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Abstract— In conventionally structured of power systems, electricity markets usually consist 
of day-ahead and balancing markets which are cleared sequentially and independently. However, 
since stochastic and non-dispatchable renewable energy resources participate in the electricity 
market, they inject power generation uncertainty. Thus, new services such as ancillary services 
are required to equilibrate balancing markets. Hence, simultaneous clearing of joint energy and 
reserve day-ahead and balancing markets makes this process more efficient. In this chapter, 
sequential and simultaneous approaches are used to study a two-stage stochastic joint energy and 
reserve market-clearing problem. In the sequential model, the day-ahead and balancing stages are 
solved autonomously. Moreover, this chapter evaluates the impact that electrical loads’ 
flexibility behaviors has on the provision of operating reserves. 

Keywords—Demand response; Energy flexibility; Market clearing; Operating reserve; 
Stochastic programming; Wind power integrating. 
 

1. Introduction 
 

1.1. Motivation 
 
Conventional electricity markets usually consist of day-ahead and real-time markets. The day-
ahead market is required in order to allocate generating units that have slow ramp-rate and need 
advance planning. The clearing of the real-time market allows the energy to maintain a balance 
between the supply and the demand during the decision-making period. Also, the real-time 
market is needed because of quick output and stochastic producers, e.g., wind farms.  
In the conventionally structured electricity markets, day-ahead and balancing markets are cleared 
sequentially and independently. However, the participation of stochastic generation of non-
dispatchable renewable energy resource, injects power generation uncertainty in the electricity 
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market problem. In this way, new services as called ancillary services, e.g., operating reserves, 
are required to make balancing in the real-time markets. Hence, the simultaneous clearing of 
joint energy and reserve day-ahead and real-time markets makes this process more efficient. 
In addition, central energy management systems are not good strategies for resolving issues 
related to distributed energy resources’ real and fair price in medium- and low-voltage 
distribution network locations. Finally, centralized energy management strategies in electricity 
markets are transferred to decentralized approaches. 
 

1.2. Literature review and background 
 

Electricity markets have experienced many changes over the past thirty years, their evolution has 
been aimed at increasing the efficiency of the power system [1]. These changes have formed the 
foundation of the restructured electricity market in terms of design and architecture. However, 
rapid technological development in the area of renewable energy generation caused these 
resources to become cost-competitive in comparison to conventional energy. This was due to 
lower variable cost in the electricity markets, in addition to providing clean and eco-friendly 
power [2], [3]. On this basis, in many power systems, an essential evolution has been formed. It 
should be noted that the high penetration of renewable energy can have a negative effect on the 
operation and planning of power systems [1]. In addition, the implementation of several 
environmental policies combined with renewable energies have contributed to considerable 
changes [4]. The share of renewable resources, e.g., wind and solar energy, has been advancing, 
while the thermal units have been losing their contributions in power systems [5], [6]. The 
thermal units can be replaced with these resources that leads to a decrease in the short-term 
market prices. 

Despite the benefits of renewable energy, their high penetration can jeopardize the secure 
operation of the power system because of their intermittent output and uncertain nature [7], [8]. 
The effect of different renewable support mechanisms on the performance of the power market 
was investigated in [9]. Similarly, [10] proposed a green power system and designed an 
electricity market that would support renewable energies. In [11], the integration of large-scale 
renewable resources in the electricity market was analyzed.  

Moreover, as a result of the changes in the power system, it is necessary to make changes in the 
electricity markets as well. Some proposals in the state of the art have already made an effort to 
redesign the market. J.L. Sawin et al. [12] studied the changes in the electricity markets due to 
the increase in renewable energies. In [13] the capacity market was modified to make the 
generation of renewable energy dependent on weather conditions. In [14], [15], the Flexiramp 
market was introduced to decrease the negative impact of solar generation on California ISO.  

To overcome the insecurity of renewable-based power systems, a larger number of backup units 
is needed, as well as some flexible units to supply ancillary services, e.g., regulation and reserve 
markets. These flexible units can cover the uncertainty of renewable resources and ensure the 
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balance between supply-demand in real-time [16], [17]. It should be pointed out that by 
increasing the share of renewable energy resources, the demand for the described regulation and 
reserve services increases [18]. 

The main flexibility services are currently  provided by the thermal units, and there will be no 
major changes to this situation in the future. However, a large part of the profit obtained by 
thermal units comes from participation in the energy markets, not from the ancillary services. 
Consequently, the thermal units prefer to supply energy, not to deliver regulation or reserve 
services. Since the requirement for energy is much greater than the ancillary service, the profit of 
thermal units resulting from a regulation/reserve service is approximately one percent of the total 
profit [19]. 

However, a higher penetration of renewable resources can cause a drastic drop in energy prices, 
what will result in less motivation to invest in backup plants. This would be similar to the current 
situation in the Danish electricity market [20], where the energy prices may have zero or 
negative values. Therefore, the conventional thermal units should decide to participate more in 
the regulation and reserve markets in order to gain more incomes. This will allow them to 
survive on the renewable-based electricity markets and compete with renewable resources which 
are supported by a variety of policies [21]. 

Some articles in the literature consider the evolution of market design. In [22], which has been 
published in 2009, reviewed the electricity market in terms of architecture and design. In that 
year the main market design issues were related to electricity price forecast, bilateral contracts, 
and auction designs. Therefore, [22] did not study the effects of the upcoming power system on 
electricity markets. In [23], [24], a market splitting framework was proposed for future 
integration in day-ahead markets in Europe. In [25], a model was proposed for the electricity 
markets’ clearing process, it had high computational efficiency. This model enabled the system 
operator to consider the supply orders and ramping limits. In [26], the efficiency of the balancing 
market in Germany was studied in terms of electricity market design. The authors of [27] 
investigated the problem of market design from a conventional thermal power plant’s point of 
view. The work examined various market designs in order to achieve the optimal participation 
and success of such power plants. 

 

1.3. Contributions  
In this chapter, sequential and simultaneous approaches are used to solve and analyze the 
stochastic market-clearing problem of joint energy and reserve. Then, the influences of electrical 
consumers’ flexibility behaviors on our proposed market-clearing model is evaluated. The rest of 
the chapter is organized as follows. In Section 2, the proposed restructured electricity market 
model is presented. Simulation results are described in details in Section 3. Finally, Section 5 
concludes this chapter. 



4 
 

 

2. Restructured electricity market model 
2.1. Nomenclature 

 
A. Indices and Numbers 

݊ 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 day-ahead market (MW). 

௧
ீ  Power output from the ݉-th block of energy offered by unit in day-ahead 

market (MW). 

 .ௌ௧ Power consumed of load in day-ahead market (MW)ܮ

௧ܲ
ௌ ,ௐ Wind power in day-ahead market (MW). 

௧ఠܥ  Start-up cost due to change in commitment status of units in day-ahead 
market and balancing market ($). 

ܲீ ௧ఠ  Power output of unit in balancing market (MW). 

 .௧ఠ Electrical consumed in balancing market (MW)ܮ

௧ఠݎ  Up-spinning reserve in balancing market (MW). 

௧ఠݎ  Down-spinning reserve in balancing market (MW). 

ேௌ௧ఠݎ  Non-spinning reserve in balancing market (MW). 

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

௧ఠݎ  Down-spinning reserve from demand-side in balancing market (MW). 
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௧ఠݎ
ீ  Reserve deployed from the ݉-th block of energy offered in balancing market 

(MW). 

௧ఠ௦ௗܮ  Load shedding (MW). 

௧ܵఠ  Wind power generation spillage (MW). 

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

௧ఠߜ  Voltage angle at node  . 

C. Binary Variables 

௧ݑ  Commitment status of units in day-ahead market. 

௧ఠݒ  Commitment status of units in balancing market. 

D. Random Variables 

ܲௐ
௧ఠ  Wind power generation in balancing market (MW). 

E. Constants 

 .($) 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

2.2. Modeling description 
This section is an introduction to the restructured electricity market. As stressed before, 
electricity markets include new services, they are called ancillary services. In this chapter, only 
spinning and non-spinning reserves are modeled in the proposed market-clearing problem. Also, 
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two different approaches are used to solve the two-stage stochastic market-clearing problem. The 
first stage represents a day-ahead market-clearing problem, and the balancing market-clearing 
problem is described in the second stage. As mentioned before, two approaches were utilized to 
model the electricity market-clearing problem. In the first one, market-clearing problem is solved 
sequentially. In this way, the day-ahead electricity market is cleared first, then the balancing 
market is cleared according to the outputs of the day-ahead market. In the second one, the day-
ahead and balancing markets are cleared simultaneously. It should be noted that the uncertainty 
of decision-making variables is seen only in the second -balancing- stage. In the following 
subsections, day-ahead and balancing stages of the market-clearing problem are described. 
 
 

2.3. Day-ahead stage 
 
In the proposed day-ahead electricity market model, only energy is cleared between market 
players as an electricity commodity. Besides, uncertainty is not seen in the day-ahead stage. 
Thus, an objective function is defined as the social welfare’s expected cost which should be 
minimized in the day-ahead market-clearing problem. 

ௗܥܧ = ܥ௧ௌ
ேಸ

ୀଵ

ே

௧ୀଵ

+ ௧ீߣ . ௧ீ −ߣ௧ . ௧ௌܮ
ேಽ

ୀଵ

ேೀ

ୀଵ

ேಸ

ୀଵ

+ ߣௐ
௧ . ܲ௧

ௌ,ௐ

ேೈ

ୀଵ


ே

௧ୀଵ

 (1) 

The expected cost of the day-ahead market is expressed in Eq. (1) in four terms. The first term 
represents the start-up cost of units and the second the energy cost of units. The utility of 
electricity customers and the cost of wind farm energy generation are expressed in third and 
fourth terms, respectively. Also, there are constraints related to different players of the electricity 
market that are represented in the following: 
Eqs. (2) - (4) represent constraints linked to the power generation of the conventional generation 
units in the day-ahead electricity market. Specifically, Eq. (2) states maximum and minimum 
limitations of conventional units’ power scheduling. The constraints related to the generation 
units’ energy blocks are expressed in Eq. (3). Moreover, the total scheduled power of a 
conventional unit in each time period is represented in Eq. (4), its power is equal to the sum of its 
energy blocks. 

ܲ. ௧ݑ ≤ ܲௌ௧ ≤ തܲ୧.ݑ௧  (2) ݐ∀,݅∀    ,

0 ≤ ௧ீ ≤ ௧ீ̅  (3) ݐ∀,݅∀,݉∀    ,

ܲௌ௧ =  ௧ீ .ݐ∀,݅∀    ,
ேೀ

ୀଵ

 (4) 

The following Eqs. (5) - (7) present constraints linked to the start-up cost of the conventional 
units. 

௧ௌܥ ≥ ௧ௌߣ . ൫ݑ௧ − ݐ∀,݅∀    ,(௧ିଵ)൯ݑ > 1 (5) 
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(௧ୀଵ)ܥ
ௌ ≥ (௧ୀଵ)ߣ

ௌ . ൫ݑ(௧ୀଵ) − ,݅∀    ,()൯ݑ ݐ = 1 (6) 

௧ௌܥ ≥  (7) .ݐ∀,݅∀    ,0

As seen in Eqs. (2) - (7), conventional units only provide energy as a commodity that can be 
cleared in the day-ahead market. Moreover, these constraints show that conventional units can be 
committed by the market operator. Hence, these units are called dispatchable generation units. 
Eq. (8) expresses the balancing equation between conventional generation units, wind farms, and 
electrical loads. 

ܲௌ௧

ேಸ

ୀଵ

+  ௧ܲ
ௌ,ௐ

ேೈ

ୀଵ

= ܮௌ௧

ேಽ

ୀଵ

 (8) .ݐ∀,

As highlighted before, the uncertainty of stochastic variables such as wind power generation is 
not considered in the day-ahead stage. Therefore, the scheduled power of the wind farm is 
modeled in a way that limits its maximum and minimum power generation, as represented in Eq. 
(9). 

 ܲ௧
ௐ ≤ ܲ௧

ௌ,ௐ ≤ തܲ௧ௐ ,    ∀݇,  (9) .ݐ∀

 
2.4. Balancing stage 

In this stage, both energy and operating reserve services are provided. Energy is supplied by 
wind farms. However, operating reserves are provided by generation units and electrical 
customers. In this chapter, only spinning and non-spinning reserves are modeled. Spinning 
reserves are classified as up-ward and down-ward spinning reserves that can be provided by 
generation-side and demand-side. However, the non-spinning reserve can be provided only by 
generation units. Moreover, the uncertainty of stochastic parameters is considered in the 
balancing stage. Eq. (10) represents the balancing stage’s objective function. This objective 
function expresses the expected social welfare cost of the system in the balancing electricity 
market. 

ܥܧ = ߨఠ

ேಈ

ఠୀଵ

.ቐܥ௧ఠ

ேಸ

ୀଵ

ே

௧ୀଵ

+ ቀܥோೆ  ௧ఠݎ. + ோವܥ . ௧ఠݎ + ோಿೄܥ . ேௌ௧ఠቁݎ
ேೀ

ୀଵ

ேಸ

ୀଵ

ே

௧ୀଵ

+൫ܥோೆ ௧ఠݎ. + .ோವܥ ௧ఠݎ + ௧ܮܮܱܸ ௧ఠ௦ௗ൯ܮ.
ேಽ

ୀଵ

+ ܸௌ
௧ . ܵ௧ఠ

ேೈ

ୀଵ

ቑ 

(10) 

As expressed in Eq. (10), the social welfare’s expected cost in the balancing stage includes 8 
terms. First line represents the cost caused by changes in the start-up states of generation units in 
day-ahead and balancing stages. The second line states costs linked to the generation sides up-
ward, down-ward spinning, and non-spinning reserves, respectively. Finally, the third line lists 
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the costs of up-ward and down-ward spinning reserves from the demand-side, the load shedding 
cost, and the spillage cost of wind power generation. 
The power generation constraint of generation units in the balancing market is expressed by Eq. 
(11). 

ܲ. ௧ఠݒ ≤ ܲீ௧ఠ ≤ തܲ୧. ௧ఠݒ ,ݐ∀,݅∀    , ∀߱. (11) 

Eq. (12) expresses the balancing of allocated energy in the generation units in the day-ahead and 
balancing electricity markets, and the operating reserves from the generation-side in the 
balancing market. As seen in Eq. (12), if the power provided by the generation units in the 
balancing market is greater than their committed power in the day-ahead market, up-ward spinning, or 
non-spinning reserves should be committed in the balancing stage. Otherwise, down-ward spinning 
reserve should be provided by generation units in the balancing stage. It should be noted that non-
spinning reserve can be committed only from units that are “OFF” in the day-ahead market as represented 
in Eq. (15). In other words, spinning reserves can be dispatched when the commitment status of 
generation units is “ON”. Eqs. (15) - (17) state the constraints related to the operating reserve of 
generation units in the balancing stage. 

ܲீ ௧ఠ − ܲௌ௧ = ௧ఠݎ + ேௌ௧ఠݎ − ௧ఠݎ  (12) .߱∀,ݐ∀,݅∀    ,

0 ≤ ௧ఠݎ ≤ ܴതതതത. ௧ݑ  (13) .߱∀,ݐ∀,݅∀     ,

0 ≤ ௧ఠݎ ≤ ܴതതതത. ௧ݑ  (14) .߱∀,ݐ∀,݅∀     ,

0 ≤ ேௌ௧ఠݎ ≤ ܴேௌതതതതത
. (1−  (15) .߱∀,ݐ∀,݅∀     ,(௧ݑ

௧ఠݎ + ேௌ௧ఠݎ − ௧ఠݎ =  ௧ఠݎ
ீ .߱∀,ݐ∀,݅∀    ,

ேೀ

ୀଵ

 (15) 

௧ఠݎ
ீ ≤ ௧ீ̅ − ௧ீ  (16) .߱∀,ݐ∀,݅∀    ,

௧ఠݎ
ீ ≥ ௧ீ−  (17) .߱∀,ݐ∀,݅∀,݉∀    ,

In the balancing stage, the uncertainty of the power system causes generation units to make new 
commitments which increase start-up costs in the system. The start-up equation and limitations 
in the balancing stage are represented with Eqs. (18) - (21). 

௧ఠܥ = ௌ௧ఠܥ ௌ௧ܥ− ,    ∀݅,  (18) .߱∀,ݐ∀

ௌ௧ఠܥ ≥ ௧ௌߣ . ൫ݒ௧ఠ ݐ∀,݅∀    ,(௧ିଵ)ఠ൯ݒ− > 1, ∀߱. (19) 

(௧ୀଵ)ఠܥ
ௌ ≥ (௧ୀଵ)ߣ

ௌ . ൫ݒ(௧ୀଵ)ఠ ,݅∀    ,()൯ݑ− ݐ = 1 (20) 
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ௌ௧ఠܥ ≥  (21) .߱∀,ݐ∀,݅∀   ,0

In Eq. (22), the power balance equation in the balancing stage is represented considering line 
power flow. In this chapter, the market-clearing is modeled according to the DC optimal power 
flow problem. In this way, Eqs. (23) and (24) express constraints related to obtaining power flow 
and its transmission line’s capacity, respectively. 

 ܲீ௧ఠ −  ൫ܮ௧ఠ − +௧ఠ௦ௗ൯ܮ  (ܲௐ
௧ఠ − ܵ௧ఠ

:(,)

)
:(,):(,)

−  ௧݂ఠ(,) = 0, ∀݊
:(,)

 .߱∀,ݐ∀,
(22) 

௧݂ఠ(,) = .(,)ܤ ௧ఠߜ) −  (23) .߱∀,ݐ∀     ,(௧ఠߜ

−݂(̅,) ≤ ௧݂ఠ(,) ≤ ݂(̅,),    ∀t,∀߱. (24) 

As pointed out, wind farms are renewable energy resources which are modeled as stochastic 
power generation units. Although wind power generation in the day-ahead market is modeled on 
the basis of its maximum and minimum limitation, wind power generation is modeled as a 
stochastic parameter in the balancing market. Besides, wind power can be spilled in the 
balancing stage due to economic and technical concerns, as expressed in Eq. (25). 

0 ≤ ܵ௧ఠ ≤ ܲௐ
௧ఠ  (25) .߱∀,ݐ∀,݇∀     ,

In the balancing electricity market, electrical loads can act as interruptible agents. In this case, 
they present their flexible behavior to decrease or increase their consumption in the balancing 
stage. Hence, if customers increase their consumption in the balancing market, they act as virtual 
generation units which decrease their power generation. Hence, this flexible behavior of 
electrical loads is called down-ward spinning reserve from demand-side. On the other hand, if 
they decrease their electrical demand in the balancing market, they provide up-ward spinning 
reserve from the demand-side. The above definitions are represented in Eqs. (26) - (28). 

0 ≤ ௧ఠݎ ≤ ܴതതതത  (26) .߱∀,ݐ∀,݆∀     ,

0 ≤ ௧ఠݎ ≤ ܴതതതത,     ∀݆,∀(27) .߱∀,ݐ 

௧ఠܮ − ௌ௧ܮ = ௧ఠݎ − ௧ఠݎ  (28) .߱∀,ݐ∀,݆∀    ,

Moreover, the portion of loads that is decreased non-voluntarily in the balancing market is called 
the shed load. The load shedding limitation is represented in Eq. (29). 

0 ≤ ௧ఠ௦ௗܮ ≤ ௧ఠܮ  (29) .߱∀,ݐ∀,݆∀    ,
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3. Simulation results 

This section presents the two approaches that were used to solve the proposed two-stage 
stochastic market-clearing problem: a sequential approach and a simultaneous approach. A 
modified 3-bus test system from [28-29] is used to evaluate our study as shown in Fig. 1. Tables 
1 and 2 present generation units and system data, respectively. Table 3 shows transmission lines’ 
power capacity. The day-ahead scheduled load is presented in Table 4. Wind power generation, 
its scenarios and their corresponding probabilities are outlined in Tables 5 and 6, respectively. It 
should be noticed that uncertainty of the power grid is considered in this case study that its 
scenarios come from ORR which equals 0.02 for conventional generation units and 0.01 for 
transmission lines. Besides, the Value Of Lost Load (VOLL) of consumers is supposed to equal 
1000. Our stochastic market-clearing problem is model by Mixed Integer Linear Programming 
(MILP) to solve in GAMS 24.7.4 [31] that has been linked with MATLAB software [32]. 
 

 

Figure 1 The 3-bus test system [28-29]. 

 

Table 2 System data in a 3-bus test system [28-30]. 

ோೆ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 
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Table 3 Line capacities [28-30]. 

Transmission lines Capacity (MW) 

Line (1,2) 10 

Line (1,3) 28 

Line (2,3) 24 

Table 4 Day-ahead electrical demand of consumers [28-30]. 

  Time (Hour) 

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

L2 ܮௌ௧ 20 60 90 30 

L3 ܮௌ௧ 30 80 110 40 

Table 5 Scenarios of wind power generation [28-30]. 

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 6 Scenarios probabilities of wind Power generation [28-30]. 

 ܲௐ
௧ఠ   (MW) 

 As forecast High Low 

Probability 0.6 0.2 0.2 

 
 

3.1. Case 1: Sequential market-clearing model 
In case 1, the day-ahead and balancing electricity markets are cleared sequentially. In this way, 
the day-ahead market-clearing problem is solved independently. Then, the balancing market is 
cleared according to the outputs of the day-ahead market-clearing problem as shown in Fig. 2. 
Table 7 presents the expected electrical consumption, load shedding, down-ward and up-ward 
spinning reserves of consumers in the balancing market. As seen in Tables 4 and 7, the expected 
consumption of L2 in t1, t2, and t4 in the balancing market which is lower than its scheduled 
load in the day-ahead market. However, for L3 the day-ahead scheduled demand is greater than 
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its expected consumption in the balancing stage only in t3. If the consumer decreases its demand 
in the balancing market voluntarily, this quantity of decrement acts as an up-ward spinning 
reserve from the demand-side. As stated in Table 7, this decrement plays only as the up-ward 
spinning reserve form L2. However, load shedding occurs in t2 and t3 for L3. On the other hand, 
if the balancing expected consumption of the electrical consumers is greater than their day-ahead 
scheduled demand, they play as virtual down-ward spinning reserve providers in the market. As 
seen in Table 7, while L2 provides down-ward spinning reserve only in t4, the down-ward 
spinning reserve is provided by L3 in t1, t2 and t4. 
 

 
Figure 2 Stochastic market-clearing procurement in the sequential approach. 

 

Table 7 Expected demand, load shedding, spinning reserves of consumers in the balancing market of the sequential 
market-clearing model. 

  Time (Hour) 

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

L2 

 ௧ 18.399 54 81 32.349ܮ

௧௦ௗܮ  0 0 0 0 

௧ఠݎ  0 0 0 2.375 

௧ఠݎ  1.601 6 9 0.025 

L3 

 ௧ 33 87.909 101.973 44ܮ

௧௦ௗܮ  0 0.080 0.355 0 

௧ఠݎ  3 7.952 0 4 

௧ఠݎ  0 0.044 8.027 0 
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Table 8 Dispatched power of generation units in the day-ahead market and their expected balancing power 
generation in the sequential market-clearing model. 

  Time (Hour) 

Gen. unit (MW) t 1 t 2 t 3 t 4 

 G1 
ܲௌ௧ 0 70 100 12 

ܲீ௧  0.063 33.944 31.935 12.191 

G2 
ܲௌ௧ 0 0 15 0 

ܲீ௧  0.027 37.484 64.982 8.156 

G3 
ܲௌ௧  44 50 50 50 

ܲீ௧  45.529 49.841 49.721 49.602 

 
Table 8 shows the scheduled power and the expected balancing power generation of the 
generation units. The difference between the dispatched power of generation units in the day-
ahead and balancing markets is allocated to the spinning and non-spinning reserves of the 
conventional generation units in the balancing stage, as expressed in Eq. (12). As seen in Table 
9, G1 provides both up-ward and down-ward spinning reserves in the 4th time period. At first, it 
seems that these results are not true because the generation units can only provide up-ward or 
down-ward spinning reserves.  However, the results are the expected reserves that are supplied in 
different scenarios. This means that G1 produces only the up-ward spinning reserve in one 
scenario, and it provides the down-ward spinning reserve in another one. This occurs in t1, where 
G1 provides both spinning and non-spinning reserves. In this case, G1 provides only a non-
spinning reserve in one scenario, and a down-ward spinning reserve in another one. 
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Table 9 Expected allocated operating reserves of generation units in the sequential market-clearing model. 

  Time (Hour) 

Gen. unit (MW) t 1 t 2 t 3 t 4 

 G1 

 ௧ 0 0 0 0.199ݎ

௧ݎ  36.056 0 68.065 0.008 

 ேௌ௧ 0.063 0 0 0ݎ

G2 

 ௧ 0 0 49.982 0ݎ

௧ݎ  0 0 0 0 

 ேௌ௧ 0.027 37.484 0 8.156ݎ

G3 

 ௧ 1.597 0 0 0ݎ

௧ݎ  0 0 0 0 

 ேௌ௧ 0 0 0 0ݎ

 
 

3.2. Case 2: Simultaneous market-clearing model 
In case 2, the joint energy and reserve stochastic market-clearing problem is solved in the day-
ahead and balancing electricity markets, simultaneously. The objective function of the 
simultaneous market-clearing will be total expected cost- sum of day-ahead and balancing 
stages’ objective functions-  of that should be minimized as represented in Eq. (30). 

ܥܧ = ௗܥܧ + ܥܧ  (30) 

of that should be minimized as represented in Eq. (30). Hence, the simultaneous market-clearing 
problem is presented in the following: 
Min.  ܥܧ 
S.t. 
Eqs. (2) - (9), (11) - (29). 
 
Table 10 shows the expected load, load shedding, down-ward and up-ward spinning reserves of 
consumers in the balancing stage. As seen in Tables 7 and 10, there is no difference between 
consumers’ flexibility behavior in sequential and simultaneous market-clearing models. The 
dispatched power of the generation units in the day-ahead and balancing electricity markets is 
represented in Table 11. Also, spinning and non-spinning reserves that are provided by 
generation units are outlined in Table 12. 
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Table 10 Expected electrical demand, load shedding, down-ward and up-ward spinning reserves of consumers in the 
balancing market of the simultaneous market-clearing model. 

  Time (Hour) 

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

L2 

 ௧ 18.399 55.59 81.014 32.349ܮ

௧௦ௗܮ  0 0 0 0 

௧ఠݎ  0 0.398 0 2.375 

௧ఠݎ  1.601 4.807 8.986 0.025 

L3 

 ௧ 33 87.909 101.973 44ܮ

௧௦ௗܮ  0 0.080 0.355 0 

௧ఠݎ  3 7.952 0 4 

௧ఠݎ  0 0.044 8.027 0 

Table 11 Dispatched power of generation units in the day-ahead market and their expected balancing power 
generation in the simultaneous market-clearing model. 

  Time (Hour) 

Gen. unit (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 49.601 

 
As seen in Tables 8 and 11, the difference between the day-ahead and balancing power 
generation of the conventional units in the simultaneous model is lower than the sequential one. 
Hence, generation units show smoother behavior to provide operating reserves in the 
simultaneous market-clearing model as shown in Table 12. Hence, this smoother behavior 
decreases the balancing stage’s expected cost in the simultaneous market-clearing model. 
Furthermore, as shown in Table 13, the total expected cost in the simultaneous market-clearing 



16 
 

model is lower than the sequential model proving that the simultaneous model is more efficient 
than the sequential model. 

Table 12 Expected allocated operating reserves of generation units in the simultaneous market-clearing model. 

  Time (Hour) 

Gen. unit (MW) t 1 t 2 t 3 t 4 

 G1 

 ௧ 0 0 0 0.199ݎ

௧ݎ  0 0.056 17.065 0.008 

ேௌ௧ݎ  0.063 0 0 0 

G2 

 ௧ 0 3.074 1.996 0ݎ

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0.027 0 0 8.156 

G3 

 ௧ 1.597 0 0 0ݎ

௧ݎ  0 0 0 0 

ேௌ௧ݎ  0 0 0 0 

 

Table 13 Expected Costs (ECs) in the sequential and simultaneous market-clearing models. 

 Sequential market-clearing model Simultaneous market-clearing model 

EC ($) 11,428.803 11,243.460 

ECୢୟ($) 10,240.000 11,110.000 

ECୠ ($) 1,188.803 133.460 

 
 

3.3. Case 3: Flexibility analysis 
In this case, the impact of electrical consumers’ flexible behavior is assessed in the simultaneous 
stochastic joint energy and reserve market-clearing problem. Three different scenarios are 
studied. In Scenario 1, consumers do not join the balancing market in order to provide spinning 
reserves. In Scenario 2, consumers act as interruptible loads, in the same way as they did in Case 
2. In Scenario 3, we consider that consumers play as shiftable loads in the balancing market as 
expressed in Eq. (31). 

ߨఠ

ேಈ

ఠୀଵ

൫߱ݐ݆ܦݎ ൯߱ݐ݆ܷݎ−
ே

௧ୀଵ

=  (31) .߱∀,ݐ∀,݆∀    ,0
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Thus, in Scenario 3 the market-clearing model is represented in the following: 
Min.  ܥܧ 
S.t. 
Eqs. (2) - (9), (11) - (29), and (31). 
 
As shown in Table 14, the worst scenario is Scenario 1 where the total EC of the system is the 
greatest one. Also, the total expected cost in Scenario 3 in greater than the EC in Scenario 2, 
because shiftable load constraint gives less freedom to electrical consumers to show their desired 
flexibility behavior. However, the proposed market-clearing models are solved in a centralized 
manner by the system operator who is in charge of making policies regarding to Scenarios 1, 2 
and 3. In this way, this can be concluded that the efficiency of decision-makings in the electricity 
markets can be improved if consumers as active agents can decide autonomously based on a 
decentralized way.  
 

Table 14 Impact of customers’ flexibility behavior on the Total Expected Cost (EC) in the simultaneous market-
clearing model. 

 Scenario 1 Scenario 2 Scenario 3 

EC ($) 19,837.361 11,243.460 11,707.427 

 

4. Conclusion 

In this chapter, the two-stage stochastic joint energy and reserve market-clearing problem has 
been solved. The two stages of the problem are called day-ahead and balancing. Also, two 
different approaches - sequential and simultaneous – were used in the problem. In the sequential 
model, the day-ahead stage was solved independently, and the balancing stage was solved on the 
basis of the first stage’s outputs. However, the day-ahead and balancing stages were solved 
together according to the coupling constraints in the simultaneous market-clearing problem. 
Furthermore, impacts of electrical consumers’ flexibility programs have been assessed in this 
book chapter. According to our study, the simultaneous market-clearing model is more efficient 
than the sequential one. This is because the total expected cost in the simultaneous model is 
lower than the sequential one. Moreover, from the analysis of the flexibility programs, shiftable 
load constraint increases the total expected cost of the system because it decreases the electrical 
consumers’ freedom to have their desired flexibility behavior. However, both market models 
with or without shiftable load constraints, improve the efficiency of the electricity market and 
decrease the total expected cost of the system. 
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