 0 0.199 

௧ݎ  0 0.04 13.08 0 

ேௌ௧ݎ  0 0 0 0 

G2 

௧ݎ  0 0.107 0 0.199 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0.1 0 0 0 

G3 

௧ݎ  0 0 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0 0 0 

 
4.2. Case 2 
In Case 2, customers can join the reserve market as economic-followers in the electricity market. 
Hence, there is no doubt that if they provide upward and downward spinning reserves, their 
electrical demand in the DAM and RTM are different. Table 10 shows the electrical demand of 
consumers in the DAM and RTM. Table 11 presents the expected load shedding. As shown in 
Tables 7 and 11, the expected load shedding in Case 2 is less than that of Case 1 because of the 
higher reliability level that is provided by economic-followers. Additionally, power scheduling 
of GenCos in the DAM and the RTM is represented in Table 12. Operating reserves that are 
provided by GenCos and consumers are presented in Tables 13 and 14, respectively. 
As summarized in Table 12, the amounts of dispatched power of G3 in the DAM and RTM are 
not the same. According to Eq. (3b), it seems that G3 should provide the operating reserves. 
However, G3 does not provide any operating reserve for the system as shown in Table 13. This 
is because of grid uncertainty. In other words, G3 is in a shut-down mode in some scenarios, so 
its expected power generated in the RTM is less than 50 MW. However, G3 generates 50 MW 
when it is ON. Moreover, L3 provides both upward and downward spinning reserves in the 2nd 
time period, which has been explained in Case 1. Table 15 compares the expected cost of the 
system in Cases 1 and 2. As shown in this table, economic-followers decrease the expected cost 
of the system due to their participation in the reserve market to provide the electrical demand of 
the system.  
 



 

Table 10 Demand of consumers in the day-ahead market and their expected load in real-time market in Case 2. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௌ௧ 20 60 90 30ܮ

 ௧ 18 54 81.015 27.988ܮ

L3 
 ௌ௧ 30 80 110 40ܮ

 ௧ 32 87.909 101.478 44ܮ

 

Table 11 Expected load shedding of consumers in Case 2. 

 Time (Hour) 

௧௦ௗܮ  (MW) t 1 t 2 t 3 t 4 

L2 0 0 0 0 

L3 0 0.08 0.358 0 

 

Table 12 Dispatched power of GenCos in the day-ahead market and their real-time expected power generation in 
Case 2. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 
ܲௌ௧  0 34 50 20 

ܲீ௧  0.063 33.944 32.433 12.991 

G2 
ܲௌ௧  0 56 100 0 

ܲீ௧  0.039 58.084 100 10.195 

G3 
ܲௌ௧  50 50 50 50 

ܲீ௧  49.9 49.801 49.701 49.6 



 

Table 13 Expected allocated operating reserves of GenCos in Case 2. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 

௧ݎ  0 0 0 0.135 

௧ݎ  0 0.056 17.567 7.944 

ேௌ௧ݎ  0.063 0 0 0 

G2 

௧ݎ  0 2.84 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0.039 0 0 10.195 

G3 

௧ݎ  0 0 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0 0 0 

 

Table 14 Expected allocated operating reserves of consumers in Case 2. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௧ 2 6 8.985 2.012ݎ

௧ݎ  0 0 0 0 

L3 
 ௧ 0 0.044 8.522 0ݎ

௧ݎ  2.002 7.952 0 4 

 

Table 15 Expected Costs (ECs) in Cases 1 and 2. 

 Example 1 Example 2 

EC ($) 27371.713 13920.459 

 
 
 



4.3. Case 3 
The impact of wind power generation on the system is assessed in Case 3. It should be noted that 
wind power uncertainty is not considered in this case. In other words, it is assumed that wind 
power prediction is out of any error, and the probability of Scenario “As forecast” is equal to 1, 
and probabilities of Scenarios “high” and “low” are both equal to 0. Tables 16 and 17 present the 
electrical loads and expected load shedding, respectively. As shown in Tables 11 and 17, load 
shedding in Case 3 in the 3rd time period is less than that of Case 2 because of the higher 
reliability level that is provided by the wind farm like a power producer agent without 
uncertainty. The dispatched power of the GenCos in the DAM and RTM is shown in Table 19. 
As shown in Tables 12 and 18, the total amount of GenCos’ dispatched power in Case 3 is less 
than any of the previous cases (i.e. Cases 1 and 2) because the wind farm’s offered energy cost is 
assumed to equal zero in the electricity market. Hence, the wind farm ‘s power generation is first 
cleared in the electricity market, and it decreases the dispatched power of GenCos in the DAM 
and the RTM. Moreover, wind power generation uncertainty is disregarded. Therefore, operating 
reserves that are provided by GenCos and consumers in Case 3 are less than any of those 
provided in Cases 1 and 2 (see in Tables 19 and 20). 

 

Table 16 Day-ahead demand of consumers and their real-time expected load in Case 3. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௌ௧ 20 60 90 30ܮ

 ௧ 18 54 81.018 32.944ܮ

L3 
 ௌ௧ 30 80 110 40ܮ

 ௧ 33 87.909 101.973 44ܮ

 

Table 17 Expected load shedding of consumers in Case 3. 

 Time (Hour) 

௧௦ௗܮ  (MW) t 1 t 2 t 3 t 4 

L2 0 0 0 0 

L3 0 0.08 0.355 0 



 

Table 18 Dispatched power of GenCos in the day-ahead market and their real-time expected power generation in  

Case 3. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 
ܲௌ௧  0 34 49 12 

ܲீ௧  0.063 33.944 31.935 12.191 

G2 
ܲௌ௧  0 36 66 0 

ܲீ௧  0.027 38.084 66 10.151 

G3 
ܲௌ௧  44 50 50 50 

ܲீ௧  44.91 49.801 49.701 49.602 

 

Table 19 Expected allocated operating reserves of GenCos in Case 3. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 

௧ݎ  0 0 0 0.199 

௧ݎ  0 0.056 17.065 0.008 

ேௌ௧ݎ  0.063 0 0 0 

G2 

௧ݎ  0 2.084 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0.027 0 10.151 

G3 

௧ݎ  0.998 0 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0 0 0 

 
 
 



Table 20 Expected allocated operating reserves of consumers in Case 3. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௧ 2 6 8.982 0.024ݎ

௧ݎ  0 0 0 2.968 

L3 
 ௧ 0 0.0244 8.072 0ݎ

௧ݎ  3 7.952 0 4 

 
4.4. Case 4 
In this case, wind power generation uncertainty is considered. Therefore, the maximum amount 
of wind power that can be committed to the DAM is the forecasted amount of the wind farm. 
However, three scenarios are defined for wind power generation with their corresponding 
probabilities as seen in Tables 4 and 5. Tables 21 and 22 show the DAM and RTM electrical 
loads and expected load shedding, respectively. Likewise, the dispatched power of the GenCos in 
the DAM and the RTM is shown in Table 23. Also, the expected allocated reserves for GenCos 
and consumers are shown in Tables 24 and 25, respectively. 

Table 21 Electrical demand of consumers in the day-ahead and real-time markets in Case 4. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
ௌ௧ܮ  20 60 90 30 

 ௧ 18.399 55.59 81.014 32.349ܮ

L3 
ௌ௧ܮ  30 80 110 40 

 ௧ 33 87.909 101.973 44ܮ

Table 22 Expected load shedding of consumers in Example 4. 

 Time (Hour) 

௧௦ௗܮ  (MW) t 1 t 2 t 3 t 4 

L2 0 0 0 0 

L3 0 0.08 0.355 0 



Table 23 Day-ahead dispatched power of GenCos and their real-time expected power generation in Case 4. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 
ܲௌ௧ 0 34 49 12 

ܲீ௧  0.063 33.944 31.935 12.191 

G2 
ܲௌ௧ 0 36 66 0 

ܲீ௧  0.027 39.074 67.996 8.156 

G3 
ܲௌ௧  44 50 50 50 

ܲீ௧  45.509 49.801 49.701 49.602 

 

Table 24 Expected allocated operating reserves of GenCos in Case 4. 

  Time (Hour) 

GenCo (MW) t 1 t 2 t 3 t 4 

 G1 

௧ݎ  0 0 0 0.199 

௧ݎ  0 0.056 17.065 0.008 

ேௌ௧ݎ  0.063 0 0 0 

G2 

௧ݎ  0 3.074 1.996 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0.027 0 0 8.156 

G3 

௧ݎ  1.597 0 0 0 

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0 0 0 

 
 



 

Table 25 Expected allocation of operating reserves of consumers in Case 4. 

  Time (Hour) 

Consumer (MW) t 1 t 2 t 3 t 4 

L2 
 ௧ 1.601 4.807 8.986 0.025ݎ

௧ݎ  0 0.398 0 2.375 

L3 
 ௧ 0 0.044 8.027 0ݎ

௧ݎ  3 7.952 0 4 

 

Table 26 Expected Costs (ECs) in Cases 3 and 4. 

 Example 3 Example 4 

EC ($) 11228.733 11243.46 

 
As shown in Tables 24-25 and 19-20, wind power uncertainty has different impacts on the 
operating reserves that are provided by different agents in the electricity market. However, in 
Table 26, we can see that the expected cost in Case 4 is greater than that of Case 3. In other 
words, this study demonstrates that wind power uncertainty increases the system’s expected cost. 
Fig. 2 shows the impact of different examples on the reliability of the power system.  In this 
chapter, Expected Energy Not Supplied (EENS) is chosen as reliability criteria of the system. As 
seen in Fig. 2, EENS in case 2 is less than case 1. In other words, joining consumers in the 
reserve market, as economic-follower agents, improves reliability level of the sustainable power 
systems. Also, considering wind farms in cases 3 and 4 increases the reliability level of the 
system. Fig. 3 demonstrates the impact of our studies on the total expected cost of the system. As 
shown in Fig. 3, economic-followers decrease the expected cost of the system due to their 
flexible behavior of consumers to provide reserve and improve the sustainability of the power 
system. Moreover, the total expected cost of the system is minimum in case 3 where wind farm 
is considered in the system, and we ignore uncertainty of wind power generation. However, the 
total expected cost in case 4 is higher than case 3 due to the negative effect of wind power 
generation uncertainty. Furthermore, it should be noticed that the EM has been cleared based on 
a centralized approach in this chapter. Hence, energy management system has not developed as a 
Multi-Agent System (MAS). However, MASs could be one of the solutions for the sustainable 
power system to manage energy in a decentralized manner [34-36].  



 
Figure 2 Assessment of Expected Energy Not Supplied (EENS) in examples 1 to 4. 

 

Figure 3 Assessment of Expected Cost (EC) in examples 1 to 4. 

 

5. CONCLUSIONS 
This chapter has introduced the agents of the restructured electricity market. The impacts of 
these agents’ behavior on the power system have been assessed by setting up different cases. A 
two-stage Stochastic Unit Commitment (SUC) model of a MILP nature is developed in this 
chapter, which is then solved to clear energy and reserve simultaneously. The Day-Ahead 
Market (DAM) is presented in the first stage without the uncertainty of decision-making 



variables. However, the Real-Time Market (RTM) is represented in the second stage considering 
the uncertainty of wind power generation and other traditional sources of uncertainty in the 
power grid. Moreover, electricity consumers have been classified into different groups of agents 
based on their strategic behaviors: economic-followers, reliability-followers, and neutral. 
Besides, examples of different cases have been studied to assess the influence of customer 
behavior and wind power uncertainty on the power system. Based on the analysis results in this 
chapter, key findings of this chapter are highlighted in the following: 

o Economic-followers improve the reliability level of the system and decrease load 
shedding.  

o Economic-followers decrease the total expected cost of the system due 

o Considering wind farms in the power system optimizes the total expected cost of the 
system due to reducing the total amount of GenCos’ dispatched power.  

o However, wind power uncertainty has a negative effect on the expected cost of the 
system. 

Although different agents have been introduced in this chapter in the sustainable power systems, 
the market-clearing problem has been solved in centralized from. However, central energy 
management systems are not good strategies for forthcoming self-organized power systems. 
Therefore, decentralized electricity markets based on multi-agent energy management approach 
could be one of the solutions to increase energy efficiency and customers’ choice of reliability in 
the sustainable power systems. 
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1. Appendix 
1.1. Appendix 1: Nomenclature 
A. Indices and Numbers 

http://www.gams.com
http://www.mathworks.com


݊ Index of system buses, from 1 to ܰ. 

݅ Index of conventional generating units, from 1 to ீܰ . 

݆ Index of loads, from 1 to ܰ . 

 .்ܰ Index of time periods, from 1 to ݐ

݉ Index of energy blocks offered by conventional generating units, from 1 to ைܰ௧ . 

߱ Index of wind power, electrical load and power grid scenarios, from 1 to Ω. 

B. Continuous Variables 

 .($) ௧ௌ Scheduled start-up costܥ

ܲௌ௧  Power output of units in the DAM (MW). 

௧ீ  Power output from the ݉-th block of energy offered by the unit in DAM (MW). 

 .ௌ௧ Power consumed of load in DAM (MW)ܮ

ܴ௧  Up-spinning reserve in DAM (MW). 

ܴ௧  Down-spinning reserve in DAM (MW). 

ܴேௌ௧ Non-spinning reserve in DAM (MW). 

ܴ௧  Up-spinning reserve from demand-side in DAM (MW). 

ܴ௧  Down-spinning reserve from demand-side in DAM (MW). 

௧ܲ
ௌ ,ௐ Wind power in DAM (MW). 

௧ఠܥ  Start-up cost due to change in commitment status of units in DAM and RTM ($). 

ܲீ ௧ఠ  Power output of unit in RTM (MW). 

 .௧ఠ Electrical consumed in RTM (MW)ܮ

௧ఠݎ  Up-spinning reserve in RTM (MW). 

௧ఠݎ  Down-spinning reserve in RTM (MW). 

ேௌ௧ఠݎ  Non-spinning reserve in RTM (MW). 

௧ఠݎ  Up-spinning reserve from demand-side in RTM (MW). 

௧ఠݎ  Down-spinning reserve from demand-side in RTM (MW). 



௧ఠݎ
ீ  Reserve deployed from the ݉-th block of energy offered in RTM (MW). 

௧ఠ௦ௗܮ  Load shedding (MW). 

௧ܵఠ  Wind power generation spillage (MW). 

௧݂ఠ(,) Power flow through line (݊,  .(MW) (ݎ

ܲ௦௦௧ఠ(,) Power loss in line (݊,  .(MW) (ݎ

௧ఠߜ  Voltage angle at node  . 

C. Binary Variables 

௧ݑ  Commitment status of units in DAM. 

௧ఠݒ  Commitment status of units in RTM. 

D. Random Variables 

ܲௐ
௧ఠ  Wind power generation in RTM (MW). 

E. Constants 

݀௧  Duration of time period (h). 

 .($) ௧ௌ Start-up offer cost of unitߣ

௧ீߣ  Marginal cost of the ݉-th block of energy offered ($/MWh). 

௧ߣ  Utility of electrical load ($/MWh). 

ௐߣ
௧ Marginal cost of the energy offer submitted by the wind producer ($/MWh). 

 .௧ Value of loss load for load ($/MWh)ܮܮܱܸ

ܸௌ௧ Wind spillage cost ($/MWh). 

 .ఠ Probability of scenariosߨ

തܲ୧ Maximum capacity of units (MW). 

ܲ Minimum power output of generation units (MW). 

,݊) Absolute value of the imaginary part of the admittance of line (,)ܤ  .(.p.u) (ݎ

݂(̅,) Maximum capacity of line (݊,  .(MW) (ݎ

 


